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A numerical model for the cathodic protection of steel in reinforced concrete is
developed. Parameters are set to represent a three-dimensional section of a bridge

beam exposed to the atmosphere and coated with a thermally sprayed zinc anode.
Both diffusion of oxygen and conduction of charge within the concrete are considered

explicitly through a two-dimensional finite element model.
conductivity

are

represented

as

functions

of concrete

The diffusivity and
moisture

content.

Electrochemical reactions considered at the rebar-concrete interface are reduction of
oxygen, oxidation of iron, and evolution of hydrogen in a constant-potential cathodic

protection circuit. Reaction-kinetic parameters for actively corroding steel (not
passivated steel) are used. Reactions at the zinc-concrete interface are not considered
explicitly.

The effectiveness of protection is found to vary significantly with both
concrete moisture content and position on the rebar.

For spatially uniform pore

saturation, the drier the concrete is, the greater the corrosion current and the greater
the non-uniformity. Protection is significantly more effective at the "front" of the

rebar (closest to the zinc anode) than at the "back" (closest to the center of the beam).

Corrosion current is greater under drying conditions than under wetting conditions.
The numerical model is applied towards interpretation of the "100-mV polarization
decay criterion" that is often used to assess the effectiveness of cathodic protection. It
is found that the polarization decay predicted from relaxation of oxygen concentration

gradients was comparable in magnitude to that observed experimentally, but depends
on location on the rebar.

A numerical model for the transport of ions in porous concrete under cathodic

protection is presented. In this initial model, transport of the ions zinc, calcium,
chloride and hydroxide is described by a one-dimensional Nernst-Planck equation at
constant current density with generation of zinc ions at the anodic interface, generation

of hydroxide ions at the cathodic interface, and no chemical reactions in the bulk of
the concrete.

The equations are solved numerically by two methods: the point

method, in which concentrations and electric potentials are solved for directly through

finite-difference approximations of the differential equations and the box method, in
which the domain is divided into discrete volume elements with flux balances for each

chemical component and for charge. A base grid of 41 nodes is used. Results for the
system after 96 and 9600 days of cathodic protection are discussed.

Both numerical methods yielded concentration profiles that are virtually
indistinguishable. Numerical noise in the box method leads to values in the first and

second derivatives of the electric potential that tend to oscillate around the central
values represented by the same smooth curve of the point method. In contrast, the
point method shows greater apparent numerical deviation from electroneutrality which

is largest near the boundaries and decays towards the center in damped oscillations.
The deviations decrease with smaller size of grid elements and higher order difference
approximations.

The magnitude of the charge density in the bulk of the concrete

calculated from the second derivative of the electric potential through Poisson's
equation is shown to be negligible compared to the overall electroneutrality calculated

from the concentrations of ions. At 96 days, the relative contributions of migration
and diffusion to the overall flux are shown to vary widely with position and species;
migration can neither be neglected nor can a "corrected" Fick's law approach be used.
Zinc ions are found to have moved approximately 15 mm into the bulk of the concrete
at 96 days.
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CHAPTER 1

INTRODUCTION

1.1 Overview of the Problem
The deterioration of reinforced concrete structures, such as bridges and parking

structures, is a major nationwide concern. A primary cause of this deterioration is the

corrosion of reinforcing steel (rebar) due to the presence of chloride ion in the
structure. In coastal environments, as well as in areas where road salts are used,

chloride ions penetrate the concrete and move to the interface between concrete and
the rebar. Rebar, which is normally passive in the high pH concrete environment,
loses passivity and begins to corrode when a threshold level of salt is exceeded.

The corrosion of iron within the steel can be represented by the following
oxidation-reduction reactions (Koretsky et al., 1999):

FeFe2+2e

(1.1)

'02+H20+2e *20H

(1.2)

The ferrous iron can oxidize further by the overall reaction:

4Fe2 + 02 +(4+ x)H20

-

2Fe203 xH2O+ 8H

(1.3)

2

Iron (III) oxide

(Fe203)

in its hydrated form is commonly known as rust.

This

reaction decreases the pH of the pore solution. The iron corrosion products occupy a
larger volume than the rebar consumed, which leads to a static pressure buildup at the

interface that cracks the concrete, causes delamination of the concrete, and leads to
further corrosion damage.

In severely corroded structures, the most commonly used alternative to
patching or total replacement of the structure is cathodic protection (CP). In a
cathodic protection system, the rebar is electrically connected to another electrode on

the surface of the structure. The California Department of Transportation first began

applying impressed current cathodic protection systems to its bridges in the 1970's
(Stratfull, 1974).

Various anode systems were investigated in the following three

decades. Beginning in the 1990's Oregon began using a thermally sprayed zinc anode

cathodic protection system on some of its coastal bridges (Covino et al., 2002). The
zinc coating is applied by using a zinc arc to atomize the zinc and allowing the zinc to
attach to the concrete surface. This zinc coating must periodically be replaced because
it is consumed. The zinc provides an alternative path for Reaction (1 .1) by undergoing
an oxidation reaction in preference to iron (Koretsky et al., 1999).

Zn -3 Zn2

+2e

(1.4)

A negative potential is applied between the steel rebar and the sprayed zinc. This
potential causes the thermodynamically favored state of the iron to change from iron
oxide to iron, which prevents the corrosion of the steel rebar (Rehani, 2001). CP is the

only approach that has been proven to mitigate corrosion in high-chloride
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environments. Cathodic protection, especially when applied though thermally sprayed

anodes for more uniform current distribution, can reduce existing corrosion and
prevent future corrosion.

A schematic of the processes occurring in sprayed Zn CP systems is illustrated
in Figure 1.1. The negative terminal of the power source is connected to the rebar and
the positive side to the sprayed zinc anode. The circuit is completed by the flow of ions

within the pores of the concrete. Negatively charged chloride and hydroxide ions are
attracted to the zinc anode, and positively charged sodium and calcium ions are attracted

to the steel cathode. Water and oxygen diffuse through the pores in the concrete. Once
exposed to the water and oxygen, the iron within the steel rebar would begin to corrode
into

Fe2

and Fe203

x 1-120 producing

two electrons, except that due to the CP system

there is an abundance of electrons making the iron reaction unfavorable, as shown in
Figure 1.1. Once formed, the Zn2 can then be transported into the pores of the concrete

and can undergo further reactions. The

zinc

reaction products may remain in aqueous

form or may react with the cement to form solids (Rehani, 2001). The zinc reaction

Concrete

Zinc Film

Steel Rebar

HO

_________
Zn

Fe2

p

Zn Reacthn Products

OH-

e

Figure 1.1.

oI

Na, Ca

Zn

Cathodic protection system schematic.
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products form a second film layer between the elemental zinc and the concrete. As the
zinc reaction products film grows, the resistance between the steel rebar and the sprayed

zinc increases. Thus, the magnitude value of the potential applied will have to be
increased in order to retain the same level of protection.

Application of cathodic protection is not without problems. The behavior of a
CP system depends on the electrochemical processes occurring at the anode and at the

cathode, as well as the transport of oxygen and ions through the porous concrete. To
optimize the performance and life of a CP system, the appropriate operating conditions

must be maintained. If the current is too low, then the reinforcing steel will not be

sufficiently protected against corrosion. If the current is too high, then hydrogen

evolution at the cathode may result, possibly causing the concrete around the
reinforcing steel to deteriorate and the reinforcing steel to experience hydrogen attack.

The excessive current will also reduce the life of the consumable anode.

The

appropriateness of the applied current is commonly evaluated according to empirically

based criteria. The most common criteria are the 100-mV polarization decay test and

the -850 mY vs. saturated copper - copper sulfate reference electrode test.

In

controlled laboratory environments, these tests are reported to provide an accurate
indication of the corrosion status of steel in concrete. On actual structures, however,
there are disadvantages associated with these criteria. Measurements from a single

location can vary dramatically with time, and simultaneous measurements from
different locations can also show large differences. None of these tests explicitly
incorporates variability associated with variations in environmental conditions (e.g.,
moisture, temperature) or location of the reference electrode. Of course the tests can

be applied systematically over time and entire structures mapped out with these tests,
but an understanding of the underlying processes would be very helpful in interpreting

the results and maintaining the system.

Finally, processes at the zinc-concrete

interface cause the electrical resistance of the interface to increase with time, and the

zinc to delaminate. There are two effects observed, a short term wetting effect and a
longer term electrochemical aging effect. Both effects demonstrate the need for a
greater understanding of the reactions occurring between the concrete and zinc.

1.2 Objectives and Thesis Organization
The broad objectives of this study are to use existing data to develop models
and use the models to elucidate the behavior of cathodic protection (CP) systems for

reinforcing steel in concrete structures. One part of the study involves quantification
offundamental processes. Objectives are: (1) parameterize electrochemical kinetics of
iron oxidation, oxygen reduction, and water reduction at the concrete-rebar interface;
(2) parameterize electrochemical kinetics of zinc oxidation, and subsequent reactions
of Zn(II) with the concrete; (3) parameterize the transport of oxygen and water through

concrete; (4) parameterize transport of ions, particularly chloride, through concrete;
(5) incorporate mechanistic descriptions

of each of these

processes into a

comprehensive three-dimensional model of CP and chloride ion migration in
reinforced concrete structures.

Quantitative description of these fundamental

processes will provide the rational basis to address the following applied research
problems: (1) optimal strategies for monitoring and control of CP systems to protect
the structure, while minimizing consumption of power, consumption of the anode, and

generation of H2(gas); (2) prevention of buildup of electrical resistance and loss of

adhesion at the anode-concrete interface; (3) optimal operating conditions for
simultaneously maintaining protection of rebar and facilitating electrochemical
migration of chloride away from the rebar; and (4) optimal design and operating
conditions for protection in all three dimensions.

In Chapter 2, which has been published separately (Muehlenkamp Ct al.,
2005), a numerical model of a cathodic protection system has been developed that
advances the understanding of a largely empirically based technology at a fundamental

level. This work extends a one-dimensional model developed previously (Koretsk, et
al., 1999) to more realistic geometries. The literature has been reviewed for raw data

and parameters relevant to cathodic protection processes. From these data, a set of
parameters for cathodic protection was derived for electrochemical kinetics of iron

oxidation, oxygen reduction, and water reduction at the concrete-zinc interface;
electrochemical kinetics of zinc oxidation; and transport of oxygen through concrete.

Engineers from the Oregon Department of Transportation and the Federal Highway

Administration were consulted about appropriate geometry for a representative

cathodic protection system for a bridge structure.

Based on this information,

dimensions for a model cathodic protection system were derived. A numerical model

for simulation of cathodic protection in reinforced concrete was developed in several
stages. Ultimately a 2-dimensional finite element model was created to represent the

3-dimensional CP system.

Emphasis was placed on using the model to address

optimal strategies for monitoring and control of CP systems to protect the structure in

all three dimensions, while minimizing consumption of power, consumption of the
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anode, and generation of H2(gas). The moisture content of the concrete was found to

be a key factor in the behavior of the CP system, and the effect of moisture content
was studied in detail.

Particular innovations in this study are: (i) the examination of cathodic
protection systems in three dimensions and the revelation that significant differences

in level of protection may occur between the "front" and "back" of the rebar; (ii) the

examination of the performance of cathodic protection systems as a function of
moisture content of the concrete, and the explanation of the complicated behavior in
terms of the variation with moisture content of the oxygen mass transfer resistance and

the electrical resistance; and (iii) a semi-mechanistic model for one component of the
polarization decay test.

During cathodic protection, reactions between the pore solution, concrete
matrix and zinc ions occur near the zinc-concrete interface. These reactions lead to a

build-up of zinc-containing solid products that create resistance to the electrical
current and reduce the effectiveness of the cathodic protection system. Chapter 3
presents the first steps in development of a transport-reaction model of ionic species in

a sprayed-zinc CP system. Such a model will help elucidate the chemical changes that

occur with time as CP is implemented, specifically towards the growth of the zinc
product layer with time. This model focuses on extending the description of transport

of ionic species from a model described by Ohm's law, as in Chapter 2, to one
described by the Nernst-Planck equation, where coupled equations for the ionic mass
balances and electric potential must be solved. While the model developed in Chapter
2 is valid only at steady-state, Chapter 3 addresses time-dependent conditions.
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Solution to the Nernst-Planck set of equations under the condition of no bulk
chemical reactions is accomplished in4ependently by two different numerical methods

presented in the literature: the point method and the box method. These methods give

identical concentration profiles and similar profiles for the electrochemical potential

gradient. However, each contains distinct and different sources of numerical error.
The error in point method is examined in terms of the order of the difference equations

and the grid size.

Often in electrochemical systems, migration is neglected as

compared to diffusion. It is shown that in this system both terms must be considered.

Chapter 4 presents the conclusions from these studies and recommendations
for future work.

1.3 References:

Covino, Jr., Bernard S., Stephen D. Cramer, Sophie J. Bullard, Gordon r. Holcomb,
James H. Russell, W. Keith Collins and H. Martin Layler. Performance of Zinc
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on Cathodic Protection of Steel in Reinforced Bridges," Corrosion 55, 1 (1999): pp
52-64.

Muehlenkamp, E.B., M.D.Koretsky,

nd J.C. Westall, "Effect of Moisture on the
Spatial Uniformity of Cathodic Protection of Steel in Reinforced Concrete,"

Corrosion 61, 519 (2005).

Rehani, Manu. Transport of Chloride Ions During Accelerated Cathodic Protection
of Reinforced Concrete Structure.. Corvallis, OR: Oregon State University,
Master's Thesis, June 2001.

Stratfull, R.F., "Cathodic Protection of a Bridge Deck," Material Performance 13, 24
(1974).

CHAPTER 2

EFFECT OF MOISTURE ON THE, SPATIAL UNIFORMITY OF CATHODIC
PROTECTION OF STEEL IN REINFORCED CONCRETE'

2.1 Introduction
The deterioration of reinforced concrete structures such as bridges and parking

garages is a major nationwide concern because of the expenses incurred in repair and

replacement of the affected structures' A primary cause of this deterioration is
corrosion of the reinforcing steel in the structure. One of the most commonly used

methods of retarding corrosion and extending the life of the structure is cathodic
protection (CP).

However, cathodic protection of concrete structures is poorly

understood at a fundamental level, as discussed in the following paragraphs. Cathodic

protection systems are operated according to largely empirical protocols that may not

be optimal. Modeling and numerical simulation can help determine better operating
conditions as well as elucidate the fundamental processes that are dominant in field

systems and provide guidance as to what measurements should be made in the lab.

Numerical simulations of CP have been reported for many systems, including
holidays,26

buried and submerged elements,74' and to a lesser degree, steel-reinforced

concrete systems. 12-14 A tabular summary of the literature is presented in Appendix A.

The current distribution in a structure under cathodic protection is a function of

the system geometry, the relative magnitudes of oxygen diffusivity and ionic
conductivity in the bulk concrete, and the reaction kinetics at the metal-concrete
interfaces.

as Muehienkamp, E.B., M.D.Koretsky, and J.C. Westall, "Effect of Moisture on the Spatial
Uniformity of Cathodic Protection of Steel in Reinforced Concrete," Corrosion 61, 519 (2005).
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A modeling approach based on first principles can help to identifr the
relationship between these processes and the performance of CP systems. In order to
optimize performance, it is important to determine not only the rate of corrosion of the

steel but also the uniformity of protection over the entire rebar-concrete interface.

Additionally, the effect of environmental conditions on these processes should be
taken into account, including the effect of concrete properties that vary spatially.

Numerical techniques that address these issues should: (1) incorporate the
nonlinear boundary conditions that describe the reaction kinetics at the rebar; (2)

provide adequate resolution around the rebar to allow assessment of corrosion
uniformity; and (3) solve the differential equations of transport in concrete with
spatially varying properties. While the finite difference method (FDM)
boundary element method (BEM)

13-14

and the

have been used in multidimensional numerical

simulations of CP systems, only the finite element method (FEM) meets the above
requirements. The uniform grids used in the FDM make it more difficult to achieve
adequate resolution at the rebar-concrete interface. An FDM grid with 32 nodes at the

rebar surface has been

reported,'2

while the FEM mesh in this study has 80 nodes at

the rebar surface. The BEM, while versatile with complex boundary conditions, is
unable to treat the spatially varying properties of concrete systems.

Because the primary cathodic reaction depends on the concentration of oxygen

at the rebar surface, the quantification of the oxygen transport process is critical.
Concrete is a porous material with multi-phase flow through a tortuous mass transfer

path. While experimental measurements of effective diffusivity of oxygen through

concrete/mortar systems under different environmental conditions have been

11

reported,'5

most simulations make limited use of these results. Commonly, oxygen

transport is quantified through the use of an empirical parameter based on the limiting
current

density.4'6'7"°"2

However, some researchers have accounted for coupled

oxygen transport and potential

distribution.5"4

One report that describes macrocell

corrosion without CP has treated variable diffusivity in the

bulk.16

An alternative

approach is to assume that the oxygen reduction reaction is entirely transport limited

and decouple it from the potential across the concrete;

2

however, this approach is

limited to submerged structures. In CP models, rarely are both the oxygen diffusivity
and the electrical resistivity of the concrete coupled to the condition of the concrete.

Charge transport is also an important consideration in the development of CP
models.

In the literature, charge transport for CP models has generally been

characterized in one of two ways. Advanced models make use of the Nernst-Planck
equation to characterize charge transport based on the concentration, diffusivity and
electric mobility of ionic species. These models are useful for simple one-dimensional

systems. However, data for the concentrations, diffusivities, and electric mobilities of

ionic species in concrete pore solutions are generally not available.

Thus, an

alternative approach is to treat the concrete as a conductor that obeys Ohm's law with
experimentally derived values of resistivity.4'5'7'6

The output of a numerical simulation depends not only on the values of these
transport parameters, but also on the values of the kinetic parameters for the reactions

at the rebar-concrete interface. A wide range of these parameters has been used in

numerical simulation, reflecting the variability between systems, the difficulty of
obtaining some of these fundamental parameters through experiment, and differences
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in the state of the corroding rebar. The reaction parameters used in this study have
been obtained directly from raw experimental data, while the transport parameters
have been obtained by reconciling several investigations and relating parameter values

to the degree of pore saturation in the concrete. Details regarding derivation of these

parameter values are reported

elsewhere.'3"5

While particular numerical values

generated by the model do of course depend on the particular parameter values that are

used, the qualitative trends predicted by the model should be relatively independent of
small differences in specific parameter values.

One common method used to assess the performance of a cathodic protection
system is based on the 1 00-mV depolarization criterion. In this method, the CP circuit

is opened, and the potential across the concrete-rebar interface is monitored relative to
a stable reference electrode placed in the concrete. If a polarization decay of at least

100 mV from the "instant-off' potential occurs within four hours, protection is
deemed sufficient. 17.18 This methodology was adapted from the established practice in

the cathodic protection of buried steel pipes, but conclusive empirical or theoretical
justification for its use in cathodic protection of reinforced concrete structures does not
exjst.19

The magnitude of depolarization may depend on environmental factors such as

wetness of the concrete, temperature, and the presence of chloride ion.2024

There has been some limited discussion of processes associated with the

potential shift as the system

relaxes.15

Contributing relaxation mechanisms may

include: diffusion of oxygen and the change in free corrosion potential as a function of

oxygen concentration at the rebar surface; the relaxation from local corrosion
immediately after the current is turned off to macrocorrosion, in which a larger area of
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the rebar is available for oxygen reduction; the transport of ions with different
mobilities that were displaced during CP; and chemical transformations of reactive
surfaces of the rebar. The depolarization process is a complex phenomenon, probably
involving several processes simultaneously; in this paper it is shown that a significant
component can be attributed to the change in oxygen concentration at the rebar as the
system relaxes from its polarized state.

In a previous paper, this group reported on the simulation of a cathodic
protection system applied to an actively corroding steel-reinforced

structure.13

In that

paper, the effect of environmental conditions on the CP system was elucidated by
relating the electrical resistivity of the concrete and the diffusivity of oxygen in the

concrete to a single parameter - the pore saturation (PS). The pore saturation is
defined as the fraction of the concrete pore space that is filled with water. However,

the geometry of the rebar was greatly simplified, and the transport of oxygen was
treated as one-dimensional. Although the results of that study do represent the overall
system behavior, the assumptions prohibited a realistic investigation of the uniformity
of protection. Specifically, the degree of protection at the "back" of a cylindrical rebar

during cathodic protection under different environmental conditions, which is an
important performance criterion, was not examined. In this paper, the simulation is

expanded to address the effect of moisture content and distribution on the spatial
uniformity of protection. In particular, a cylindrical rebar is depicted with sufficient

resolution to describe both electric potential and oxygen concentration gradients
through the concrete up to the concrete-rebar interface.
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The overall objective of this study is to elucidate the corrosion processes of
rebar under cathodic protection within a reinforced concrete structure. Specific issues

addressed are: (1) the rate and spatial uniformity of corrosion in the asymmetric
cathodic protection system; (2) the dependence of corrosion rate and uniformity on the

moisture content of the concrete, where both spatially constant and variable moisture-

content cases are considered; (3) the role of oxygen concentration at the rebar surface

in the 100-mV depolarization test; and (4) the extent to which the overall corrosion

rate and uniformity under cathodic protection is affected by oxygen transport
resistance and by electrical resistance. Ancillary issues that can be addressed within

the context of the model developed in this study are (5) the total current flowing
asymmetrically between the zinc and the rebar, which ultimately determines the life of
the anode; and (6) the conditions under which there is appreciable hydrogen evolution
in the system and the spatial variability of hydrogen evolution.

2.2 Model Development
2.2.1 System geometry

Figure 2.1 illustrates the concrete-rebar geometry for a typical cathodic protection

(CP) system with a thermally sprayed zinc anode. The section in Figure 2.1(a)
represents a repeating unit of a larger structure. The three-dimensional section in
Figure 2.1(a) was reduced to the two-dimensional cross-section in Figure 2.1(b) that is
the basis of this study. In Figure 2.1(b), the parameter T represents the cover thickness

(rebar depth), L the length of the unit section, W the width of the unit section, and R
the rebar radius.
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Figure 2.1.

Figure shows (a) a repeating unit of reinforced concrete with zinc
anode and cylindrical rebar and (b) a 2-dimensional cross section of the
repeating unit that serves as the basis for the model in this study. Rebar

is centered in the half-section. Values of L,
Table 2.1.

R, T

and W are given in
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Parameter values are given in Table 2.1.

Specific points on the surface of the

cylindrical rebar are referenced by the angle 9. The point on the rebar surface that is
closest to the zinc anode is referred to as the "front" of the rebar and assigned

=

while the point farthest from the anode is referred to as the"back" of the rebar at
1800.

00,

=

Because of symmetry, all properties are constant in the z direction, which

extends infinitely in both directions. The y axis also extends infinitely, with pairs of
steel rebar repeating above and below that which is shown in Figure 2.1(a).

The thermally sprayed zinc metal anode in Figure 2.1(b) is in contact with the

atmosphere, while the side opposite the anode represents the center of a concrete

member. Symmetry allows for the consideration of only half the rebar, but not a
quarter of the rebar, because boundary conditions at the anode are different from those

at the center of the section. Thus, the rebar surface is reduced from a circle to a
semicircle. This geometry was selected in order to show how the corrosion process

occurs in systems with round rebar. Special emphasis is placed on determining the
difference in behavior of parts of rebar that are facing towards the zinc anode and parts
that are facing away.

2.2.2 Oxygen transport
Oxygen plays an important role in the corrosion process. Oxygen enters the
structure through the zinc anode, diffuses through the porous concrete, and reacts at
the rebar. It is assumed that the porosity of the zinc anode is no less than that of the

concrete and that the zinc provides no additional resistance to mass transfer.
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Explanation of nomenclature and typical parameter values. All values
were obtained from References 13 and 15 and references cited therein.

Table 2.1.

Units
V/decade
V/decade

Description

Typical Value(s)

Tafel slope for iron oxidation

0.41

Tafel slope for hydrogen evolution

0.15

V/decade

Tafel slope for oxygen reduction

0.18

C0

mol/m3

Oxygen concentration in vapor phase

c2

mollm3

Atmospheric oxygen concentration

8.6

m2/s

Effective oxygen diffusivity in concrete

see Table 2.2

Eappi

V

External applied voltage

2 to 0

EFe

V (CSE)

Rebar potential vs. CSE

V (C SE)

Iron oxidation equilibrium potential

V (CSE)

Hydrogen evolution equilibrium potential

0.76
1.03

V (CSE)

Oxygen reduction equilibrium potential

0.189

V(CSE)

Symbol
bFe

bH

E

(Fe vs Zn)

F

C/mo!

3Fe

Aim2

equilibrium -0.68
half-cell
Zinc-concrete
potential vs. CSE
96,485
Faraday constant
Corrosion current density function

A/rn2

Oxygen current density function

Aim2
Aim2

Current density (vector form)
Corrosion current density

A/m2

Average corrosion current density

Aim2

Corrosion exchange current density

A/m2

Hydrogen evolution current density

A/rn

Hydrogen evolution exchange current
density
Oxygen reduction current density

I
'Fe

'H,

2

Alma

02 mt

based

oxygen

7.1 xl 0

1.1 xl 02

current

A/m2

Reaction-rate
density

A/m2

Mass-transfer rate based oxygen current

A/m2

density
Oxygen current density (vector form)

A/m2

Oxygen exchange current density

A/m2

Total current density in CP circuit

mol /(m2s)

Oxygen flux (as

02

j

02)

to rebar

77x 1 0
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Symbol

Units

L

m

n

%
%

NU
PS
R
T
W
x, y,

z

0
p
q5(x, y)

0(0)
Zn = q(0, y)

V

m
m
m
M

Qm
V
V
V

Description
Length of concrete section
Number of electrons in half-reaction
Normal unit vector
Non-uniformity index (see Equation [201)
Pore saturation percentage
Rebar radius
Concrete thickness (cover depth)
Width of concrete section
Cartesian coordinates
Angle from front of rebar
Concrete resistivity
Electric potential in bulk concrete
Potential at concrete-rebar interface
Potential at Zn anode-concrete interface

Typical Value(s)
3.175x102
2

see Table 2.2
0.635x 10.2

2.54x102
6.35x102

see Table 2.2

0

Gradient operator

In fact, as the CP system ages, reaction products will clog the pores adjacent to the

zinc-concrete interface, increasing the resistance, but this time-dependent effect is
beyond the scope of the work. At steady state, the governing equation for transport of

oxygen states that the divergence of the space-dependent effective diffusivity of
oxygen (D02) multiplied by the gradient of the oxygen concentration (V CO2) must be
zero for all points in the concrete:

V.D0(VCO2)=0

(2.1)

Transport of oxygen through concrete depends on many factors including tortuosity,

pore size distribution, wall adsorption, and capillary effects, as well as the moisture
content of the concrete. Experimental values for effective diffusivity of oxygen in
concrete as a function of moisture content (or pore saturation) are presented in Table
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2.2.

Oxygen diffuses much more slowly through liquid water than through air

(D02,water /D02,afr

1O). As a consequence, values of D0 vary inversely with

values of PS, as seen in the table. Local equilibrium between the aqueous-phase and

the vapor-phase oxygen is assumed throughout, and the symbol C0 represents the
vapor-phase concentration of oxygen.

2.2.3 Charge transport

Charge transport within the concrete is also important because both the
corrosion process and the cathodic protection process are electrochemical in nature.

Dissolved ions in the pore solution of the concrete act as charge carriers when an
electric field is present. The electric field results from differences in the electric
potential (0) throughout the concrete. At steady state, the governing equation for

charge transport states that the divergence of the reciprocal of the space-dependent

resistivity (1 Ip) multiplied by the gradient in the electric potential is zero for all
points within the concrete:
(2.2)

p

The electrical resistivity of the concrete (p) is used to reduce the complex
phenomenon of ionic transport to a single parameter. The value of p is a function of
pore saturation and is determined experimentally. Table 2.2 gives p as a function of

PS. Because pore solution facilitates movement of ions, resistivity varies inversely
with pore saturation.

Table 2.2:

Concrete resistivity p and oxygen effective diffusivity D0 as a
function of pore saturation PS%. Values were obtained from
References 13, 15 and references cited therein.

Pore Saturation
PS(%)

p(clm)

20
30
40
50

5727
1227
500
205

55
60
65
70
75
80

170
142
125
102
80
64

Concrete Resistivity

Effective Diffusivity
D02x10'°(m2/s)

02

152
115
83

49
39
28
20
15

10

8.5

2.2.4 Boundary conditions
All system boundaries that are neither the zinc anode nor the steel rebar require
natural (insulating) boundary conditions:

ñVC0 =0

(2.3)

and
(2.4)

where ñ is a unit vector normal to the surface. These boundary conditions state that
the gradient vectors must always be perpendicular to the normal vector at insulating
boundaries, so no transport occurs across the surface.

At the zinc anode the assumption is made that the concentration of oxygen at
the concrete-anode interface is equal to the atmospheric concentration of oxygen (i.e.,
the anode itself does not offer any resistance to oxygen transfer):
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CO2

(O,y) =

(2.5)

where C0 (0, y) is the oxygen concentration at the concrete-zinc interface, and C is

the atmospheric oxygen concentration, which is a constant.

The assumptions for potential at the zinc anode are: (1) the zinc has infinite
electrical conductivity, and the zinc-concrete interface is non-polarizable (and

therefore the zinc-concrete interfacial potential difference is uniform regardless of

location or current density), and (2) any aging effects (e.g., build up of reaction
products or electrical resistance at the zinc-concrete interface) are negligible over a
short period of time, and consequently the model can be used to obtain quasi-steady

state solutions for current density distributions in the system. Time and moisturedependent polarization of the Zn-concrete interface is a key direction for future study.
Fixing the anode to a uniform potential gives the boundary condition

q(O,y)= øZn

where cb

(2.6)

is a constant representing the electric potential of the concrete at the

interface with the zinc anode (see text following Equation [2.18] for discussion of
reference potentials.) Because polarization of the zinc-concrete interface is assumed
to be negligible in the model, the oxidation reaction at the zinc anode is not considered
explicitly.
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2.2.5 Reaction kinetics at the rebar
Three of the many possible chemical reactions that could occur at the rebar-

concrete interface (of actively corroding rebar) are considered: the reduction of
oxygen, the oxidation of the steel rebar (represented here simply as the oxidation of
iron), and the evolution of hydrogen through reduction of water. When atmospheric
oxygen diffuses through the concrete and reaches the rebar surface, it can be reduced
to hydroxide ion in aqueous solution:

02+ H20 + 2e -+ 20H

(2.7)

The water in this reaction comes from pore moisture that is present in the concrete
around the rebar. It is assumed that the reaction rate is not limited by the amount of
water available.

Corrosion occurs when the iron in the steel rebar undergoes oxidation. The
corrosion reaction is represented by:

Fe - Fe2 + 2e

(2.8)

This model includes the assumption that the actively corroding rebar surface always
remains available for the reaction to occur and does not become passivated by any iron

corrosion product buildup over time. It is also assumed that the corrosion process
does not change the rebar geometry in any way.

Lastly, the pore water adjacent to the rebar can be reduced to form hydrogen
gas:

2H20+2e -+ H +20H

(2.9)

This reaction tends to occur when the CP system is overprotecting. As with the
oxygen reduction reaction, the assumption is made that pore water is always available

for this reaction to occur. It is also assumed that the hydrogen gas generated does not

damage the concrete n=nor or affect oxygen diffusion to the rebar surface. If the

hydrogen produced by this reaction diffuses into the rebar, it can affect the grain

structure of the metal and cause weakening known as hydrogen

embrittlement.25

Hydrogen embrittlement is usually an issue for systems containing pre-stressed rebar.
This model quantifies the steady-state hydrogen production rate at the rebar, but does
not consider any embrittlement or pressure effects on the structure.

Each of these three reactions contributes to the electric current density at the
rebar, and each can be expressed in terms of Tafel kinetics. The current density due to
the reduction of oxygen at the rebar (Equation

102(0)

°2

[2.7])

is given by:

expi

(2.10)

02

where i02

(e)

is oxygen reduction current density;

oxygen concentration;

EFe (e)

CO2 (e)

the concrete-rebar interfacial

is the rebar-concrete interfacial potential difference;
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°2

represents the exchange current density for the oxygen reduction reaction;

the Tafel slope parameter for oxygen; and

b02

is

is the equilibrium potential for the

reaction. The first three parameters described are all functions of 9, or more formally
the coordinates (R,6') as depicted in Figure 2.1(b). Table 2.1 gives values for these

It should be noted that these parameter values represent actively

parameters.

corroding rebar, and that kinetics under passive conditions are not considered in this
study.

The Tafel expressions that give the current densities for the iron oxidation
reaction

'Fe

(e)

(Equation [2.8]) and the hydrogen evolution reaction

H2

(e)

(Equation

[2.9]) are:

1Fe(9)_1FePI

(2.11)

Fe

1bFe

and

1H2

(9)

expi(_23(EFe(0)_EZ)J

respectively. As in the oxygen reduction expression,

(2.12)

e'

i2,

bFe bH, E, and E7

are the exchange currents, Tafel slopes, and equilibrium potentials for the iron
oxidation and hydrogen evolution reactions (see Table 2.1 for values). Unlike the
oxygen current density, the current densities for these two reactions do not depend
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directly on the oxygen concentration at the rebar, but only on the rebar-concrete
interface potential

EFe

(0).

The net current from these three reactions gives the total current density at the
rebar-concrete interface (i.e., at a single point located at angle .0), which is:

i(0) =

(2.13)

where cathodic current at the rebar is considered positive and anodic current is
considered negative.
The current density at any point in the bulk of the concrete is given by:

(2.14)

p
where

I

is the current density vector that results from the potential gradient at that

point. For the boundary condition at the concrete-rebar interface, the total current

density from the three electrochemical reactions,

(9), must equal the total current

density passing from the bulk (scalarized by taking the magnitude of the bulk potential
gradient that is normal to the surface):

1,(0) =

ñ.Vçb
I

(2.15)

P'9
where the symbol

1

indicates that the gradient is evaluated at the position 0 on the

rebar-concrete interface.

The molar

flux

of oxygen at any point in the bulk of the concrete is given by:

J02

is the oxygen

where

interface, the oxygen

flux

=DVC

(2.16)

vector. For the boundary condition at the rebar-concrete

associated with the reaction in Equation (2.10) must equal

flux

the oxygen flux passing from the bulk of the concrete (scalarized by the dot product of
the oxygen concentration gradient and the vector normal to the surface):

02

(9)
(n . vc0 )

nF

where
and F

n is

is

(2.17)

the number of electrons from the reaction stoichiometry in Equation (2.7),

the Faraday constant. At steady state, all points at the concrete-rebar interface

must adopt values of oxygen concentration and electric potential that satisfy Equations
(2.10) - (2.17) simultaneously.

Finally, to complete the definition of the model, the sum of voltage drops
around the CP circuit must equal to zero:

Eappi _EFe(9)_[q$(0)_q(0,y)]+Ezn = 0

where Eappi

is

(2.18)

the voltage applied between the rebar and the zinc (with the zinc

assumed to be at ground);

EFC (9) is

the potential difference between the rebar and the
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concrete (formally the rebar vs. a saturated copper sulfate - copper electrode [CSE]
placed in the concrete immediately adjacent to the rebar); [0(0)

(o,

y)] is the ohmic

potential drop across the concrete from the zinc anode to a point at angle 9 on the
rebar (formally the difference between a CSE placed at angle 9 at the rebar-concrete

interface and a CSE placed at the zinc-concrete interface);

is the equilibrium

potential of the zinc-concrete half cell (formally the potential of the Zn vs. a CSE
immediately adjacent to the zinc). Consistent with the convention that q$(x,y) is
formally the potential between a CSE at the point x,y in the concrete relative to a CSE

immediately adjacent to the zinc anode, the value of the potential at the zinc anode is
OZn =

0.

This convention allows the rebar-concrete interfacial potential

EFe (9),

which appears in the kinetics equations, to be computed from the

(o, y) =

difference

applied potential and the value of b(8) at the rebar:

EFe(0) = Eappi

(2.19)

q5(9) + Ez

Equations (2.1-2.19) completely define the model used in this study.

2.3 Solution Method
As discussed previously, this model considers both mass and charge transfer

through the bulk of the concrete simultaneously.

Since the geometry is two-

dimensional and the boundary conditions at the rebar are nonlinear and coupled,
solutions must be obtained numerically. The finite element method was used since it

is well established and works well for the curved rebar-concrete geometry and the bulk
concrete with spatially varying properties.

Figure 2.2 shows the finite element mesh that was used to solve for both the
oxygen concentration and electric potential profiles. The mesh consists of 980 nodes

that are the vertices of 1,836 triangular (T3) elements, inside of which the gradients
are assumed to be linear. Most triangles were kept nearly equilateral by positioning
the node points on concentric circles in a staggered fashion. The elements were made

small in the vicinity of the rebar, since gradients are greatest there. Mesh solutions
yield a value for electric potential and oxygen concentration at each of the 980 nodes,

41 of which fall on the semicircular rebar. Thus, 9 varies from 0° to 180° in 4.5°
increments.

Figure 2.2

Figure shows the 2-dimensional finite element grid used in the study.
The grid represents the cross-section in Figure 2.1(b) and is described
in the text.
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Because the oxygen reaction rate at the rebar (Equation [2.10]) is a boundary

condition for oxygen transport (Equation [2.17]) and part of the boundary condition
for total charge transfer (Equation [2.15]), the steady-state oxygen concentration and

electric potential profiles must be solved simultaneously. To find this solution, an
iterative method was used. An initial guess for the oxygen concentration profile along

the rebar surface is made.

Since the nodes at the zinc anode are fixed to the

atmospheric concentration of oxygen (Equation [2.5]) the FEM matrix can then be
solved, yielding the oxygen concentration profile for the entire concrete bulk.

The guess for oxygen concentration also partially constrains the corresponding

value for electric potential. The oxygen mass transfer flux at each rebar point can be
calculated from the oxygen concentration gradients at the concrete-rebar interface and

then related to

i02

(9) with Equation (2.17). Inspection of the kinetics expression for

oxygen current density (Equation [2.10]) shows that it is dependent on oxygen
concentration and electric potential. Because a value of
initial guess and

i0

CO2

(9) is known from the

(9) is obtained from the resultant concentration gradients, the

interfacial potential difference

EFe

(0) at each node along the rebar can be found

through rearrangement of Equation (2.10). The bulk potential distribution is obtained

by applying the corresponding potential values at the rebar,

(9), as a Dirichlet

boundary condition.

With values for C0 (9) and
current density,

i01

EFe (9)

known, a reaction based value for total

(0), can be calculated from Equation (2.13).

With the bulk

potential distribution known, a charge-transport based value for total current density,

i01,

(0), can be calculated from Equation (2.15). The last part of the iteration is to re-

evaluate the guess for the rebar oxygen concentration to reduce the differences
between

i101

(0) and

i101

(0), ultimately to negligible values.

For all constant pore saturation cases, calculations for oxygen concentration
and electric potential were obtained on a single FEM mesh with homogenous material
properties. In the cases of variable pore saturation, two distinct FEM matrices were

needed, one for oxygen concentration and one for electric potential, because the
electric resistivity (or conductivity) of the concrete and the effective diffusivity of

oxygen in the concrete depend on PS in different ways. To generate the gradient

material properties, the two FEM matrices were multiplied by material property
matrices for effective diffusivity and resistivity that follow from the value of PS
appropriate for an element.

2.4 Results and Discussion

2.4.1 Model output
Before the issues posed previously about the performance of CP are addressed,

an overview of the output from the numerical simulation is provided as background.
When the two FEM matrices are solved simultaneously, values of the electric potential

q$(x,y) and oxygen concentration C0 (x,y) within the bulk of the concrete are
obtained for specified cases of applied voltage (Eappi), and degree of pore saturation,
PS. Results are obtained for both spatially constant PS and spatially variable PS.

Figure 2.3 illustrates a typical electric potential profile in the bulk of the
concrete obtained for 60% PS and

Eappi = 1 V.

The corresponding plot for oxygen
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concentration C0 (not shown) is similar.

It is seen that the contours are rather

uniform in the vicinity of the Zn anode (as might be expected because the boundary
conditions (q$,, or

C2) do not vary along the zinc-concrete interface). In general, for

the concrete-rebar geometry used in the model, the current density at the zinc anode is

relatively constant over the surface of the anode at higher values of PS and becomes
less uniform as PS decreases. It has been observed experimentally that, as a cathodic
protection system with a zinc anode ages, the electrical resistance of the zinc-concrete
interface

This resistance has been attributed to the build-up of anode

increases.26

reaction products at the

interface.27

The build-up of interfacial resistance would

promote the tendency for the consumption of the anode to be a self-regulating process,

further increasing the uniformity of the consumption of the anode that is already
predicted by the current distribution generated from the model.

In contrast, the contours vary significantly in the vicinity of the rebar, ranging
over

Fe = 0.773,

0.810, 0.840 V at 9 =

00,

900,1800,

respectively. The contour

lines intersect the insulating system boundaries at right angles as required by the zero-

flux boundary conditions. The total current density and the oxygen flux within the
concrete bulk can be directly calculated from the gradients of potential and oxygen
concentration, respectively.

To address the objectives of this study, the processes occurring at one
boundary

the concrete-rebar interface

potential 0(9) and oxygen concentration

are of primary interest. From the values of
CO2

(9), at any angle 0 at the rebar-concrete

interface, values of the total and partial current densities

i10,

(0), i (9),

'H,

(9) and

32

1Fe

(9), and the potential across the steel-concrete interface,

EFe (0),

can be calculated.

To facilitate interpretation, results are often summarized in terms of the value at the
middle of the rebar, .8= 900, and the differences between the front and back, (value at
.9= 0° minus value at .9= 1800). The value at .9= 90° is representative of the average or

central tendency of a given variable while the front-to-back difference reflects the
range or variation.

2.4.2 Corrosion rate and uniformity
To introduce the discussion of corrosion rate and uniformity, the case with 60% PS
and
2.4

Eappi =

as a function of 9, the angular rebar position. As seen in Figure
(9) and

i0

I

1 V is considered again. The partial current densities are shown in Figure

H2

2.4,

values of

(0) are greatest at the front of the rebar and decrease monotonically to

I

THflH1 \
Figure 2.3

Figure shows values of p (x,y) determined for
spatially uniform concrete pore saturation of 60%.

Eappi = - 1 V

and
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the back. Conversely,

'Fe

(9) is least at the front and increases monotonically to the

back. These trends are observed for all cases at constant PS, regardless of the value of
PS or Eappi Furthermore, in this case,

the contributions of 'Fe (9) and
As discussed later,

'H

'H,

i10,

(9) is approximately equal to

i0

(0), that is,

(9) to the total current are essentially insignificant.

(9) becomes significant only in very wet concrete while

'Fe

(0)

never significantly affects the total current.

The average corrosion partial current density,

'Fe'

at the rebar is 3.85 x i0

A/rn2. Based on an iron density of 7860 kg/rn3, this current density is equivalent to a

corrosion rate of 1.75 x i0 mil/yr, where a mil is 0.00100 in. This value is one to
two orders of magnitude below the value typically deemed acceptable for corrosion

rate, and indicates that the system is effectively retarding corrosion. However, this
result depends critically on the values of the parameters used in the kinetics equation.

While it is difficult to find raw data for iron oxidation in steel-reinforced concrete
systems, a wide range of values for the associated kinetic parameters is reported. For

example, for the values of

EFe (9)

obtained in this case, use of alternative kinetic

parameters, which are reported in the literature, can either increase the value of

two orders of magnitude4 or decrease it by a similar

magnitude.5

'Fe

Additionally, it is

assumed that the kinetic parameters are independent of moisture content in the
concrete. In reality, the rate may depend on the activity of water, but this phenomenon

has yet to be quantified sufficiently for incorporation into the model.

Clearly, to

determine absolute corrosion rates, more polarization data are needed to establish how
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the kinetic parameters depend on the state of the concrete and on environmental
factors.
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Figure shows partial current densities for (a) oxygen reduction, (b)
hydrogen evolution (water reduction), and (c) iron oxidation as a
function of position on the rebar surface, which is designated by the
angle 0, as defined in Figure 2.1(b); Eappi = -1 V (Fe vs. Zn); PS =
60%.
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Because the iron partial current density is four orders of magnitude lower than
the total current density, its value does not significantly affect the potential distribution

or the oxygen concentration at the rebar surface. While different kinetic parameters
for iron oxidation would change the magnitude of the corrosion rate, they would not
significantly change the overall system behavior. Thus, the results of this study form a

meaningful comparison of relative rates under different operating and environmental
conditions.

For the case illustrated in Figure 2.4, the corrosion rate, as measured by the
iron partial current density, is approximately 50% higher at the back of the rebar than

at the front. Two effects contribute to the profiles discussed above

oxygen mass

transfer resistance and electrical resistance to current flow through the concrete (i.e.

ohmic potential drop). Because the front of the rebar is closer to the oxygen source

than the back, greater oxygen concentrations are seen at the front. Similarly, the
extent of the ohmic potential drop is least at the front of the rebar nearest the Zn anode

and greatest at the back, resulting in more negative rebar-concrete interfacial potential
EFC

(9) differences at the front and more positive values of EFe (9) at the back. Both

the greater oxygen concentration and the more negative value of

EFe

(9) favor a

(9) at the front of the rebar according to Equation (2.10). The

greater value of

i0

value of

depends solely on EFe(9), as given by Equation (2.11), and the

Fe(0)

tendency for corrosion ('Fe) is greatest at the back of the rebar.

2.4.3 Other cases of spatially constant and spatially variable moisture contents
The results described above were obtained for concrete with spatially constant
moisture content fixed at 60%. Consideration of this simple case illustrated the effects

of oxygen mass transfer resistance and electrical resistance on the behavior of the
cathodic protection system. Related results for other cases of spatially constant and
spatially variable moisture content are illustrated in Figure 2.5, in which the value of
1Fe

(0) is plotted against 0. Results for spatially constant PS values of 40, 50, 60, 70,

and 80% are presented. The spatially variable moisture content is representative of
conditions that might be expected during wetting and drying cycles. Two cases are

considered (see Figure 2.1 for the orientation of the x-axis): 80% PS at x = 0
decreasing linearly to 40% PS at x = W, representative of wetting conditions; and 40%
PS at x = 0 increasing linearly to 80% PS at x = W, representative of drying conditions.

Consideration of other nonlinear moisture-content profiles is possible but beyond the

scope of this study.

Comparison of the wetting and drying cases to the uniform

moisture content cases highlights phenomena that are likely to be significant under
wetting and drying conditions that were not apparent in the uniform moisture content
cases.

First, the results for the spatially constant pore saturation cases are considered.

As seen in Figure 2.5. the value of

'Fe

(0) decreases with increasing pore saturation.

This result can be understood by consideration of the effect of moisture content on
oxygen mass transport resistance and electrical resistance. The effective diffusivity of

oxygen in porous concrete decreases with PS, while the electrical conductivity
increases with PS. Both of these trends reduce the value of

Fe

(0) with PS. Note that
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this analysis is based on the behavior of actively corroding steel and that passivation,
which may occur in the presence of oxygen, is not considered.

The results of the computations for the spatially variable moisture content

cases are not dramatically different from those of the spatially constant moisture
content cases, as illustrated in Figure 2.5 The values of
40% PS) resemble

(80

Fe

'Fe

(9) for wetting conditions

(9) for 70% PS, but with more angular dependence. The

values of 'Fe (9) for drying conditions (40

with less angular dependence.

80% PS) resemble

'Fe

(9) for 50% PS, but

The corrosion current associated with drying is

approximately four times larger than that associated with wetting.
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Figure 2.5

Figure shows partial current density for iron oxidation, iFe (i.e.,
corrosion current density), as a function of angular position 0 on the
rebar surface, for several values of spatially constant and spatially
variable concrete pore saturation (PS);

Eappi = -1 V (Fe vs. Zn).
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These results can be understood qualitatively in terms of the moisture content.
For wetting conditions (80

40% PS), the value of PS at the anode is 80% PS and at

the rebar approximately 60%, with an average over this transport-active part of the
concrete of 70%. Because the region around the rebar is at 60% PS and drier than the

average value of 70% PS, the electrical resistance is greater in the 60% case than in
the 70% case, and the variation in

than it
'Fe (9)

is

q(9)

about the rebar is greater for the wetting case

for the constant 70% PS case.

follows the greater variability in

to explain the trend in

'Fe

q$(9).

The greater angular variability in
Corresponding arguments can be made

(0) in the drying case.

Thus, this examination has shown that even the complexities of the wetting and

drying cycles can be understood in a qualitative way on the basis of the simple model

presented here: the corrosion rate is dependent on the moisture content of the surface

concrete and virtually independent of the moisture content of the deep concrete; the
degree of uniformity of corrosion depends on the moisture content of the concrete in

the vicinity of the rebar; and corrosion is more severe during drying than during
wetting.

2.4.4 Corrosion non-uniformity at several values of Eappi

In Figure 2.5 the angular dependence of current density was examined for
several particular values of moisture content at a single value ofEappi. Next, results at
several values of Eappi are considered. Figure 2.6 summarizes the results obtained for
iron partial current density, which is directly related to corrosion rate.

To compare the uniformity of protection under different conditions, the
corrosion "non-uniformity" can be defined as:

NU

[iFe(1800)

1]

100%

(2.20)

'Fe(0)

The corrosion non-uniformity vs. PS is illustrated in Figure 2.7 for the three cases of
Eappj

(In Figures 2.6

2.10, symbols represent the actual computed values and the

lines are found through interpolation or extrapolation.) Figure 2.6(a) displays the iron
partial current density at the middle of the rebar (9= 90°) as a function of PS for

values of 0, 1 and 2 V. This range of

Eappi

Eappi

values allows the behavior of the system

to be examined under conditions of barely adequate protection to conditions of
overprotection.13

The data at 0 90° are indicative of the average corrosion rate.

Figure 2.6(b) shows the difference in the iron partial current densities at the front and

back of the rebar and reflects the corrosion uniformity. By summarizing the data in

terms of the central tendency and dispersion, all cases of constant PS can be
compared.

At any value of

Eappj

as the concrete becomes wetter, the corrosion

current decreases and the corrosion rate becomes more uniform from front to back.

Indeed for a given corrosion potential, drier concrete has been experimentally
observed to have greater corrosion rates than wetter concrete.22 At any value of PS, the

larger the value of

Eappi

the lower the corrosion rate.
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Figure 2.6

Figure shows (a) partial current density for iron oxidation at the
midpoint of the rebar (0 = 90°) and (b) the absolute value of the
difference between the partial current densities for iron oxidation at the
front (0 = 0°) and back (0 = 180°) of the rebar as a function of concrete
pore saturation (PS) for three values of Eappi (Fe vs. Zn). The symbols
represent the actual computed values and the lines were found through
interpolation.
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For spatially constant pore saturation, non-uniformity ranges from 7%

(Eappi =

0 V, 80% PS) to 63% (Eappi = 2 V, low PS). For comparison, the non-uniformity for
spatially variable pore saturation is 104% for wetting and 26% for drying at Eappi = 1

V (not shown). The non-uniformity generally increases with increasing Eappi with
minima at intermediate PS for Eappi = 1 and 2 V. These features can be understood
in terms of contributions from oxygen mass transfer resistance and electrical resistance
and is explained further in the section on rate-limiting processes.
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Figure 2.7.

Figure shows non-uniformity in corrosion current (see Equation [20]
for definition) as a function of concrete pore saturation (PS) for three
values of Eappi (Fe vs. Zn).
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2.43 Application of the model to the oxygen-concentration component of
depolarization
The effect of oxygen transport on the polarization decay is modeled as follows.
With the protection circuit opened, the net current at the rebar is zero,

'02

where 102

'Fe = 0

(2.21 a)

and 'Fe represent the current density of oxygen reduction and iron oxidation

integrated over the entire rebar surface. It is assumed potentials are sufficient that the

hydrogen partial current density is negligible. In the absence of macrocell corrosion,
Equation (2.21a) becomes

i0(9) lFe()O

(2.21b)

Equation (2.21b) can be expanded by substitution of Equations (2.10) and (2.11) to
yield an equation that relates the rebar-concrete interfacial potential differences to the
concentrations of oxygen at the rebar:

C0(9)

[23EFe(0)]3

02
02

where

expl

b0

Fe

[2.3EFe(9)1O
b Fe
]

exP[

and 3Fe are functions defined by:

(2.22)
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F2.3E]

= i exp

(2.22a)

and

' 3E1
Fe'

ZFe

IFeCXP[

(2.22b)

bFe

Equation (2.22) can be solved for EF. (9), given a value of oxygen concentration at the

rebar. If it is assumed that the oxygen concentration relaxes to its bulk value in the

four hours after the CP system is turned off, the polarization decay due to the
relaxation of this concentration can be calculated. This approximation is consistent
with a report of field depolarization data, in which it takes around ten minutes for the
potential to relax to a value halfway to the 4-hour decay and in which it has relaxed to
within 10% of its final value after 2 hours.28 Of course, this study is indicative of one
system and these values will be dependent on environmental conditions.

Solution of Equation (2.22) for
c0

t=O

= C0 (0) at t 0 and

0

z=4hr

=C

EFe,

at t = 4 hr yields the polarization decay:

ln

Fe() EFe(0)14,j

EFe(9)t=O

and substitution of the values

C0(9) 1

[c02 I
2.3k 1
bFeJ

(2.23)
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This result suggests that this component of the polarization decay depends only on the

initial oxygen concentration and the values of the two Tafel parameters,

b02

and bFe

Figure 2.8 summarizes the results obtained for oxygen concentration at the rebar
surface for the uniform PS parametric study.

Figure 2.8(a) displays the oxygen concentration at the middle of the rebar (8=

90°) as a function of PS for Eappi values of 0, 1 and 2 V. Figure (2.8b) shows the

difference between the front and back oxygen concentration under the same
conditions.
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Figure 2.8

Figure shows (a) oxygen concentration at the midpoint of the rebar (8=
90°) and (b) the difference between the oxygen concentrations at the
front (8 = 00) and back (8 = 1800) of the rebar as a function of concrete
pore saturation (PS) for three values of Eappi (Fe vs. Zn).
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From these values of

CO3

(0), the depolarization due to oxygen transport can

be estimated by Equation (2.23); the results are shown in Figure 2.9. A significant
contribution of polarization decay can be attributed to oxygen, especially for wetter
concrete at E01 = 1 and 2 V where the polarization decays of several hundred mV

are observed. However, the value of the logarithmic term depends critically on the
value of

CO2

(9). If the oxygen concentration relaxes even a small amount during the

jump to the instant off potential, the values will decrease significantly. The difference
in depolarization between front and back goes through a maximum for

Eappi = 1

and

2 V at 70% and 60% PS, respectively. The magnitude of the difference in
depolarization can be as great as

50

mV and indicates the choice of the location of the

reference electrode is critical to this corrosion monitoring technique.

It is

recommended that the reference electrode be placed as close to the middle of the rebar

(halfway between the front and back) as possible. In fact, Funahashi and Young have
observed poor reproducibility of the depolarization response in wet concrete and have

speculated that it is due to oxygen concentration

depolarization.22

Inspection of

Figures 2.6 and 2.9 indicates that, within the assumptions of the model, the
polarization decay criterion should be greater for drier concrete than for wetter
concrete. While the model presented in this paper contributes to a qualitative and

mechanistic understanding of one component of the 100-mV polarization decay
criterion, the model is not intended to provide a quantitative threshold value for
application.
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Figure 2.9

Figure shows the magnitude of the oxygen-concentrationdependentcomponent of the depolarization that follows opening of the

cathodic protectioncircuit for (a) depolarization at the midpoint of the
rebar (8 = 90°) and (b) the difference between the depolarization at the
front (8 = 00) and back (8 = 1800) of the rebar. Data are shown as a
function of concrete pore saturation (PS) for three values of Eappi (Fe
vs. Zn).
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2.4.6 Rate-limiting processes
Figure 2.8 provides a basis from which to examine how the overall corrosion
rate and uniformity depend on oxygen transport resistance and on electrical resistance.

For the case Eappi = 0 V, the 02 concentration at 9= 900 is always near the bulk value

of 8.6 mourn3. At low PS, the concentration matches the bulk value. At higher PS,
the average concentration drops slightly to a value of 6.8

cases Eappi = 1 and 2 V, the oxygen concentration at

mourn3

at 80% PS. For the

90° spans the entire range,

from that of saturation (8.6 mourn3) at low PS to that of depletion at high PS, where

the oxygen concentration is negligible.

Additionally, a maximum in oxygen

concentration difference between the front and the back occurs at intermediate PS. At

Eappi = 1 V, the maximum occurs around 65% PS while at Eappi = 2 V, it occurs at
a lower value, around 55% PS.

At steady-state, the oxygen concentration at any location along the rebar
represents the balance between oxygen's ability to reach the rebar by transport through

the porous concrete and the rate at which it is consumed by reaction. In dry concrete,

the effective diffusivity of oxygen is large and oxygen can easily move through the
bulk to the rebar surface. On the other hand, the reaction rate of oxygen depends on

the potential at the concrete-rebar interface, which in turn depends on the electrical

resistance of the concrete and Eappi For a given value of Eappi, dry concrete will

exhibit a large potential drop across the bulk. This drop consumes a significant
proportion of Eappj which results in a more positive value of EFe and a lower rate of
consumption of oxygen. Therefore, at low values of PS, the system becomes reaction-
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rate limited and the surface oxygen concentration is close to atmospheric at both the
front and back of the rebar. Hence oxygen concentration along the rebar is relatively
uniform around 8.6 mol/m3 , and its difference between the front and the back is small.

the reaction rate is high while the effective

Conversely, at high PS and high

Eappj

diffusivity of oxygen is small.

In this case, the system becomes limited by the

transport of oxygen and the surface oxygen concentration drops close to zero, be it on
the front of the rebar or on the back.

To understand why the difference in oxygen concentration exhibits a
maximum in between these two limiting cases, the two effects that contribute to the

flux of oxygen are considered. At the intermediate values of PS, neither oxygen
transport nor surface reaction exclusively limit the overall rate. In this range, the

oxygen concentration attains intermediate values between the two limiting cases
discussed above. The oxygen concentration around the rebar can also show larger
variation, since both oxygen mass transport and the oxygen reduction reaction depend

on the location. Correspondingly, the maximum values of the difference in oxygen
concentration occur when the average oxygen concentration is about halfway between

saturation and depletion, as shown in Figure 2.8. The concentration of oxygen at the
concrete-rebar interface is poised by the opposing processes of transport and reaction.

Transport favors higher concentrations of oxygen at the front of the rebar (because of
shorter diffusion path length) while reaction favors higher concentrations of oxygen at

the back of the rebar (because of the more positive values of EFe). At intermediate

values of PS, the model [Figure 2.8(b)} shows that the oxygen concentrations are
greater at the front than they are at the back, indicating that the oxygen concentration

tracks the trend predicted from the transport process more closely than the trend
predicted from the reaction process.

The competing processes that poise the concentration of oxygen at the
concrete-rebar interface also influence the potential at the interface. Figure 2.10(a)
shows EFe at the rebar for 9 = 90° as a function of PS for Eappi values of 0, 1 and 2

V. As seen in the kinetic expressions (Equations [2.10-2.12]), EFe is a key quantity
in the determination of reaction rates. In all cases, EFe at

Q

90° decreases with PS

as the electrical resistance of the concrete decreases. In the case of Eappi = 0 V, EFe

decreases steadily from 20% PS to 80% PS while for Eappi = 1 and 2 V, there is an
abrupt change at 65% PS and 55% PS, respectively. In each case, the abrupt change

corresponds to the maximum in the difference of oxygen concentration seen in
Figure 2.8 as the system becomes oxygen transport limited. At 70-80% PS and

Eappi

= -1 and -2 V, the very negative values of EFe result in significant rates of hydrogen
evolution (data not shown); these conditions also correspond with complete depletion
of oxygen at the rebar, as seen in Figure 2.9(a).

Figure 2.10(b) shows the absolute value of the difference in EFe between the

front and the back of the rebar. It is convenient to consider these data in terms of
absolute values. At low PS, the absolute value of the difference increases with Eappi

This result is due to the higher reaction rate at the front relative to the back when
oxygen is readily supplied to the rebar. The front has higher rate since the electrical
resistance across the bulk is lower.
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Figure 2.10 Figure shows (a) the rebar-concrete interfacial potential difference at
themidpoint of the rebar (8 = 90°) and (b) the absolute value of the
difference between the rebar-concrete interfacial potential at the front
(8 = 0°) and back (8 = 180°) of the rebar as a function of concrete pore
saturation (PS) for three values of Eappi (Fe vs. Zn).
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An examination of the absolute value of the difference in

EFC

at

Eappi

=0V

shows a steady decrease. On the other hand, the absolute value of the difference goes

through a minimum for

Eappi = 1

and 2 V at 70% Ps and 60% PS, respectively.

This minimum occurs at a slightly higher value of PS than the maximum difference in
C0 (9) shown in Figure 2.8. In drier concrete, the greater difference in

EFe

results

again from the greater electrical resistance towards the back relative to the front. In

wetter concrete for

Eappi = 1

and 2 V, the difference manifests from the greater

oxygen mass transfer resistance towards the back.

However, in the intermediate

region, both processes are important. In this region, the higher reaction rate at the
front due to decreased electrical resistance is balanced by the greater ability of oxygen

to get to the front and a minimum in its absolute value ensues. This minimum reflects
the corresponding minimum in non-uniformity shown in Figure 2.7.

2.5 Summary and Conclusions
The conclusions described here reflect the results of the round rebar numerical

model run for a wide variety of conditions. These results pertain to actively corroding

rebar; some differences would be expected if passivation were considered.

The

overall conclusion is that non-uniformity of cathodic protection is predicted to be a
significant issue under certain conditions.

1.

For the "typical case" of a cathodic protection system with moisture content of
60% pore saturation (PS) and an applied voltage

(Eappi) of 1 V, values of iron

oxidation partial current density are lowest at the front of the rebar (nearest the air-
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concrete interface) and increase monotonically towards the back (furthest from the
air-concrete interface), being about 50% greater at the back of the rebar than at the
front. These trends are observed for all cases considered at constant PS, regardless
of the value of PS or

Eappj

2. The performance of cathodic protection systems is predicted to vary significantly

as a function of concrete moisture content. At any value of E01, as the concrete

becomes wetter the corrosion current decreases and the corrosion rate becomes

more uniform from front to back.

Relaxation of the approximation that the

corrosion rate constant is independent of moisture content may alter this
conclusion. The corrosion non-uniformity ranges from 7%
PS 80%) to 104%

(Eappi

= 0 V, uniform

= 1 V, wetting). Corrosion is more severe during drying

than during wetting.

3. The component of the polarization decay that depends on the concentration of
oxygen at the rebar surface was modeled. Under the assumptions of the model,

this component depends only on the initial oxygen concentration at the rebar
surface and the values of the two Tafel parameters,

b0

and

bFe.

A significant

contribution of polarization decay is attributed to oxygen, especially for wetter
concrete at

Eappi = 1

and 2 V where polarization decays of several hundred

millivotts are observed. The difference in depolarization between front and back

goes through a maximum for

Eappi

=

1 and 2 V at 70% and 60% PS,

respectively. It is recommended that the reference electrode be placed as close to
the middle of the rebar (halfway between the front and the back) as possible.

4. Two processes contribute to these results

oxygen mass transfer resistance and

electrical resistance to current flow through the concrete (i.e., ohmic potential
drop). At low PS, the system is reaction rate limited and oxygen concentrations at

the rebar are close to atmospheric.

At high PS, the system is oxygen mass

transport limited. At the intermediate values of PS, neither oxygen transport nor

surface reaction, exclusively, limit the overall rate. In this range, the oxygen
concentration attains intermediate values, and the oxygen concentration around the

rebar can also show larger variation. The competing processes that poise the
concentration of oxygen at the concrete-rebar interface are also used to explain
trends in the potential at the interface.

5.

The current density at the zinc anode is relatively constant over the surface of the
anode at higher values of PS and becomes less uniform as PS decreases.

6. Hydrogen evolution becomes significant only at the highest values of PS (70
80%) and at the more negative values of

Eappi.
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CHAPTER 3

NUMERICAL SIMULATION OF IONIC TRANSPORT IN SPRAYED-ZINC
CATHODIC PROTECTION SYSTEMS

3.1 Introduction

Cathodic protection (CP) systems that are used to mitigate corrosion of
reinforcing steel in structures such as bridges and parking garages often have a sprayed

metal coating such as zinc to serve as an anode. Zinc is a good choice for an anode

material because it has a lower reduction potential than iron and because it is
inexpensive and readily available. In addition it can be vaporized and sprayed to obtain

a coating that adheres well to concrete. However, there are many issues relating to the
lifetime of zinc anodes. Sprayed zinc coatings tend to suffer from problems such as
large increases in resistance and delamination as they age. The metallic zinc oxidizes to
provide electrons for the CP circuit:

Zn

Zn2

+ 2e

With time, the concentration of

(3.1)

Zn2

increases in the pore solution adjacent to the

anode-concrete interface, and eventually reaches saturation. Since the pH of concrete is

very high (-42.0), various hydrated zinc hydroxides are formed; these species are not
very soluble. Other zinc compounds may also form with ligands that come from the

pore solution or the concrete matrix. As a result, the interface between the sprayed
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metal coating and the concrete is slowly converted to a pasty layer consisting mostly of
zinc oxides, hydroxides, and silicates. This layer is termed the zinc product layer, ZPL.

The electrical resistance in sprayed zinc CP systems is commonly seen to
increase with time (Brousseau et al., 1995; Covino et a!, 2002; Whiting et al, 1996).
This increase has been attributed to changes occurring near the zinc anode. Several
researchers have reported a saw tooth pattern that correlates with wettings of the Zn
surface (Covino et al., 2002; Sagtiés and Powers, 1996; Rehani, 2000). This pattern was

seen in potential vs. time plots with constant current, current density vs. time plots with

constant potential, and resistance vs. time plots. When the surface was wetted, the
curves show a decrease in potential and resistance and an increase in current. As the

surface dried, the potential and resistance increased as the current decreased. The

electrical behavior suggests two phases are present in the interfacial layer; a water
soluble phase and an insoluble phase (Rehani, 2000). These studies demonstrate that the

zinc product layer affects the electrical characteristics of the CP system and ask for a
greater understanding of the processes occurring between the concrete and zinc.

Covino et al. (2002) performed accelerated cathodic protection on zinc-sprayed
concrete slabs for the purpose of studying the formation of the ZPL. The compositions

and thicknesses of the layers were obtained for various anode ages with x-ray
photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). They
concluded that there were three different zones of the ZPL that formed between the zinc

metal and the bulk concrete. The zone nearest the metallic zinc contained ZnO and
Zn (OH) 2, ZnC12,

and

ZnSO4.

The interfacial pH range was measured as 6.5

9.0. The

second zone is formed by secondary mineralization. The possible compounds include
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calcium and zinc silicates, calcium and zinc aluminates, ZnSO4, and

ZnC12. This

zone

shows substantial silicon. In the third zone, closest to the bulk concrete, zinc is in

presumably silicate andlor aluminate forms, partially replacing calcium.

Possible

compounds include calcium and zinc silicates, calcium and zinc aluminates, and ZnC12.

This zone shows increased amounts of chloride and calcium. The bulk of the concrete

shows high calcium, low chloride and sulfur, and no zinc concentrations with mainly
calcium silicates and aluininates. Brousseau et al. (1995) observed white deposits after

water had evaporated from the zinc after application of CP. These deposits are also
observed in the field. They are more pronounced at higher currents and longer times
and were determined to be a mixture of zinc and chloride and hydroxide compounds,
presumably similar to those in the first zone described above.

If the zinc layer were perfectly smooth and homogeneous, the approximate
thickness of the zinc consumed by the reaction, 5 [m], can be calculated by:
MWit

nFpz

(3.2)

where symbols are defined in the nomenclature section. The value of 8 is calculated to
be approximately 30 Elm for 9.4 equivalent years at 2.2 mA/rn2. The film thickness of
the three zones measured by Covino et al. (2002) is approximately 760 Elm under these
conditions. Therefore, transport of zinc away from the zinc concrete layer must be

included in a first principles model of development of the zinc solid product layer.

The goal of this chapter is to develop an initial model based on first principles

that describes the transport of ions by diffusion and migration in a CP system under
ideal solution conditions.

To circumvent the mathematically complicated chemical

reaction kinetics at the electrode surfaces, the model is simplified by assuming that the

CP system is operating at constant current density, which results in constant reaction
rates at the electrodes. Bulk chemical reactions such as precipitation and dissolution

and non-ideal solution behavior are not included in this initial simulation. This work
represents a first step towards development of a comprehensive model that would be
useful in predicting the behavior of a sprayed Zn CP system with time.

3.2 Review of Numerical Simulation of Ionic Transport

Numerical simulation has been applied to a wide range of electrochemical
systems (Newman, 1991). Transport is often modeled neglecting migration (Britz,
2005).

This approximation applies to binary electrolytes or systems with excess

supporting electrolyte. Models that include migration describe transport of ions in the
aqueous phase with the Nemst-Planck (NP) equation. Steady-state solutions with the
NP equation are relatively straightforward, but extension to unsteady-state problems is
more challenging. A tabular summary of the literature is presented in Appendix A. An
early milestone in unsteady-state numeric solutions was the study by Cohen and Cooley

(1965), who calculated the ionic concentrations and the electric field as a function of

position and time based on deviations from the steady-state values using predictorcorrector schemes.

In general, the transient ionic transport models reported in the

literature that include both diffusion and migration are treated in one-dimension
(Watson and Postlethwaite, 1990; Sridhar et al., 2001; Biesniasz, 2004), although two-

dimensional simulations have been reported (Samson et al., 1999B; Dan et al., 2001).

Few models in the corrosion and porous media fields consider convection, since it is
negligible compared to other processes occurring in these systems. However, Volgin et
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al. (2002) do consider convection when comparing FDM methods. Rendules de la Vega

et al. (1996) compare the solutions given by the Nernst-Planck equations and solutions
given by Pick's law with corrected diffusion coefficients to determine when it is possible
to make the simplification of ignoring the effects of migration.

In systems that neglect the migration term, there has been substantial work in
developing more efficient solution methods including the use of higher order spatial and

temporal difference equations, implicit methods, adaptive grid techniques, and non
uniform grids (Britz, 2005). Simulations of systems that treat migration are more
complex.

Ionic species concentrations are coupled to the electric potential by the

fundamental relationship described by Poisson's equation (see Equation (3.10) in the
Model Development section). There are several ways this term has been incorporated

into the numerical solution of unsteady-state Nernst-Planck systems of equations. A
few authors have argued that it is necessary to include Poisson's equation directly in the

model (Watson and Postlethwaite, 1990; Samson, 1999A).

However, the term

associated with the Poisson equation leads to numerical instability unless very small
time steps are used. Consequently, a time-splitting technique must be employed with

extremely small time steps associated with this term.

Since there is a large

proportionality constant F/El on the order of iO'4 V m/mol between the gradient of the

electric field and the charge density, a very small charge density will result in a large
electric field gradient. In an aqueous system, any appreciable charge separation would
produce a large local electric field gradient, which would in turn generate currents and

quickly dissipate the charge imbalance that produced it in the first place (Newman,
1991). Therefore, the assumption of electroneutrality is often applied to aqueous ionic

transport models as a simplification. This assumption is employed either directly,
constraining the sum of the concentration of each ionic species times its charge number

to zero (Sharland, 1992; Harden and Viovy, 1996; Kwok and Wu, 1996; Perdomo and
Cawley 2001; Volgin et al., 2003), or indirectly, by asserting that the current density is

constant (Walton et al., 1996), or both (Truc et al., 2000). Alternatively the equations

have been solved for conditions of no current (Hwang and Helfferich, 1987; Kiocker
and Bart, 1997). Under the zero current condition, the gradient in electric potential can
be eliminated from the model equations. Volgin et al. (2002) compare the accuracies of

different solution strategies and ensure that the method of determination of potential
distribution is independent of the method used.

Since ionic concentrations can be high in physical systems such as concrete, the

ideal solution assumption (also referred to as infinite dilution theory) is sometimes
replaced with an activity coefficient model. Activity coefficient models tend to increase

the complexity of solution methods, and it is often difficult to get accurate model
parameters. In the solution of the Nernst-Planck equations, activity coefficients have

been estimated by various methods including: the extended Debye-Huckle equation
(Samson, 1999A), the B-dot Debye-Huckle equation (Walton et al., 1996), the Davies
equation (Walton et al., 1996), and Pitzer's equations (Kiocker and Bart, 1997; Truc et
al., 2000). One study of ion transport in concrete has shown accounting for non-ideality
has a negligible effect on simulation output (Truc et al., 2000).

Bulk reaction processes within the concrete matrix, such as ionic complexation

and redissolution of solids can also be important. Determining the point at which
precipitation occurs is complex, since it is a function of the concentration of all the ions
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present and their reaction rates. Bulk reactions have been considered in a few models
(Hwang and Helfferich, 1987; Sharland, 1992; Walton et al., 1996; Klocker and Bart,
1997; Chang Ct al., 1998; Sridhar et al., 2001). Generally this determination is made by

assuming that there are no kinetic limitations and that ionic species are always in local

equilibrium with any solids present. This assumption allows for the decoupling of
reactions from the ionic transport equations. For example, a transport step calculated
over one time interval in a simulation may have an applied potential in solution, causing

concentration profiles to change.

The new concentrations that result may exceed

solubility limits; in a separate calculation, the excess is assumed to precipitate instantly,

resulting in a saturated concentration profile.

This profile is then used for the next

transport step, and the process is repeated.

Most ionic transport models specific to corrosion focus on the initiation of
crevice corrosion, but there is also work in the disbonding of coatings for systems such

as cathodically-protected pipelines. Sharland (1987) developed models for pitting and

crevice corrosion and then modeled crevice corrosion using the computer program
CHEQMATE developed by Haworth et al. (1988). CHEQMATE couples transport

equations with complex reaction schemes, as discussed above.

Watson and

Postlethwaite (1990) explored the incubation period of crevice corrosion using
numerical analysis, also utilizing large numbers of chemical species and considering the

many possible reactions that may occur within the crevice bulk solution. They present

the transport equations with migration terms and consider the optimization of
calculations to reduce CPU time. Watson and Post!ethwaite (1991) conducted follow-

up simulations to show that the crevice profile is important in determining the
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possibility of active corrosion.

Expanding on CHEQMATE, Walton et al. (1996)

improved upon the Sharland and Watson-Postlethwaite models by adding the effects of
repassivation and spatially-dependent corrosion, and dispensing with the dilute solution
assumption. Chang et al. (1998) applied activity corrections to initiation-stage modeling
of crevice corrosion in Fe-Cr alloys, and in a second paper studied 31 6L stainless steels
(Chang et al., 2000). Furthennore, Heppner et al. (2002) simulated corrosion at elevated
temperatures for special application materials such as titanium. For disbonded coatings,

Perdomo and Cawley (2001) present an ionic transport model for cathodic protection of
a coated steel pipeline, in which the coating may develop holidays. Sridhar et al. (2001)

did likewise and included the effects of polarization. Both groups made comparisons
with experimental data.

The drive to understand the fundamental processes occurring in concrete
structures during cathodic protection has led to an overlap between studies of porous

media (which includes concrete transport and reaction processes, cement chemistry,
etc.) and electrochemistry (which includes aqueous ionic transport, cathodic protection,
electrode kinetics, etc.). Samson et al. (1 999B) consider the solution optimization of an
ionic transport model in porous media, which is followed by Samson et al. (2000) where

ionic transport in hydrated cement systems was modeled to determine the influence of

reversible and irreversible chemical reactions.

Barbarulo et al. (2000) performed

dimensional analysis on the Samson-Marchand model and found that the local
equilibrium assumption is generally valid in porous media systems.

Chloride ion transport in concrete has received much attention. Truc et al.

(2000) considered the effects of pore tortuosity in water-saturated concrete when

modeling ionic transport with Nernst-Planck equations, and pointed out that

experimental data for diffusivities in porous media are often not in agreement. They
considered the effects of chloride binding. Frizon et al. (2003) utilized a Nernst-Planck

equation-based model to simulate the transport of radioactive cesium in nuclearcontaminated cement, where the interactive effects of the cesium and the cement
constituents were studied in much the same way as for chloride. Lorente et al. (2003)
simulated ionic transport through concrete exposed to salt solution, in order to predict
chloride diffusivity.

3.3 Model Development
A schematic of the electrochemical system is shown in Figure 3.1. The system
thickness is set to 2.54 cm (1 in) to represent the thin layer of cover concrete that covers

the first section of rebar.

Concrete pore solution is strongly alkaline, and will be

approximated as a pH 12 solution of calcium hydroxide. Zinc ions are introduced into the

system from the sprayed-zinc anode, and chloride ion may be present from seawater or
deicing salt. Thus, the species chosen to approximate the solutes in concrete pore solution
are: Zn2 (component 1), Ca

(component 2), Ct (component 3) and 0H (component 4).

Formation of soluble metal-ligand complexes is not considered.

initial concentrations that are used.

Table 3.1 presents the

The negative terminal of the power source is

connected to the rebar and the positive side to the sprayed

zinc

anode. The circuit is

completed by the reactions at the interfaces (described later) and the flow of

Zinc Film

Figure 3.1.

Concrete

Steel Rebar

Cathodic protection system schematic.

ions within the pores of the concrete. Negatively charged chloride and hydroxide ions are

attracted to the zinc anode and positively charged sodium and calcium ions are attracted

to the steel cathode. Once formed, the

Table 3.1.

Zn2

can move into the pores of the

List of Simulation Parameters.
Units
M

T

Value
0.0254
0.0022
298.15

Diffusion coefficients:
Dz

1.90x1012

Da

1.90x10_12
5.00xlO_12

Parameter
L

AIm2

K

DOH
Initial concentrations:

1.30x10_h1

m2/s
m2Is
m2/s
m2Is

Cz,

0.0

mourn3

CCa

5.1

mol/m3
mol/m3
mol/m3

D1

0.2
COH

10.0
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concrete and can undergo further reactions. The zinc reaction products may remain in
aqueous form or may react with the cement to form solids. A constant current density of
0.0022 A/m2 was selected since it is a typical field value for CP systems protecting coastal
bridges.

In order to simulate the transport processes, suitable values for diffusion
coefficients in concrete are required. The reported diffusion coefficients for chloride in

concrete vary widely, but the general range is approximately 2-4 orders of magnitude
smaller than the diffusivity of chloride in dilute aqueous solution. Figure 3.2 shows the
reported diffusivities in the literature for the four species considered in the present work.

Since few values were available for Zn2, Ca2 and Off, it was decided to select a value
for diffusivity of chloride in concrete that falls within the range reported in most studies,
and then scale the other three ions with respect to this value, based on ratios of diffusivity

in dilute solution. Table 3.2 lists the infinite dilution values. Concrete pore solution was

approximated by setting initial concentrations of ions to that of a pH 12 solution of
Ca(OH)2, with a trace amount of GaG!2 added as a source of chloride ion. The initial
concentration of Zn2 was set to zero, representing new concrete with a freshly sprayed
metallic zinc coating.

Ionic transport within the concrete pore solution can be driven by gradients in
concentrations or in electric potential. The electrochemical potential of species i, p, is
defined by:
=

p1 +z,Fb =p+RTln(C1y,)+z1Fq$

(3.3)
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Selection of diffusion coefficients based on the literature.

where the notation is defined in the nomenclature section. The ionic flux is driven by
the electrochemical potential gradient and convective flow:

j

D1C1

RT

v+oc.
'

(3.4)

If ionic transport occurs in one dimension:
(3.5)

Table 3.2.

Diffusion coefficients in infinite dilution.

Zn2

Aqueous diffusivity, m2/s
Assumed to be the same as
Cdt,
Since hydrated radii are similar (600pm)

Reference
Harris

Ca2

7.96xl0'U

cr

2.03 xl

OITr

5.29x10

Bard and Faulkner
Bard and Faulkner
Bard and Faulkner

Ion

0

which expands to the Nemst-Planck equation:

D1C1 Oy

D
'Ox

Diffusion

y.

Ox

Activity

As illustrated with Equation

(3.6),

D1C1z1F

RT

+ UC,

(3.6)

Ox

Migration

Convection

the four terms that contribute to the Nemst-Planck

Equation can be assigned to diffusion, activity, migration and convection.
In the bulk of the concrete, the conservation of mass of species i can be written:

(3.7)

The first term on the right hand side of Equation

(3.7),

the divergence of the flux,

represents the amount of species i transported into or out of the control volume with
time, and the second term, R,, represents the reaction rate by which species I is generated

by dissolution or consumed by precipitation.

If one-dimensional unsteady-state

transport is considered, Equation (3.7) becomes:

(3.8)

Ox

Substituting the Nernst-Planck equation for the flux term and neglecting convection
gives:
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cL=_[_DcL
at
ax
'ox

DiCiziFacblR

D1C1

RT

oxj

(3.9)

If temperature and diffusivities are assumed to be constant, Equation (3.9) expands to:

D1C1

= D 102c,
at

.2

,)

D1z1F

RT

1')
D1C1 (oy,')2
&2) +1-Y[)
Ox
Ox)
Ox)
A
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IcLi.')

Ox)Ox)

D1C1z1F

RI'

(3 10)

+R
Ox2)

Equation (3.10) represents a set of equations for each of the / species in the system. In

Equation (3.10) the concentrations, activity coefficients and electric potential are a
function of time and position, i.e., C = C,(x,t), L1 = D.(x,t), and U = LI(x,t). In the
calculations presented and discussed here, the activity coefficient and reaction terms are
neglected.

The relationship between the electric potential and the concentration of charged
species in the bulk is given by Poisson's equation:

V2 = C1z1

Since field.

(3.11)

is large, minute imbalances in concentration result in large changes in electric

Therefore, for aqueous systems, Poisson's equation is often simplified by the

assumption of electroneutrality:
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C,z1

(3.12)

O

In order to maintain electroneutrality, no net charge can accumulate; therefore, the
charge balance can be written:

= -(v i ) =0

(3.13)

where the total current density is found by summing contributions from all the
individual charged species as follows:

=

FJ1z1

(3.14)

In one dimension, Equation (3.13) becomes:

i

(3.15)

Equation (3.15) can be integrated to give

=

FJ1z,

f(x)

(3.16)
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The condition that i,,, is constant along x is necessary to ensure that p 0 for all times.
Equation (3.6) can be combined (neglecting convection) with Equation (3.16) to relate
the potential gradient to the total current density:

D1C,z1
(Dizi

F

-J

__
I

ôy,

Yl

(3.17)

RI'1

The total potential drop across the system, U LI, can then be found by integrating
overx:

(3.18)

05x

The boundary and initial conditions are as follows: For the reacting species
(Zn 2+) at the anode (x=O):

D2+C2+ZZfl2+F aq

D2+Cz2+ ôYZ,2+

aCZn2+
'Zfl2+ (x = o,z)= -D2+

x=O,I

Ix=O,I
TZn2f

i(t)

2F

For the reacting species (OI) at the cathode

(x=L):

RT

(3.19)
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OH

a

DQHCQHzQHF

DQHCQH ÔYOW
Ix=O,t

Ix=L,t

RT

TOW

x=L,t

(3.20)

F

At both electrodes, all other species have zero flux:

Jz2+(x=0,t)=D'ax
Ji0H

(x =

''

L t' =

D'ox

_D1C1z1F0

_DC1
y

RT

ax

DC1 ô'
ax

ax

(3.21)

D1C,zF ôq5
=0
RT
ox

All species have a known initial concentration profile:

C(x,t = o)= C?(x)

(3.22)

Electric potential boundary conditions are written for either a fixed applied potential for
the anode and cathode:

q(x=L,t)=q$c

(3.23)

itot (x = L, t) = 1tot

(3.24)

or a fixed current density:

itt (x = 0, t) = 1tot'
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3.4 Solution Methods
It is desired to obtain the potential profile and the concentration profiles for all
the ionic species as a function of time. There are many numerical methods available to
solve the model equations presented in the previous section, involving several variations

on the discretization technique. There has been considerable effort towards developing

efficient computer algorithms in systems where migration can be neglected, including

higher order spatial and temporal difference approximations, using multigrid and
adaptive grid techniques and fully implicit schemes (Britz, 2005). In this study, an
implicit method (e.g. Crank-Nicolson) would require an additional steady-state iterative

sequence due to the coupling of the terms in Equation 3.9 (Watson and Postlethwaite,
1990); therefore, an explicit method is chosen.

This section compares two different methods of solving the model equations in

one dimension: the point method and the box method. Matlab 7.0 computer codes for
each method are presented in Appendix B. In the discretized equations, the following
nomenclature is used: (1) All quantities are at time

r,

unless indicated as t+ LIt. (2)

Subscript i refers to species 1, with one simultaneous bulk equation per species. (3)
Subscript n refers to the discretized spatial position in x with 1

n

7i, subscript 1 refers

to the anode, and N refers to the cathode.

3.4.1. The Point Method.
The point method discretizes the domain into a set of N points to approximate

the electric potential and ionic concentration profiles, as shown in Figure 3.3. The

values for potential and concentrations are calculated at each node.

The points
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occurring at the ends of the mesh, n=1 and n=N represent the anode (x=O) and cathode
(x=L) surface, respectively. Forward and backward difference equations are used to

find the surface values that satisfy the boundary conditions at the anode and cathode,
respectively. For the bulk, a forward-time, centered-space algorithm is used.

For a given differential step in time, the point method calculates the
concentration and electric potential gradient of the ionic species at all points in the bulk

and then determines the concentrations of species and the electric potential gradient at

electrode surfaces. To determine the bulk concentration, the discretized form of the
conservation of mass equation (Equation (3.10)) is used:

&

)

=D
D1C1

7.

For the bulk, 2 n

D1z1F

I A2C1
Ar)

D1z1C1F

1---

RT & ),&)

D1C1,

1-')
&2 +P-14z1-') (')
L

),,

RT

y,, & ),, & ),,

y,

L&2

(3.25)

1.4i-Y + R

& ),

At constant current density, the discretized form of Equation

(3.17) can be used to obtain the electric potential gradient at a specific grid point:

41
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c2
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Figure 3.3.

C,N

8
Fe

Node points and grid discretization for the point method.
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I_1DZECY\ '.

(A)

=

F

Yj,fl

I

(3.26)

j'±_DCz2J
RT

,

The derivatives in Equations (3.25) and (3.26) are approximated by:

(A2C,

c,,, )- (c1

c.,_1)

1cL"I =

I cin+i

2&

1\

r,.n )-

&)

(r.

I.4ZL)

(Yi,n+I

Yi,n-I

2&

(3.27A)

(Aq

(L

,x

L\x )fl_i

x2)

after obtaining

ci,n_i

2&

(J

values with Equation (3.26), or

+16C,1 3OC, 16C,,_1 C,,,,_2
I

'\

I

In

- (Cjn+2
=

C,,.,,.2

12Ax2

+ 8C1

8C1,_1

J

+ C,,,,_2

12Ax

Ti,n+2

+ l6y

3Or

+ l6r1_i

12&2
Yi,n+2 + 8i,,.fl

8v,,_1 + V.,_2

12&

(3 .27B)
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-1') +8i') -814) +I.)

(A2q '

Ax )n+2

1Ax2)

Ax )fl_

Ax )n-1

L Ax )n+I

l2Ax

after obtaining

(J

values with Equation (3.26).

Equations (3.27A) represent central difference approximations with secondorder accuracy and Equations (3.27B) represent central difference equations with fourth-

order accuracy. If Equations (3.27B) are used, the bulk nodes adjacent to the electrode

must be treated differently. Higher order approximations which include more grid
points can also be used to increase the numerical accuracy.

At time

t=O,

for the first iteration, the electric potential gradient is unknown at

the electrodes, so it is approximated with the value of the electric potential gradient at
the first bulk point

(n=2, N-i).

Once the bulk concentration profile and electric potential gradient has been
calculated at time

it is necessary to determine the concentrations of the ionic

t+ [It,

species at the electrode surface.

These concentrations can be obtained using the

boundary conditions together with the bulk values of concentrations and electric
potential gradient at

t+ Ut.

For zinc at the anode (Equation (3.19)):

D

(Ac

DC1(Ay')

Ax

Ax )

2DCziF(Aq$'\
RT

For hydroxide at the cathode (Equation (3.19)):

--

(3.28)
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DOH

DOHCOHN (AYOH

(ACOH

DOHCOHNF (" =
RT
&)N F

"I

&

YOH,N

(3.29)

For all other species:

D.

D,CI(IN) (7 "

tx

At the anode

DIZICE,(I,N)F (&o "

L)(l,N)

Ti,(I,N)

RT

=

(3.30)

)(1,N)

(n=1)

derivatives are approximated in Equations (3.28) and (3.30) by

forward difference.

The second-order and third-order difference equations for

concentration are given by:

(AC:)

13C1,1 +4C12

_i3)

2nd

order

(3.31)

3rd

order

(3.32)

2&
+18C12

(AC1)

(llCei

9C,3

6&

Equivalent expressions can be written for the activity coefficient difference equations.

At the cathode

(n=N)

derivatives are approximated in Equations (3.29) and (3.30) by

backward difference as:

(3C/N

& N
(4c)

+ C.,N_2

2&

2nd
J

order

(3.33)
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(zc,)

[1 1CIN 1 8C,,N_I + 9C1,N_2

2C,,N_3

6&

AXN

3rd

order

(3.34)

J

Finally, the condition of electroneutrality is applied at each electrode surface (Equation
(3.12)):

z1C1 + z2C2 + z3C3 + z4C4 =

where

C,=C1,j

0

(3.35)

if at the anode and C=CI,N if at the cathode.

In summary, for a system with I species, there are 1+1 unknowns at each
electrode (I ionic concentrations and the unknown electric potential gradient). Since the

boundary conditions at the anode are independent of the cathodic boundary conditions,
the ionic concentrations at each electrode may be determined with separate calculations.

The flux boundary conditions provide i equations and the electroneutrality condition at
the electrode serves as the (i+ 1)th equation.

Substituting the forward and backward difference approximations for the
concentration gradients at the anode and cathode, respectively, and rearranging these
equations results in an equation generalized for any given species. For the anode, the
second order difference equations lead to:

[2x(y

2(Ex)z1F(ôb\
3]Cait+& + 4C12+

RT

c13

2(&)i,,

=0

(3.36)

D,z1F

For ions that are not involved in half-reactions at the electrode, the last term (containing
i,01)

is excluded. The third order difference gives:

6&i10,

16' 6&zFLb') _iiJc1i
&j
) + RT

+18C12 9C13 +2C14

For the anode equations, all quantities are known except

of C,,2,

C,3

and

C,,4

(3.37)

D1z1F

C1,i

and [1 [1/[lxi. The values

3,

which come from the bulk

are the concentrations at nodes 2 and

calculation. Second order difference at the cathode gives:

iF
I2_______

RT

2&i10,

+3JCiN

AX)N

+ D,z,F

4C1N1 +C1N2

0

(3.38)

While third order difference gives:

6&z1F(Ø
RT
&)N +1

6&i3O,

1JC, N

-18C1N1 +9C1N2 -2C1N3 = 0 (3.39)
D1z1F

The known terms can be substituted with constants to yield a set of I flux
equations for kth

order difference equations:

[AI5

(2k!l)J + B. =0

[A,5 + (2k!-1)J, + B, =0

at anode

(3.40)

at cathode

(3.41)
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In the four-species model system used in this study,

(or cathodic) concentrations

C1,i (C1,N)

through

through

C4,1 (C4,N),

x4

are unknown anodic

and x is the unknown

potential gradient. For simplicity, the gradient of the activity coefficient has been set to

zero, but this term can easily be included. These functions are nonlinear since the

concentration and potential gradient terms are multiplied. The constants are:
k!(&c)z,F
A.

RT

and B is given in Table 3.3.

The fifth equation is the assertion of electroneutrality at the electrode surface:

z11 +z22 +z33 +z44

=0

(3.42)

Using the Newton-Raphson method, initial guesses for the concentrations and potential
gradient are made which converge iteratively. The matrix is constructed as follows:

(agl
I

Mi =

'..

I

g()I

g)

(3.43)

g4()
(ag5

[1,J
g1()

(og5

t:J] L5()i

is a member function of the simultaneous nonlinear system of equations.

Functions gi through

g4

represent the equations for species 1 to 4 and function

g5

is the

electroneutrality condition.

For example, the constructed 5x5 matrix and column vector for the four-species
system for 2'' order difference are:
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Table 3.3.

Values for B.

B

Anode

2

4C12

Cathode
+

2(i\x)i0

Order
3rd
1

9C13 + 2C

8C12

Order

Mi=

+ CI,N_2 +

D1z1F

D1z1F

6zxi0
"

D,z1F

1 8C1N1 +

2C1N3

6&i
D1z1F

(A15-3)

0

0

0

A1

g1()

o

(A2-3)

0

0

A2x2

g2(')

0

0

(A3I5-3)

0

Av3

o

0

0

(A4xx-3)

A4v4

z3

z4

0

g3()
g4()
g5()

(3.44)

The iterative method for obtaining the next step closer to the solution is as follows:

(j+1) =1j

Mg()

The process is repeated until 1(J+1)

(3.45)

,

where U is the convergence criterion

vector. When the convergence criteria are met, the concentrations at the electrodes are
updated and all calculations for the time-step are then complete.

3.4.2. The control volume "box" method
The box method uses an approach that is fundamentally different from that of the point

method to solve the model equations. Rather than using a series of discrete points, the

space is divided into a series of finite control volumes (boxes) that extend throughout
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the bulk of the system, as shown in Figure 3.4. A spatially staggered arrangement of the

concentration and potential meshes is used where the electric potentials are specified at

the edge of the box and the average concentration is specified at the center of the box.

Mass and charge balances are accomplished locally for each volume element by
calculating the fluxes that enter and leave each box. Electroneutrality is maintained by

ensuring that the charge density inside each box remains zero. Thus, the solution is
based on mass and charge fluxes between boxes [Equations (3.8) and (3.15)] rather than
concentrations [Equations (3.10) and (3.17)], as in the point method.

Discretization is accomplished by defining the flux from the left side and the
right side of a box. For example, in the context of control volume n, the fluxes given by
the Nernst-Planck Equation (3.6) are given by:

Ji,eft = D C,, C,,,,_

D1C1

&

&

J

,,right

=D

C.,,1

C.,,

&

'P2
I

'P3

RT
D1C1,,z1F

,n

Yi,n+1

&

RT

------------ 1
'P,

'Pa-

I

Zn J... --------Figure 3.4.
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III
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I
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'Pfl+

Ce,,

I

C,,,1

n+1

n-1

(3.46)

fl
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Node points and volume elements for the box method.
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The solution works by

alternatively calculating electric potentials and then

concentrations for a given time step. For example, when the concentrations are known

at time t, the N+l values for electric potential are calculated using a descitization of
Equation (3.14) as follows:

FJiZilefi_JiZirightJ
(3.48)

=

Substituting Equations (3.46) and (3.47) into Equation (3.48) and multplying by
(-LIx/F) gives:

1- D,z,

C,,,

Dz

C1,,_1

Ax

C,,,1 C,,,
Ax

D1z1C1

y,,,

D,C1,,zF O+

7,,,,

&

D1z1C,,, y,, -y1,,,
Ax

Ofl_i

'i

RT
(3.49)
D1C,,,z?F 0,,+2 -0"L.. ç
RT
2Ax J

For a system of N control volumes, the above equation can be written for each non
boundary control volume in the system, giving a system of N-2 linear equations. In
order to solve for the potential profile for the system, three more equations need to be
specified. Two of these equations come from the boundary conditions at the electrodes:
01

ON

OAnode

OCathode

(3.50)

(3.51)

Alternatively, in the case of constant current density, Equation (3.26) can be used to find

the electric field and then the potential drop across each control volume at the desired

current density, which when integrated over all the control volumes results in the
necessary potential difference between the electrodes.

The final equation is obtained by requiring the total current density to be the
same at both the anode and cathode:

2J

(3.52)

= OH

which expands to:

2D
+ DQH

7Zn,2

2

AX
COHN

AX

+

DC1F

Ax

YZn,1

COH,N_I

4

DOHCOHN YOH,N

YOH,N-1

Ax

YOH,N

RT

2

Ax

DOHCOHNF

(3.53)
N+1

RT

Ax

Simultaneously solving Equations (3.49), (3.50), (3.51) and (3.53) results in a unique

potential profile that ensures electroneutrality. Once the potentials are known, the
concentrations changes over the time step can be calculated. In the absence of chemical
reaction, discretization of the mass balance equation (3.7) gives:

:,left

c1I1+

= c11

',nght

IJAt

(3.54)
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where the fluxes are determined by Equations (3.46) and (3.47).

Once the

concentrations at time t+ Ut have been determined, the electric potentials can be updated
as described above.

The calculation of the potential profile requires the simultaneous solution ofN+1

equations. The matrix form of the solution is given by:

[Anode

Potential
Control

BC ]

Volume

Balances

(n = 2 to N

qa

(x) =

(3.55)

b

- i)

[Equal Electrode Current ]
[Cathode Potential
BC ]

For example, a system of N=6 would generate the following:
0

0

B6

o

+ B3

o

0

+ B3

0

0

0

+ B3

C3

0

0

0

1

+ B3

+ C3

0

0

0

0

0

A1

B3

+ B6

0

0

0

2t\x(B1 + B2

B4

B5)

B6

B3

+ B6

0

0

2&(B1 + B2

B4

B5)

133

+ B6

0

2&(B1 + B2

B4

B5)

B6

B3

+ B6

2Ax(B1 + B2

B4

B5)

0

0

C6

+ C6

&(C1 + C2

0

0

0

1

q(x) =

C4

(3.56)

C5)

A2

where the variable coefficients in the matrix are given in Table 3.4.

For the B

coefficients, n is variable and adopts the value of the matrix row number that the
coefficient occurs in. The summations in the B and C coefficients are over species 1
through i.
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Table 3.4.

Coefficient expressions for solution matrix.

A
1

Ai=l

2

AN

3

B

CI

C1=-D1z1(C,2C11)
N

B2

=DIzI(C1,fl+CI,fl_4Tn1_'J

B3

4(t\x)RT

+ c11)

4

B4 =D1z(C1+1 -c,,,)

5

B5 =

6

B6

Djz?(Cj,n+i

=4-Dizi['J(ri2 I,1)

C3

C4

]
4(Ax)RT

c2

+c1,)

(&)RT

D1z,2C11

=-DIzI(CIN

c, =
C6

c1N...I)

r',NI)

(&)RT

3.5 Results and Discussion

3.5.1 Comparison of point and box methods
To compare output from the point and box methods, simulations are run with

identical parameters. A constant current density of 0.022 A/m2 is chosen for the
simulation, since CP systems in the field are typically operated in this manner. The base
case simulation time is 8x106 s, which corresponds to about 96 days. All species are at
a uniform concentration at t=O, with no zinc ion present initially. Initial concentrations

are given in Table 3.1. For the base case, the number of intervals is set to 40 boxes/4 1
nodes so that equivalent resolution would be obtained, and time steps of 10005 are used.
A summary of the base case simulation parameters is shown in Table 3.5
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Table 3.5.

Summary of base case simulation parameters

Number of spatial
divisions
Size of spatial division
Total length
Number of time steps
Time step
Total time

Point method: 41 nodes
Box method: 40 boxes
6.35 x 10
0.0254

M
M

'8000

-

1000

s

8xlOt)

Figure 3.5 shows the concentration profiles at a time of 8

xl 06

s for the four

species in the system, Zn2, Ca, C, and OH. The solid diamonds represent the
output for the point method and the hollow boxes represent the box method. The lines

that run through the points are fitted trends. As shown in the figure, the results are
indistinguishable, with the only exception being the location of the concentration values
on the x-axis.
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Figure 3.5.

Ionic concentration profiles after 8 xl
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It can be seen in Figure 3.5 that close to the electrodes the concentrations of all

ions have significantly changed from their initial values. Table 3.6 summarizes the
change for each ion at the anode, bulk center point, and cathode. Concentrations of ions
at the center show slight changes. For Zn2, the concentration at the anode has increased

as expected, since the anode is the location at which zinc is being oxidized, and is
therefore a source for Zn2. The gradual increase in Zn2 concentration from the left is
also expected, since the positively charged

Zn2

towards it by both diffusion and migration.

is attracted to the cathode, moving

At 96 days, the

Zn2

has moved

approximately 15 mm into the concrete; however, experimental data show no
measurable amounts of

Zn2

in the bulk (Covino et al., 2002).

Clearly chemical

reactions need to be included in the present model. Hydroxide ion, in contrast, shows

marked increases at both the anode and cathode. The increases at the cathode can be
explained by the reduction reaction of water and oxygen to produce

oi-r.

The increases

at the anode can be attributed to the fact that of the four ions in the system, OH has the

Table 3.6.
Ion
Zn2

Ca'
C

OlT

Qualitative concentration change from t=0 to t=8 xl

06

Anode
Became present in
significant amounts
Decreased to about 20%
of initial concentration

Center of bulk
Some present

Cathode
Trace amounts present

Increased by about 7%
of initial concentration

Concentration increased
to about 2.3 times the
initial amount
Large increase (about
3.5 times the initial
amount)

Decreased by 18% of
initial concentration

Increased to almost
double the initial
amount
Decreased to about half
the initial amount

Increased about 25%
from initial amount

Increased (about 1.8
times the initial amount)

highest diffusivity (and mobility), so it moves towards the anode the fastest. Once it
reaches the anode, however, there is no place for
there is more

0H to go, so it accumulates. Since

OH present in the solution than any other ion, the increase at the anode is

substantial. The Off concentration at the anode corresponds to a pH of 12.6, higher
than the initial pH of the concrete of 12.0. However, experimental results suggest this
interface becomes substantially more acidic with pH values as low as 7 (Covino,et al.,
2002).

Again this discrepancy is attributed to the lack of chemical reactions in the

present model. One reaction that could contribute acidity is the oxidation of water.
Calcium and chloride ion, unlike zinc and hydroxide ion, are not being produced in
reactions at either electrode.

amount of Ca

Thus, as the ions move through the system the total

and Ct in the entire system should remain constant.

As expected,

calcium is depleted at the anode, and chloride depleted at the cathode. As the ions reach

the opposite electrodes they can go no further, accumulate and increase the
concentration.

In each case of an ion accumulating at the electrode to which it is

attracted, the concentration gradient opposes the driving force for migration. This
phenomenon is most extreme at the electrodes themselves, where the diffusive
exactly cancels out the migratory

flux,

resulting in zero net

flux,

flux

as required by the

boundary conditions.

Figure 3.6 shows the time-dependent amount of each ion in the system. The

ordinate is the total amount in the system (per unit area cross section) obtained by
integrating the concentration from x0 to L. The behavior demonstrated in Figure 3.6 is
consistent with the physical processes in the system. Since Cc? and cr have no sources

or sinks, the total amounts remain constant. Since the total current density is kept
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Figure 3.6.

The total amount of ion in the concrete vs. time.

constant, the electrode reaction rates will be constant, which will introduce species into

the system at a constant rate. Thus the trends for total hydroxide and total zinc will be

linear with time, and since two hydroxide ions are produced at the cathode for every
zinc ion introduced at the anode, the slope of the hydroxide trend will be twice the slope
of the zinc trend.

Transport in electrochemical systems is often modeled neglecting migration
(Britz, 2005). The relative contributions of diffusion and migration in the bulk for the
base case are compared by examining the fractional contribution of diffusive flux to the
sum of the absolute values of all flux terms in Equation (3.6), i.e., "% diffusion" =
(IJdiffI

IJdifll /

+ Jmigl). The percentage that diffusion contributes to the transport of each ion is

plotted vs. distance in Figure 3.7. These data were calculated with the point method at a

cr
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Percentage of the transport flux due to diffusion at a time of8xlO6 s.

Figure 3.7.

time of 8 xl

6

s. There are marked differences in the relative contribution to diffusion

among the different species and among locations for a given species. The contribution
to diffusion of species with sources at the electrode surfaces

(Zn2

and OIl) generally

tends to be higher than that of the non-reactive species with flat initial concentration
profiles (Cc? and Ct). Clearly both diffusion and migration processes are important.
Moreover, the relative contributions of each process are a complicated function of the
system parameters. Thus, this system is not amenable to a "corrected" Fick's law
approach such as has been developed for ion-exchange processes (Rendules de la Vega

etal., 1996).
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Figures 3.8 and 3.9 show the electric potential gradient and the second derivative

of the electric potential as a function of position for the box and point methods. The
gradient of the electric potential decreases from the anode, goes through a minimum at
around 0.8 cm and then increases to its largest value at the cathode. In these two figures

it can be seen that the point-method results fall along a smooth curve, while the box-

method results tend to oscillate around the central values represented by the same
smooth curve.

This oscillatory behavior is attributed to numerical noise in the

derivatives in the box method.
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Figure 3.8.

The electric potential gradient along the thickness of the concrete.

94

500

400

0

p

a
300

pp

200

100

10
-100

b

.

-200

:.

-QBoxMethod

.
0

D

0

-300

-40040.000

0.005

0.010

0.015

0.020

0.025

x (m)

Figure 3.9.

The second derivative of the electric potential along the thickness of the
concrete.

Poisson's equation, Equation (3.11), indicates that the charge density is
proportional to second derivative of the electric potential. Application of Poisson's
Equation to the data in Figure 3.9 would then suggest that the charge density is not zero

in the bulk of the concrete. In contrast, electroneutrality is generally assumed to prevail

throughout the concrete [Equation (3.12)]. Although these two statements appear to be
contradictory, a closer examination reveals that the charge densities calculated through
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Poisson's equation correspond to differences in ionic concentrations that are many,
many orders of magnitude smaller than the concentration of the ions themselves. Thus,

the apparent deviations from electroneutrality calculated by way of Poisson's equation
are below the noise level in ion concentrations.
Figure

3.10

shows the local charge density calculated by summation of ionic

concentrations as a function of position for the two methods. For the point method,
third order difference equations are used. It can be seen that the box method (right axis)

is much closer to meeting the electroneutrality requirements at all points than the point
method (left axis). The values of the box method tend to oscillate around ±

2x108 C/rn3,

which is not much above machine precision for the simulation. This result stems from
Equation

(3.49)

where charge is specifically balanced for each box. At the electrodes,

the point method gives results which are virtually electroneutral (as specified by
boundary condition (3.35), but in the bulk the apparent departure from electroneutrality
is much greater. Moving from either electrode to the center, the apparent deviation from

electroneutrality is greatest at the boundaries with a maximum magnitude of

291 C/m3

and decays in damped oscillations towards the center. It is proposed this deviation is
due to numerical error in the point method. Thus it appears that each method results in

numerical error on opposite sides of Poisson's equation (3.11) with the box method
producing a noticeable oscillating error in the second derivative of the electric potential

(left hand side) while remaining virtually electroneutral in the summation of
concentrations of ions. On the other hand, the point method has larger deviations from
electroneutrality in the summation of concentrations of ions (right hand side). However,
the values for concentration calculated by either method are the same.
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Figure 3.10.

Charge density vs. distance along the thickness of the concrete. The
charge density corresponds to the apparent
electroneutrality along the length of the concrete.

departure

from

In order to confirm that the apparent deviation from electroneutrality is due to

numerical error, simulations are run for the point method using third-order finite
difference for grids divided into
3.11

N = 41

(base case),

161, 321

and

641

points. Figure

shows the charge density with various numbers of grid points.

To ensure

numerical stability, the time steps for the finer grids also are reduced. Values are
presented in Table

3.7.

The results from second-order finite difference for

N = 41

are

also shown. For all cases, the other output discussed in this section is virtually identical

to the base case. As the numerical precision increases, the magnitude of the apparent
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charge density decreases. The maximum magnitude of charge density for each case is
summarized in
IC-

E

N

2
z
-2

-1001
0.005

0

0.025

0.02

0.015

0.01

x (m)

Figure 3.11. Electroneutrality for the point method using 41,
using third order.

Table 3.7.

161

and

321

grid points

Differences in maximum net charge and CPU time for different
simulation conditions. Descritization performed with third order
difference unless otherwise noted.

N

Time step

Max charge

CPU time

s

C/rn3

s

641

10

3.3

177,110

321

50

13

13,126

161

400

44

710

41

1000

290

91

1000

9725

59

41

2

Order
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Table

3.7.

Both the order of accuracy of the difference equations and the spatial

resolution affect the value of charge density. For example, while a second-order
difference using 41 nodes gives a maximum charge density of

9,725

difference using 641 nodes gives a maximum charge density of
of about

3000

C/rn3, third -order

3.3 C/rn3

- a reduction

times. It can be inferred that a large amount of the apparent deviation

from electroneutrality results from the accuracy of the numerical method rather than
some physical effect.

3.5.2 Simulation results (point method) at long times
The model was run for a long CP operating time of 8x108 s. This run represents
about

25

years or the full expected lifetime of a sprayed zinc CP system; it can also be

used to test if the model results are reasonable. Output similar to that in Section

examined. Figure

3.12

3.5.1

is

shows the ion concentrations. Large amounts of Zn2 and OH

result since there is no precipitation reaction. Figure

3.13

shows the percentage of the

transport flux due to diffusion. Unlike the features shown at shorter times (Figure

3.7),

all species are relatively constant except Cafl. Figure 3.14 plots the electric potential
gradient in the system. A near linear relationship that would be expected in steady-state
is observed as opposed to the minimum at shorter times as in Figure 3.8 Finally, Figure
3.15

plots the charge density with distance. One sine wave type period is observed.
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Figure 3.12.

Ionic concentration profiles after

8x108 s.
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Figure 3.13. Percentage of the transport flux due to diffusion at a time of 8x108 s.
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Figure 3.14. The electric potential gradient along the thickness of the concrete.
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3.6 Conclusions
The transport of ions in a sprayed Zn CP system due to diffusion and migration

has been modeled. Numerical solution of ion concentrations and electric potential as a

function of position and time has been obtained by two different methods: the point
method and the box method. The point method divides the solution space with a series

of discrete points for which electric potential and concentration are solved. In the box

method, the space is divided into a series of finite control volumes (boxes), and a
spatially staggered arrangement of the concentration and potential meshes is used where

the electric potentials are specified at the edge of the box and the average concentration
is specified at the center of the box. In the point method, solution of concentrations and
electric potentials occurs directly through Equations (3.10) and (3.17) while for the box
method, the solution is based on mass and charge fluxes between boxes [Equations (3.8)

and (3.15)]. Additionally, for the point method, the effect of varying mesh size and the
order of the difference equations on the numerical solution are investigated.
The following conclusions are reached:

1.

For simulations run using with identical parameters (i= 0.022
and comparable grid sizes

(n=-40

boxes,

41

Aim2, 1

8x 1

6

s)

nodes), values for the concentration

profile between the two methods are virtually indistinguishable.

A small

difference exists in the electric potential profile due to numerical error in the box
method.
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2. The Zn2

is found to move 15 mm into the bulk in 8 x 10

experimental data show no measurable amounts of

Zn2

s; however,

in the bulk. Clearly

chemical reactions need to be included in the present model. Hydroxide ion
shows marked increases at both the anode and cathode. The Off concentration

at the anode corresponds to a pH of 12.6, higher than the initial pH of the
concrete of 12.0. However, experimental results suggest this interface becomes
substantially more acidic with pH values as low as 7. Again this discrepancy is
attributed to the lack of chemical reactions in the present model.

3. At 96 days, the gradient of the electric potential decreases from the anode, goes
through a minimum at around 0.8 cm and then increases to its largest value at the
cathode.

4. There are distinct differences in the relative contribution of diffusion compared

to migration between the different species and between locations for a given
species.

Clearly both diffusion and migration processes are important.

Moreover, the relative contributions of each process are a complicated function

of the system parameters. Thus, migration can neither be neglected nor can a
"corrected" Ficks law approach be used.

5.

Numerical noise in the box method leads to values in electric potential gradient
and the second derivative of the electric potential that tend to oscillate around the

central values represented by the same smooth curve of the point method. In

I[II]

contrast, the point method shows significant numerical deviation from

electroneutrality that behaves as a sinusoidally decaying exponential with a
maximum magnitude of 291 C/rn3.

It appears that each method results in

numerical error on opposite sides of Poisson's Equation (3.11).

6.

Simulations run for the point method using third-order finite difference for grids
divided into different resolutions N = 41 (base case), 161, 321 and 641 points, as
well as, second-order difference approximations show that the apparent

deviation from electroneutrality decreases as the numerical precision increases.
While second-order difference using 41 nodes gives a maximum charge density
of 9,725 C/rn3, third -order difference using 641 nodes gives a maximum charge
density of 3.3

C/rn3

- a reduction of about 3000 times. It can be inferred that a

large amount of the deviation from electroneutrality results from the accuracy of
the numerical method rather than some physical effect.

7.

The model is run for a long CP operating time of about 25 years. Large amounts

of

Zn2

and Off result since there is no precipitation reaction.

Unlike the

features shown at shorter times, the ratio of diffusion to migration for all species

is relatively constant, except Ca2. A near linear relationship in electric potential
gradient is observed.
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3.7 Nomenclature

k

unitless

L

[m]

Concentration of species i
Concentration of species i at node n
Diffusivity of species i
Molecular weight (zinc = 65.38)
Faraday constant (96,485)
Molar flux of species i
Current density
Total current density
Order of the difference equations
Length of the electrochemical cell (0.025 4)

n

unitless

Number of electrons in electrochemical reaction

C

[mourn3]

C1,,,

[mourn3]
[m2/s]

MW
J1

[g/mol]
[C/mo!]
[mol/m2/sJ

i

[A/rn2]

F

[A/rn2]

2)
Node point of grid
Total number of nodes on the grid
Ideal gas constant
Reaction rate of species I
Time
Temperature
(n =

R

unitless
unitless
[J/molIK]

R

[molIm3/s]

t

[s]

T

[K]

U

[mis]

x

[m]

n

N

Bulk fluid velocity
Cartesian coordinate

Variable in the set of boundary equations in the
unitless
ô

[m]

V

[m']

e
e

unitless

point method
Charge number of species i
Thickness of zinc consumed
Gradient operator
Dielectric constant
Convergence criterion error

unitless

Electric potential
Activity coefficient of species i

[J/mol]

Electrochemical gradient

[V]

p

[C/rn3]

Pzn

[g/m3]

Charge density
Density of zinc = 7.14 x 106
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions

In severely corroded structures, the most commonly used alternative to
patching or total replacement of the structure is cathodic protection. Beginning in the
1990's Oregon began using a thermally-sprayed zinc anode cathodic protection system

on some of its coastal bridges. Two complimentary numerical simulations of cathodic

protection of steel in reinforced concrete of a bridge beam exposed to the atmosphere
and coated with a thermally sprayed zinc anode are presented. The major conclusions
of each study are presented below.

4.1.1 Effect of moisture on spatial uniformity

First, a two-dimensional, steady-state finite element model is developed to
examine the effect of moisture on spatial uniformity. Parameters are set to represent a

three-dimensional section. Both diffusion of oxygen and conduction of charge within
the

concrete

are

represented as

functions

of concrete moisture content.

Electrochemical reactions considered at the rebar-concrete interface are reduction of
oxygen, oxidation of iron, and evolution of hydrogen in a constant-potential cathodic

protection circuit.

Reaction-kinetic parameters for actively corroding steel (not

passivated steel) are used. In this portion of the simulation, reactions at the zincconcrete interface are not considered explicitly.
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Results for a "typical case" with moisture content of 60% pore saturation (PS)

and an applied voltage

(Eappi) of -1 V are described. Values of oxygen reduction

partial current density are greatest at the front of the rebar (nearest the air-concrete
interface) and decrease monotonically towards the back (furthest from the air-concrete

interface). Conversely, the value of the partial current density due to iron oxidation is

least at the front and increases monotonically towards the back. These trends are
observed for all cases considered at constant PS, regardless of the value of PS or

Eappi.

The corrosion rate, as measured by the iron partial current density, is approximately
50% higher at the back of the rebar than at the front.
Two processes contribute to these results

oxygen mass transfer resistance and

electrical resistance to current flow through the concrete (i.e., ohmic potential drop).
Because the front of the rebar is closer to the air-concrete interface than the back, the
mass flux of oxygen is greater at the front. As a result, greater oxygen concentrations

are seen at the front. Similarly, the extent of the ohmic potential drop is least at the

front of the rebar nearest the Zn anode and greatest at the back, resulting in more
negative rebar-concrete interfacial potential differences (EFe) at the front and more
positive values of

EFe at

the back. Both the greater oxygen concentration and the more

negative value of EFe favor a greater value of oxygen reduction current at the front of
the rebar, as expected from the equations on which the model is built.

The performance of cathodic protection systems as a function of concrete
moisture content is described. At any value of Eappi, as the concrete becomes wetter
the corrosion current decreases and the corrosion rate becomes more uniform from
front to back. At any value of PS, the more negative the value of Eappi, the lower the
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corrosion rate. A corrosion "non-uniformity" index is defined as the difference in the

corrosion current from front to back divided by the corrosion current at the front.
Non-uniformity ranges from 7% at PS 80% and Eappi = 0, to 63% at low PS and

-2. The data for

Eappi =

Eappi =

-1 and 2V show minima at intermediate values of PS. These

features are explained in terms of contributions from oxygen mass transfer resistance
and electrical resistance.

When pore saturation gradients are present, rebar corrosion rates are lower
when the surface concrete is wetter than the deep concrete because the saturated pores

help restrict the flow of oxygen into the bulk and maintain a better electrical
connection between the anode and rebar. When the profile is the other way around,
corrosion increases because oxygen has better access to the rebar, and the resistive dry
pores by the anode make the CP system less effective.

At lower values of PS, the total current density is approximately equal to the
oxygen reduction current density, that is, the contributions of iron oxidation and water

reduction to the total current density are insignificant. At the highest values of PS,
water reduction becomes significant, but iron oxidation never significantly affects the
total current.

A model for the component of the 100-mV polarization decay that depends on
the concentration of oxygen at the rebar surface is derived. The model is based on the
corrosion potential calculated from the concentration of oxygen at the rebar surface in

two limiting cases: under active cathodic protection and under conditions of
equilibrium with atmospheric oxygen.

Under the assumptions of the model, the

oxygen concentration component of the polarization decay depends only on the initial
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oxygen concentration and the values of the two Tafel parameters,

b02

and bFe. A

significant contribution of polarization decay can be attributed to oxygen, especially
for wetter concrete at E1 = -1 and 2V where the polarization decay approaches 1

V. The magnitude of these values should be viewed cautiously, however, since the
logarithmic term depends critically on the concentration of 02 at the rebar surface. If

the oxygen concentration relaxes even a small amount during the jump to the instant
off potential, the values will decrease significantly. The difference in depolarization
between front and back goes through a maximum for

= -1 and 2V at 70% and

60% PS, respectively. In fact the magnitude of the difference in depolarization is
greater than 100 mY and indicates the choice of the location of the reference electrode
is critical to this corrosion monitoring technique. It is recommended that the reference

electrode be placed as close to the middle of the rebar (halfway between the front and
the back) as possible.

4.1.2 Preliminary studies of ionic transport
In the second simulation, which is described in Chapter 3, transport of the ions

zinc, calcium, chloride and hydroxide is described by a transient one-dimensional
Nemst-Planck equation at constant current density with generation of zinc ions at the

anodic interface, generation of hydroxide ions at the cathodic interface, and no
chemical reactions in the bulk of the concrete. The equations were solved numerically

by two methods: the point method, in which concentrations and electric potentials are

found directly through finite-difference approximations of the differential equations
and the

box

method, in which the domain is divided into discrete volume elements

with flux balances for each chemical component and for charge. In the box method, a
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spatially staggered arrangement of the concentration and potential meshes is used

where the electric potentials are specified at the edge of the box and the average
concentration is specified at the center of the box. A base grid of 41 nodes was used.

Results for the system after 96 and 9600 days of cathodic protection are discussed.
Additionally, for the point method, the effect of varying mesh size and the order of the
difference equations on the numerical solution are investigated.

For simulations run using with identical parameters (i 0.022

s) and comparable grid sizes

(n=40

boxes,

41

A/m2, 1= 8x 106

nodes), values for the concentration

profile from the two methods are virtually indistinguishable. A small difference exists

in the electric potential profile due to numerical error in the box method. The

Zn2

is

found to move 15 mm into the bulk in 8 x 1 06 s; however, experimental data show no

measurable amounts of Zn 2+ in the bulk. Hydroxide ion shows marked increases at
.

both the anode and cathode. The OFF concentration at the anode corresponds to a pH

of 12.6, higher than the initial pH of the concrete of 12.0. However, experimental
results suggest this interface becomes substantially more acidic with pH values as low

as 7. Both of these deviations from observations are attributed to reactions that were

not included in the initial, simplified model. At 96 days, the gradient of the electric
potential decreases from the anode, goes through a minimum at around

0.8

cm and

then increases to its largest value at the cathode.

There are distinct differences in the relative contribution of diffusion compared

to migration between the different species and between locations for a given species.
Clearly both diffusion and migration processes are important. Moreover, the relative

contributions of each process are a complicated function of the system parameters.
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Thus, in these systems, migration can neither be neglected nor can a "corrected" Ficks
law approach be used.

Numerical noise in the box method leads to values in electric potential gradient

and the second derivative of the electric potential that tend to oscillate around the
central values represented by the same smooth curve of the point method. In contrast,

the point method shows greater numerical deviation from electroneutrality that
behaves approximately as an exponentially decaying sinusoidal with a maximum
magnitude of 291 C/rn3. It appears that each method results in numerical error on
opposite sides of Poisson's Equation (3.11).

Simulations run for the point method using third-order finite difference for
grids divided into different resolutions N = 41 (base case), 161, 321 and 641 points, as
well as second-order difference approximations show that the apparent deviation from

electroneutrality decreases as the numerical precision increases. While second-order
difference using 41 nodes gives a maximum charge density of 9,725 C/rn3, third -order

difference using 641 nodes gives a maximum charge density of 3.3

C/rn3

- a reduction

of about 3000 times. It can be inferred that a large amount of the deviation from
electroneutrality results from the accuracy of the numerical method rather than some
physical effect.

The model is run for a long CP operating time of about 25 years. Large
amounts of Zn2 and OH result since there is no precipitation reaction. Unlike the
features shown at shorter times, the ratio of diffusion to migration for all species is

relatively constant, except Cc?. A near linear relationship in electric potential
gradient is observed.
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4.2 Future Work
The overall, long-range goal of this work is to obtain a better understanding of

the mechanisms that affect cathodic protection of steel in reinforced concrete
structures in order to allow the effectiveness of cathodic protection to be improved.
The results presented in Chapters 2 and 3 are significant initial steps towards this goal,
but progress still remains to be made through examining ever more complexities of the

system. Several issues stand out as important next steps:

1.

The simplified geometry presented in Chapter 2 represented a first step

towards addressing cathodic protection in three dimensions. This simplified geometry
should be expanded to include more realistic three dimensional geometries, including

overlapping reinforcement bars and macrocell corrosion.

Differential equation

software such as FEMLAB would be useful in this effort.

2. The kinetics of steel dissolution in Chapter 2 were represented by a single

reaction of actively corroding iron. The reaction kinetics should be expanded to
include passivated steel and macrocell corrosion. Although considerable data on these

topics are available in the literature, it is still anticipated that additional experimental
work would be necessary.

3.

The kinetics of zinc dissolution in Chapter 2 were represented by a very

simple model. The model of the zinc interface should ultimately include formation of
the zinc product layer, the electrical resistance that accompanies the formation of the

116

layer, and the relaxation of that resistance on application of water. An initial step
towards this goal would be incorporation of an equilibrium thermodynamics model

following the work of Putnam (2003). An additional process at the zinc-concrete
interface that requires clarification is acidification. Additional experimental work is
anticipated to be necessary to support the model development.

4. Ultimately the model for transport of ions in bulk concrete should allow

bulk conductivity to be calculated from individual ionic transport parameters as a
function of moisture content, and should allow the transport of species critical to the

corrosion process (e.g., chloride) to be determined accurately.

Initially two

fundamental issues need to be resolved: whether it is sufficient to impose
electroneutrality and use the Nernst-Planck equation to describe transport, or is it
necessary to use Poisson's equation without explicit imposition of electroneutrality;
and whether the medium can be treated as homogeneous or is it necessary to consider
a network of pores of varying transport properties, including dead-ends. Another issue

is more detailed consideration of pore solution chemistry such as activity coefficients

(particularly under conditions of varying moisture content), formation of soluble
complexes, adsorption of mobile species to walls of the pores and dissolution and
precipitation reactions.

4.3 References
Putnam, Janet L., A Chemical Equilibrium Model for Reactions at the Zinc-Concrete
Interface in Cathodic Protection of Reinforced Concrete Structures, HBS Thesis,
Oregon State University (2003).
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PPENDIX A

TURE SUMMARY
P Models (Chapter 2)

Study(ret)
Chin, Sabde
(2000)

Glass et al (2002)

Koretsky et al
(1999)
Kranc, S.C., A.A.
Sagues (2001)
Martinez, S., I.
Stern (2000)

Miltiadou,
Wrobel (2002)
Orazem, et al
(Apr 97),
Orazem, et al
(Jun 97)
Perdomo, J.J.,
J.D Crawley
(2001)

Reimer, Orazem
(2000)
Song, F.M., et al
(Feb 02)

Song, F.M., et al
(Dec 02)
Sridhar et al
(2001)
Sun, W., K.M.
Liu (2000)
Sun, W., et al
(2000)
Sun, W. (2002)
Yan, J.-F., et al
(1992)

System type
and dimensions
Current distribution within a round
holiday in a disbonded coating on a
flat surface, 3D crevice,
axisymmetric (r, z)

02 Mass transfer parameter
Deff=2.63-2.92 x 10-9 (m2/s)
Assumes MTL to decouple
02 transport from electric
potential

Reaction
Kinetics
None
specifically,
N-P ionic
diffusion
model is used
instead
Tafel, anodiccathodic

Solution
Method
FEM

Tafel, with
iH2
Tafel, with
iH2
Tafel with
iH2
(as anodic and
cathodic)
Tafel with
iH2

FDM

Rectangular 3D concrete system
with flat-surfaced rebar network
approximating round rebar
CP in a concrete system reinforced
by flat rebar, 2D
Corrosion macrocells on layers of
meshed rebar in concrete
2D cross-section of hollow
cylinder with internal wire anode

iO2limO. 1 A/m2

Simulation optimization for models
of various rectangular 2D and 3D
submerged or buried structures
Coating holidays on round buried
pipe, 2D & 3D

iO2lim= 0.86A/m2

iO2limO.001-0.1 A/m2

Tafel, with
iH2

Corrosion in a disbonded crevice,

Oxygen not specifically
considered

None
specifically,
N-P ionic
diffusion
model is used
instead
Tafel, with

1D

Cylindrical coupons for the
assessment of buried pipes and
structures, 2D pipe surface
Ionic solution above 1D flat active
surface with oxygen partial
pressure-dependent 02 exchange
current
Pipe coating holiday, 1D diffusion
path to surface
Reactive transport model for
disbonded coatings, ID ionic and
02 diffusion to surface
Rectangular 2-D container with
electrolyte solution

Submerged pipe, 2D

iO2limO.33 A/m2
Deff=1 x 10-8 (m2Is)

iO2limO.18-0.75 A/m2

iO2lim 0.00 1-0.1 A/m2

iH2

FDM

FDM
Semianalytical
solution

BEM,
genetic
algorithms
FEM,
BEM

FDM

BEM,
NewtonRaphson
Algebraic
DE solver

D021 .96e-9 m2/s

Tafel, no iH2

DO2'1.96e-9 m2/s
Oxygen concentration at
surface explicitly considered
iO2limO. 15 A/m2

Tafel, with
iH2

DE solver

Tafel, with
iH2

FDM

iO2limO.86 A/m2

Tafel, with
iH2

BEM

iO2limO.86 A/m2

Tafel, with

BEM

iH2
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Table A.2.

Literature summary of CP Models parameter values (Chapter 2)

All b's V/decade, all other urtitsSl
Des
Researcher
Chin, Sabde (2000)

Calf/An
bc

006

Glass .1 ci (2002)

Tafel slopes
b02 bhe bH2

ba

I

0.06
03

03

iFe

I

0002

0 002

7.70E-07

7 1OE-05

EO2eq

iH2

I

I

EFeeg

EH2eg

vs corr potential

origonal

P

ref

02

H2

Fe

SHE

97E-06ll.39E-049E-04

-103

CSE

8 64E-06 ]9 94E-07]

-0677

SCE

1 11E-05

SCE

3.530-14 7.08E-08

calc on sheet 4
0.18

Koretskyet al (1999)
KrancS.C., A.A. Saguea (20

Equilibrium Potentials

Exchange currents

i02

0.15

0.41
[

'/

1.IOE-02

]

6.260-06

1.000-04

1 88E-04

l.49E-09

[

I

03661013610.276

-076

0 189

0091
]

-0857

1,15E-l0

3 52E-07

]

See_note_1

Aarhnez, S., I Stem (2000)

006

0.121

1

-0807

1
]

Ailtiadou, Wrobel (2002)

0 054 0.055] 0 12/

I

1

0.05910.059] 0.119

I

1

]

-0 59861-0 77091 -0 78457

1
]

]

-0865

SCE
]

Sameas Van

Orazem etal(1997)

-0104

1

-0526
]

I

-0.955

I

-0955

I

8.040-09

001725711 21E-09

'aken from Reirrr
Perdomo, J.J.
Crawley (2001)
JO.

Rabiot 0. stat (1999)

Graphically show polanzation curves, we could back parameters Out graphically I so desired.

0136101361 0.272

eimer, Orazem (2000)

0.12]

Song, F.M. stat (2002)
Sridhar ci at (2001)

Ranges reported
in Lit
I

pfj

004]

4.00E-09]

0 o4Lpjj.8

1.000.061

0.12

0.14

2 OOE-03

-0526

I

-1144]

00851 -0756]

_J

8.90E-0'/
3.00E-05 f(pH)

t

-0 7781

1

CSE

,34E-04
1 720-01
Why are these so bug?

CSE

I

2040-08] 2.50-23

I

3.06E-04

5830-13

SHE

f(pH)

-0.59861-0.77091 -078457

1

1

1

-0104

1

2.00E-04]
001
2.600-04

1.24E-20

005410.0551 0.121

Sun, W., (2000)

I

1

0.12

SCE
]

Sameas Van

0054 0.05510 121

Van. J.-F., et at (1999)
Maximum
Minimum

0.3
0.06

Researcher

0.3 0.368
0.06 0.054
0.09

02

Deff

(rn

02
2.63E-09
2.92E-09

Chin, Sabde (2000)
Glass et al (2002)
Koretsky et al (1999)

01

0 33

Kranc S.C., A.A. Sagues (2001)
Martinez, S., I Stem (2000
Miltiadou, Wrobel (2002)
Orazem et al (1997)

)

100

X

X

5
100

X

X
X
X

X

Steel-reinforced concrete

X

X

X

X

Steel-reinforced concrete

X

X

X

X

X

0001
01

50

X

X

X

X

X

1000

X

0.1

Above?
1.96E-09

2.5

X
X

X

Pipe with wire anode

X

Buried structures

X

Pipe coating holidays
Disbonded cre9ices

X

X

0 001

Steel-reinforced concrete

X

X

X

X

X

X

X

(oating holidays

X

2.IE-01

31

X

X

3.62

1527
See

Material

X

0.71

X

3.1E-04
5.83417E-13
1.60E-07

X

0.39
0 8606

Song, F.M. et al (2002)

6.38E-07

X

0279

Perdomo, J.J.
- J.D. Crawley (2001)

Reirner, Orazem (2000)

Solution Method
RXNS
Dimensions Coords
-ID 2Ci 3D Cart yi Tafel 1142 FDM FEM BEM Other

1.00E-03

1 ,00E-08

380-121 120-141
1 70-01
1.4E-04
3.53E-14 2.5E-23
9.180-06 3.60E-08

0.276
0.04 0.118
0.06
0.13

8.50E-10

Rabiot,D.etal(1999)

0CE

]

0.41

675
64
5700

1 .50E-08

1

-0.5986] -077091 -078457

1

1

X

X
X

X

X

X

Buned

X

Pipe coating holidays

pipe

X

X

X

X

X

X

X

X

X

X

X

X

Electrolytetank

X

X

X

Submerged pipe

18

Sridharetal(2001)

0.15

Sun, W.. (2000)

0.8606

2.1E-01

X

Yan,J.-F.,etal(1999)

0,8606

2.1E-01

X

8.6E-01
0.001

2.15E-01

X

Disbondedcoatings

X
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Table A.3. Literature summary of Nersnt-Planck Models (Chapter 3)
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APPENDIX B

COMPUTER PROGRAMS FOR CHAPTER 3
In this Appendix, the Matlab 7.0 .m files for the point method and box method
are presented.

B.! The Point Method

B.!.! Main Program
%% Erik's "Point Method" Program with modified output and more comments
%% and 3rd order descritizarion error
tic

format short g
clear
dc

global N s dx D z F R T itotal panode pcathode
time = 0;
dt =1000;
N =41; % the number of points
count = 8000;

rcivl 00;
s = 4; % the number of species
ci zeros(N,$); % initialize concentrations
gi = ones(N,$); % initialize activity coefficients
XX = Iinspace(0,1,N)*0.0254;
dx = XX(2) - XX(1);

%% 1=Zn2+; 2Ca2+; 3C1-; 4011%% initial concentrations

ci =0;c2=5.1;c3=.2;c4 10;
%cl=0;c2=.051;c3=.002;c40.1;
factor=1;

ci(:,1) = factor*dl*ones(N,1);
ci(:,2) = factor*c2*ones(N,1);
ci(:,3) = factor*c3*ones(N,1);
ci(:,4) = factor*c4*ones(N,1);
panode = [1 0 0 0]'; %permeability of species at anode
pcathode [0 0 0 1]'; %permeability of species at cathode
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%D = [7.19e-10; 7.96e-10; 2.03e-9; 5.29e-9]; %Diffusion coefficients [zn, Ca, ci, oh]
D = [1.9e-12; 1.9e-12; 5.Oe-12; 1.3e-1 1]; %Diffusion coefficients [zn, Ca, ci, oh]

z = [2; 2; -1; -1]; % charge of each species

R8.314;T 298.15; F=96485;
itotal

0.0022;

dphizeros(1 ,N);
for kkkk = 1 :count

% ChargeTotal(kkkk) = sum(z'.*sum(ci));
ChargePoint(kkkk) = sum(z'.*ci(N,:));

%%%%%%%%%%%%%%%%% section 2 potential slope calculation
% set for derivatives! column vectors of derivatives of all species
% concentration and gamma

fori= 1:s
a = der3(ci(:,i));
dlc(:,i) = a(:,1);
d2c(:,i) = a(:,2);
b = der3(gi(:,i));
dlg(:,i) = b(:,1);
d2g(:,i) =
end
% dlc(x,i) column vectors x is the coordinate, i is the species
% slopes of the potential

%ifkkkk=1
%numerator = -itotal/F - D(1)*z(1)*dlc(1,1) - D(1)*ci(1,1)*z(1)*dlg(1,1)/gi(1,1);
%denominator = (F/(R*T))*D(1)*ci(1,1)*z(1)I2;
%dphi(1) = numerator/denominator;
%end

forkkk2:N-1
numerator = -itotaifF - sum(D.*z!.*d1c(kkk,:)) sum(IY.*ci(kkk,:).*zt.*dl g(kkk,:)/gi(kkk,:));
denominator = (F!(R*T))* sum(D'. *ci(UcJ, :). *' *Z');
dphi(kkk) = numerator/denominator;
end
if kkkk==1

dphi( I )dphi(2);
dphi(N)=dphi(N- 1);
end
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%ifkkkk==1
%numerator = -itotallF - D(4)*z(4)*dlc(N,4) D(4)*ci(N,4)*z(4)*dl g(N,4)/gi(N,4);
%denominator = (F/(R*T))*D(4)*ci(N,4)*z(4)/\2;
%dphi(N) = numerator/denominator;
%end

d2phi = der3(dphi);
d2phi = d2phi(:,1);
% potential drop integral method
deltaX = ones(1,N);
deltaX(l) = 0.5; deltaX(N) = 0.5;
PhiDrop = sum(dx*deltaX.*dphi);
% PhiDrop2 =0;
%forkk 1:(N-l)/2
% PhiDrop2 = PhiDrop2 + 2*dx*dphi(kk*2);
% end

%%%%%%%%%%%%%%%%%%%%% section 3 %%%%%%%%%%%
%%%%conservation of mass equation ...... first get dCiIdT for each
%%%%bulk point (n2,N-1) and species
%dct is the dC(x,i)/dt -> a matrix where each column represents one species
% where x is the position and i is the species 9 components
%dctl

forkkk2:N-1
dctl(kkk,:) = D'.*d2c(kkk,:);
dct2(kkk,:) = F/(R*T)*D'.*z'.*dl c(kkk,:).*dphi(kkk);
dct3(kkk,:) = F/(R*T)*DI.*z.*ci(kkk,:)*d2phi(kkk);
dct4(kkk,:) = D'.*ci(kkk,:)./gi(kkk,:).*d2g(kkk,:);
dct5(kkk,:) = D./gi(kkk,:).*d1 g(kkk,:).*dl c(kkk,:);
dct6(kkk,:) = DI.*ci(kkk,:)./gi(kkk,:)/\2.*dl g(kkk,:)/¼2;
%% Calculate percentage change due to diffusion
% if (abs(dct 1 (kkk, :))+abs(dct2(kkk, :))+abs(dct3(kkk, :))0)
%
%

pct(kkk-1,:)0;
else
pct(kkk- 1, :) 1 00*abs(dctl (kkk,:))./(abs(dctl (kick, :))+...

%
%
%

abs(dct2(kkk, :))+abs(dct3(kkk, :))+.00000000 1);
pctl(kkk-1 ,:)=_D'.*dlc(kkk,:);
pct2(kkk- 1, :)_F/(R*T)*D'. *' *cj(kI, :)*dphi(kkk);
pct(kkk-1 ,:)1 O0*absQctl (kick-i ,:))./(absQ,ctl (kkk- 1,:))...
+abs(pct2(kkk- 1,:)));
end

end
dct = dctl + dct2 + dct3 + dct4 + dct5 + dct6;
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dct(N,:) = zeros(1,$);

% update bulk
ci = dct*dt + ci;
time = time + dt;

%%%%%%%%%%%%%%%%%%%% boundary conditions/concentrations
% Using Newton Raphson iterator anode first then cathode
x = [ci(N,:),dphi(N)]';
cnl = ci(N-1,:)'; cn2 = ci(N-2,:)'; cn3 =
ggc=(((2*dx)./gi(N,:)). *dl g(N,:))';
cTH = newxCathode2(x,cnl ,cn2,cn3,ggc); % calculates the cathode concentrations
and electric field
cN = cTII(1 :4)';
ci(N,:) = cN;
dphi(N) = cTH(s+1);
x = [ci(1,:),dphi(1)]';
c2 = ci(2,:)'; c3 = ci(3,:)';c4 = ci(4,:)';
gga=(((2*dx)./gi(1 ,:)).*dl g(1 ,:))';
ano = newxAnode2(x,c2,c3,c4,gga)'; % calculates the anode concentrations and
electric field
ci = ano(1 :4); % the concentrations satisf'ing BC(1)
ci(1,:) = ci;
dphi(1) ano(s+1);

%check for charge balance
for this = 1 :N
chargen(this, 1) =sum(z'.*ci(this,:));
end
%templ = sum(chargen)';
temp 1 =(sum(chargen)-O.5 *(ch&gen( 1 )+chargen(N)))';
ChargeTotal(kkkk) = temp 1';

% display(['the total charge for time ', num2str(time), ' seconds, =',
num2str(chargen)]);
znc(kkkk) = dx*(sum(ci(:,1))O.5*(ci(1,1)+ci(N,1))); %total zinc as a function of
time
cac(kkkk) = dx*(sum(ci(:,2))O.5*(ci(l,2)+ci(N,2))); %total hydroxide as a function
of time
cic(kkkk) = dx*(sum(ci(:,3))O.5*(ci(1 ,3)+ci(N,3))); %total zinc as a function of
time
ohc(kkkk) dx*(sum(ci(:,4))O.5*(ci(1 ,4)+ci(N,4))); %total hydroxide as a function
of time
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% insert anode and cathode boundary concentrations
end % overall iteration loop
%%%%%%%%%%%%%%%%%%%%%%%%%%

thislO;
for this 1 :count
if (mod(this,rciv))==O

thislthisl+1;
accu(this 1, :)=[znc(this),cac(this),cic(this),ohc(this)];
cht(this 1 )ChargeTotal(this);
end
end

% plotting
ax = [1:count];
cPlot = ci/1000; % convert to molar
Zn = cPlot(:,1); Ca = cPlot(:,2); Cl cPlot(:,3); OH
figure;

cPlot(:,4);

subplot(3,2, 1:2)
plot(XX,Zn,'k.-',XX,Ca,'b.-',XX,Cl,'g.-',XX,OH,'r.-')

title(['Zn black, Ca blue, Cl green, OH red', ',time step = 'num2str(dt)...
',Time = ' num2str(time)])
xlabel('position, x')
ylabel('Ci')
subplot(3,2,3)
plot(ax,(znc'-znc( 1 )),'k',ax,(ohc'-ohc( I )),'r',ax,...
(cac'-cac( 1 )),'b',ax,(cic'-cic( 1 )),'g')

title('change in concentration')
xlabel('time t')
ylabel('Delta(Ci)')
subplot(3 ,2,4)
plot(ci*z/1 000)

title('electroneutrality check')
xlabel('Node')
ylabel('sum(ziCi)')
axis([ 1 ,N,-Inf,Infj)

% set(gca,'xtick',[l 5 10 20 30 37 41])
grid on
subplot(3,2,5)
plot(XX(2:N- 1 ),pct(:, 1 ),'k.-',XX(2:N- 1 ),pct(:,2),'b.-',...
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XX(2 :N- 1 ),pct(: ,3),'g.-',XX(2 :N- 1 ),pct(:,4),'r.-')

title('Percentage Fickian')
xlabel('position, x')
ylabel('pct Fickian transport')
subplot(3,2,6)
plot(XX,dphi)
title('DPhi')
xlabel('position, x')
ylabel('dphi')
figure;
subplot(3, 1,1)
plot(XX(2:N- 1 ),pct(:, 1 ),'k.-',XX(2:N- 1 ),pct(:,2),'b.-',...
XX(2 :N- 1 ),pct(:,3),'g.-',XX(2:N- 1 ),pct(: ,4),'r.-')
title('Percentage Fickian')

xlabel('position, x')
ylabel('pct Fickian transport')
subplot(3,1,2)
plot(XX(2:N- 1 ),pctl (:, 1 ),'k.-',XX(2:N- 1 ),pctl (:,2),'b.-',...
XX(2 :N- 1 ),pct I (:,3),'g.-',XX(2 :N- 1 ),pct 1 (:,4),'r.-')

title('Fickian Flux')
xlabel('position, x')
ylabel('Flux')
subplot(3, 1,3)
plot(XX(2 :N- I ),pct2(:, I ),'k. -',XX(2 :N- 1 ),pct2(:,2),'b.-',...
XX(2:N- 1 ),pct2(:,3),'g.-',XX(2:N- 1 ),pct2(:,4),'r.-')

title('Migration Flux')
xlabel('position, x')
ylabel('FIux')
CPUtime=toc
SFile

input('Do you want to save output (1Yes or 2=No)? ');

if SFilel
% fname input('Input file_name.xls: ');
xlswrite('test.xls', 'Zn', 'data', 'C7:C7')
xlswrite('test.xls', 'Ca', 'data', 'D7:D7')
xlswrite('test.xls', 'Cl', 'data', 'E7:E7')
xlswrite('test.xls', 'OH', 'data', 'F7:F7')
xlswrite('test.xls', Zn, 'data', 'C8 :C330')
xlswrite('test.xls', Ca, 'data', 'D8:D330')
xlswrite('test.xls', Cl, 'data', 'E8:E330')
xlswrite('test.xls', OH, 'data', 'F8 :F330')
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xlswrite('test.xls', ci*z/1 000, 'data', 'G8 :G330')
xlswrite('test.xls', dphi', 'data', 'H8:H330')
xlswrite('test.xls', pct(:, 1), 'data', '19:1330')
xlswrite('test.xls', pct(: ,2), 'data', 'J9:J330')
xlswrite('test.xls', pct(: ,3), 'data', 'K9:K330')
xlswrite('test.xis', pct(:,4), 'data', 'L9:L330')
end

Sfi1e2;
B.1.2 Function Files
function r = der3(CC)
global N dx
% Erik cannot understand DER! ! ! ! !!!

% this function will take a distribution CC and XX (coordinates)
% then return the 1St and 2nd derivative at each point as column vector
al(1) = (-1 1*CC(1) + 18*CC(2) - 9*CC(3) + 2*CC(4))/(6*dx);

a2(1)0;

a 1 (2)(2*CC( 1 )-3 * CC(2)+6*CC(3)CC(4))I(6*dx);

a2(2) = (CC(3) + CC(1) 2*CC(2))/(dx/2);

forkk3:N-2
al (kk) = (CC(kk+2)+8*CC(kk+1) 8* CC(kk- 1)+CC(kk-2))/(1 2*dx);
end

forkk3:N-2
(-CC(kk+2)+1 6*CC(kk+1 )30*CC(kk)+1 6* CC(kk- 1)-CC(kk-

a2(kk)

2))/(1 2*dx2);
% a2(kk) = (CC(kk+1) + CC(kk-1) 2*CC(kk))/(dxt2);
end
al (N-i )(2*CC(N)+3 *((N 1 )6*CC(N2)+CC(N3))/(6*dx);
a2(N-1) (CC(N) + CC(N-2)
al(N) = (1 1*CC(N) - 18*CC(N1) + 9*CC(N2)2*CC(N3))/(6*dx);
a2(N) 0;

r = [al',a2'];
function r = newxAnode2(x,c2,c3 ,c4,gga)
% function will take a guess value of concentrations and dphildx
% and give back the converged solution using the Newton-Raphson technique
global z D dx F R T itotal panode s

%forkk=1:5
forkk

1:10

A = 6*dx*z*F/(R*T); % column vector

B = 18*c2 - 9*c3 +2*c4+ (6*dx*jtotal)*panode./(fl*z*F);
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C = gga;

for ii= 1:s
G(ii) = (C(ii)+A(ii)*x(s+1)_1 1).*x(ii) + B(ii);
end
G(s+1) = sum(z.*(x(1:s)));
NR = zeros(s+1,s+1);

fori= 1:s
NR(i,s+1) = A(i)*x(i);
NR(i,i) = C(i) + A(i)*x(s+1) - 11;
end
NR(s+1,:) = [z;0}';

x = x + NR/1*G';
end
r = x;

function r = newxCathode2(x,cnl,cn2,cn3,ggc)
% function will take a guess value of concentrations and dphi/dx
% and give back the converged solution using the Newton-Raphson technique
global z D dx F R T itotal pcathode s

%forkk
forkk

1:5

1:10

A = 6*dx*z*F/(R*T); % column vector

B = 18*cn1 + 9*cn2 - 2*cn3 + (6*dx*jtotal)*pcathode./(fl*z*F);

C=ggc;
forii

1:s

G(ii) = (C(ii)±A(ii)*x(s+1)+1 1).*x(ii) ± B(ii);

end
G(s+1) = sum(z.*(x(1:s)));
NR = zeros(s+1,s+1);

fori= 1:s
NR(i,s+1) = A(i)*x(i);
NR(i,i) = C(i) + A(i)*x(s+1) + 11;
end
NR(s+1,:) [z;0}';
x x + NRt1*Gt;
end
r=
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B.2 The Box Method

B.2.1 Main Program
% Master BOX method
clear all
dc

format short g

globalNdxcigiFRTsDz
N = 40; % the number of boxes

F =96485; T298;R8.314;
s=4; % of species

% make space for:
ci = zeros(N,$); %concentrations
gi = ones(N,$); %activity coefficients
MassTotal=zeros(0,$);
Chargelotal=zeros(0,2);
%% initial concentrations [Zn, Ca, cl, oh]

ci =0;c2=5.1;c3=.2;c4= 10;
%c10.1;c2=5.0;c3=.2;c4=10;
%diffusion coefficients [zn, Ca, cl, oh]
%D = [7.19e-10; 7.96e-10; 2.03e-9; 5.29e-9]; %dilute solution values
D = [1.9e-12; 1.9e-12; 5.Oe-12; 1.3e-1 1]; %selected values in concrete

z = [2; 2; -1; -1]; % charge of each species
XX = linspace(0,1,N+1)*0.0254;

dxXX(2)-XX(1);
%initialize time

timeO;
%specify timestep, number of iterations, recording interval
%dt=0.9*(dx2)/(2* 5 .29e-9)

dt1 000;
cmax8000;

rcivl 00;
ci(:,1) cl*ones(N,1);
ci(:,2) = c2*ones(N,1);
ci(:,3) c3*ones(N,1);
ci(:,4) c4*ones(N,1);
% This above section is used just for initialization
% c# is used later for different constants
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sal; %specif which species permeates the anode
sc=4; %specify which species permeates the cathode
% number of species, and their concentrations and gammas will also be defined.
%leave open the opportunity for gamma to be f(ci).
%declare Ci, Gi global, so that functions will not need to be passed entire matrices.

%boxes 2 thru N-i will have differing coeffs Bi, B2, B3, B4, B5, B6 depending on
the row.
%A1, A2 and the C coeffs only have one value for each matrix.
%space for components of flux term

%################
%LOOP STARTS HERE
%################

for countl :cmax
%display count in window

if (mod(count,rciv))0
count
end

%initialize storage space for:
dfi = zeros(N+1,$); %diffusion
aci = zeros(N+l ,$); %activity
mgi zeros(N+i,$); %migration

ji = zeros(N+i,$); %total net flux
dci

zeros(N,$); %change in concentrations

itot=zeros(N+ 1,1); %total current density vector

%define the coefficient matrix

Mzeros(N+i,N+i);
%define the b column vector

bzeros(N+i,1);
% ----------

%PART A
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%define Al and A2 here (as functions).
%A1 0; A2 = -0.0016;

A10;

%uncomment this for constant current density (in A1m2)
A2 = itov(0.0022); %set current density for bridges

%uncomment this for constant potential
%and set the potential difference between Al and A2.

%A2=0;
%put ones in the corners of M
M(1,l)=1;

M(N+l ,N+1)1;
%put A's in b vector
b( 1 )=A 1;

b(N+ 1 )=A2;
0/

%PART B

%put in B coeffs

for r2:(N-1)
%B coeffs change w/ each row!! (so this needs to be inside the loop)
%need to call functions here for B 1 thru B6.

M(r,r-l)= B3(r);
M(r,r) -B6(r);
M(r,r+1) -B3(r);
M(r,r+2) B6(r);
b(r)= 2*dx*(B 1 (r)+B2(r)-B4(r)-B5(r));
b(r) (B 1 (r)+B2(r)-B4(r)-B5(r));
end
%

%move the end B coeffs so M is reduced

b(2) = b(2)A1*M(2,l);

b(N-l) b(Nl)A2*M(N1,N+1);
M(2,1)=0;
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M(N-1 ,N+1)0;

%
%PART C

%Need functions here for Cl thru C6.
%put in C coeffs
CEE;

M(N,2)= -cresult(3);
M(N,N)= -cresult(6);
% b(N)= dx* (cresult( 1 )+cresult(2)-cresult(4)-cresult(5))+(-A 1 *cresult(3)_
A2*cresult(6));
b(N)= (cresult( 1 )+cresult(2)-cresult(4)-cresult(5))+(-A 1 * cresult(3)_A2*cresult(6));

%matrix and vector are now ready to find phi(x).

%[M][x][b] ...find [x].

%phi = M1*b;
phi=M\b;

%plot(XX,phi)
%phi(x) is now known.. .perform mass balance over timestep dt to give new Ci's.

%calculate fluxes between boxes
for r=2:N
for i=1:s
dfi(r,i)=_D(i)*(ci(r,i)_ci(r_ 1 ,i))/dx;
aci(r,i)_D(i)*((ci(r,i)+ci(r_1 ,i))/(gi(r,i)+gi(r- 1 ,i)))*(g i(r,i)-gi(r- 1 ,i))/dx;
mgi(r,i)=_(F/(R*T))*D(i)*z(i)*((ci(r,i)+ci(r_ 1 ,i))/2)* ((phi(r+ 1 )-phi(r- 1 ))/(2*dx));

ji(r,i)dfi(r,i)+aci(r,i)+mgi(r,i);
end
end

%find itotlF at each node

for r2:N
itot(r)=sum(j i(r, :). *Z');
end
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%make one itot/F value from all the very close itots by averaging
itotl=sum(itot)/(N- 1);
% assert the electrode fluxes given by the boundary conditions
ji( 1 ,sa)itotllz(sa);
j i(N+ 1 ,sc)=itotl/z(sc);

%make itot have units of A/m2
itotF=itotl*F;

%find change in concentration based on divergence of flux across each box
for r=1:N
for i=1 :s

dci(r,i)(ji(r,i)-ji(r+1 ,i))/dx;
end
end
%update concentrations

cici+dci*dt;
time = time + dt;

%record progress

if (mod(count,rciv))0
%check mass and charge balances
for k = 1 :N
chargen(k, 1) =sum(z'. *ci(k,:));
end
for i = 1 :s

ionmass(i, 1 )dx*sum(ci(:,i))';
end
temp 1 = ionmass';
temp2 = sum(chargen(:, 1))';
temp3 = [count; temp2]';

MassTotal=[MassTotal; temp 1];

ChargeTotal[ChargeTotal; temp3];
end
end
%END OF LOOP################
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charge=zeros(N, 1);
for k = 1 :N

charge(k) = sum(ci(k,:).*z');
end

fork= 1:N-1
dphi(k)phi(k+1 )-phi(k))/dx;
end
%plot(XX,phi)
plot(dphi)

%XX=[0; 1;2;3;4;5;6;7;8;9; 10; 11; 12; 13; 14; 15];
%plot(XX,ci(:, I ),'k',XX,ci(:,2),'b',XX,ci(:,3),'g',XX,ci(:,4),'r');

px=XX;
XX=XX(1 :N);
% plotting
ax = [l:count];
cPlot = ci/1000; % convert to molar
Zn = cPlot(:,l); Ca = cPlot(:,2); Cl = cPlot(:,3); OH = cPlot(:,4);
subplot(1 ,2,1)
plot(XX,Zn,'k.-',XX,Ca,'b.-',XX,Cl,'g.-',XX,OH,'r.-')
title(['Zn black, Ca blue, Cl green, OH red', ',time step 'num2str(dt)...
',Time = ' num2str(time)])
subplot(1 ,2,2)
plot(ChargeTotal(:,2))
title('total sum(charge) all cells vs. iteration #')
figure;
plot(ChargeTotal(:, 1 ),MassTotal)
figure;
plot(px,phi);
% plot(dphi)

B.2.2 Function Files
function v = B 1(r)
% this function will sum up values from the globals ci and gi to
% return a value for the coefficient matrix.
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global N dx ci gi F R T s D z
v = (1/dx)*suin(D!.*z'.*(ci(r,:)_(ci(r_ 1,:))));
function v = B2(r)
% this function will sum up values from the globals ci and gi to
% return a value for the coefficient matrix.
global N dx ci gi F R T s D z
first = ci(r,:) + ci(r-1,:);
second = (gi(r,:) - gi(r-1,:)),I(gi(r,:) + gi(r-1,:));
v (1/dx)*sum(D'.*zI.*first.*second);
function v = B3(r)
% this function will sum up values from the globals ci and gi to
% return a value for the coefficient matrix.
global N dx ci gi F R T s D z
first = (ci(r,:) + ci(r-1,:));

%v (F/(R*T*2))*sum(D'.

*(zA2)I

*first);

v = (F/(R*T*4*dx))*sum(DI.*(z.f2)'.*first);
function v B4(r)
% this function will sum up values from the globals ci and gi to
% return a value for the coefficient matrix.
global N dx ci gi F R I s D z
v = (1/dx)*sum(D'.*z'.*(ci(r+l ,:)-(ci(r,:))));
function v = B5(r)
% this function will sum up values from the globals ci and gi to
% return a value for the coefficient matrix.
global N dx ci gi F R T s D z
first = ci(r+l,:) + ci(r,:);
second (gi(r+1,:) - gi(r,:))./(gi(r+1,:) + gi(r,:));
v = (1 /dx)*sum(DI.*zI.*first.*second);
function v = B6(r)
% this function will sum up values from the globals ci and gi to
% return a value for the coefficient matrix.
global N dx ci gi F R T s D z
first = (ci(r+1,:) + ci(r,:));
%v (F/(R*T*2))* sum(D'. * (z/'2)'. * first);
v = (F/(R*T*4*dx))*sum(IY.*(z/\2)'.*first);

%CEE is the program giving constants ci = c6 in a column vector
global N dx ci gi F R T s D z
first = ci(2,:) ci = sum(first.*D'.*zv)/dx;
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first =
second gi(2,:) - gi(1,:);
c2 sum(Df.*z'.*first.*second)/dx;

% c3 = F/(R*T)*sum(D'.*(z/'2)I.*ci(1,:));
c3 = F/(R*T*dx)*sum(D'.*(z.2)t.*ci(1,:));
first = ci(N,:) - ci(N-1,:);
c4 = sum(first.*D.*z')/dx;
first = ci(N,:)./(gi(N,:));
second = gi(N,:) - gi(N-1,:);

c5 = sum(D*z'*first*second)/dx;
% c6 = F/(R*T)*sum(D'. *(z.A2)f.*cj(N,:));
c6 F/(R*T*dx)*sum(D?.*(z/2Y.*ci(N,:));

cresult = [ci; c2; c3; c4; c5; c6];

