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ABSTRACT

Corrosion of reinforcing steel is the most prominent cause of prematunzete
deterioration.This necessitates understandthg methodsavailable to monitor the rate

of corrosion propagfion, as well as thstrategieghat can be used to delay corrosion
induced deteriorationlhis thesis presents results of a study conducted to determine the
reliability of severaklectrochemicatorrosioamonitoring techniques. The reliability of
these techniques was investigaidperimentally, through laboratogxperiments as
well as numadcally, through finite element modelindhis thesis als@resents results
from a study on thecorrosionresistanceof concrete incorporating supplementary
cementing materials (SCMsubjected toa marine environmentfor 25 years. This
investigation included determining the effect of SCM incorporation on chloride
diffusion, cancrete resistivity and reinforcement corrosion rdally, this thesis
presentsresults from an investigatiomonductedon the performance ofeveral
corrogon-resistant reinforcenmés This was performed through laboratcand field
exposureexperimentsmplementedo compare the performance of these reinforcements

to accepted standards
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Chapter |

Introduction

1.1 Problem Definition

Corrosion of reinforcing steel is the number areise of deterioration of concrete
structures in North Americand many parts of the world’he problem has reached
alarming levelgspeciallyin areas where sea salt oriding salts are prevalent. This has

led to billions of dollars in repair and maingace being spent year{{Koch et al,

2002) This cost, along with the serious safety concemesgssitates understanding the
methods available for monitoring or mitigating corrosioh reinforcing steel in
concrete

In optimum conditions, concrete praes corrosion resistance to the steel reinforcement
physically, by acting as a barrier, and chemically, by promoting the formation of a
passive oxide layer on the steel, due to its high pH. In the presence of chloride ions or
pH-reducing agents (e.g. GPhowever, this passive layer is destroyed and corrosion is
initiated. Once initiation occurs, etisions regarding the future ability of a structure to

be safe and serviceable depend upon an accurate assessment of the conditions affecting
its corrosion andhe rate of deterioration occurring. Using this information, an informed
decision can be made as to the type, cost and cygérpossible repair measures.

Several nofdestructive electrochapal techniques were developed, in recent decades,
to monitor the corrosion of steel beforwisible signs ofcorrosionare manifested
Although the electrochemical techniques provide a rapid toabretically accurate

method to determine the corrosion rates, they have beenelscarsed in field



applications.The main reason behind their limited usé¢hiat many discrepancies were

reported in thditeraturewhen comparing the results obtained by the techniques to the

corrosion rate obtained destructively by exposing the reinforcing steel. It has been
shown thatall of the techniques can show accurate results, in the laboratory, provided

that specific testing requirements are met and provided that the flow of polarizing

current to the reinforcement network is underst@ddrtinez and Andrade, 2011

field use,however, where the measurements are usually taken in a very uncontrolled

environment, and where the reinforcement n

laboratoryexperimentalsetups, the results were often found to misguide engineers or

researchrs(Poursaee, 2007The primary reasons fanisleading results atée lack of

understanding of the effect of testing parameters and the effect of concrete

characteristics on the general accuracy of the techniques.

In order to delay the time to corrosiamitiation, a number of strategies have been

developed in the pasEome strategies achieve this thr
ability to resist chloride diffusignwhile otherstrategies achieve this through using
reinforcements with higher chloridéresholds (the amount of chlorides required to

initiate corrosion) compared to ocgentionallyused carbon steel.

Afrequenty s ed met hod to enhance concreteds abi
subsequentl y i ncr-éfg ssethe iocorpocatioa tofegppemestary vi c e

cementing materialgsuch as fly ash, ground granulated blast furnaceasidér silica
fume) These materialsare industrial byproducts that can be used agpadial

replacement of cement. arge number of studies havedablished the advantageous

effect of supplementary cementing materials on decreasing the permeability of concrete



and increasing the time required for chlorides to reach the swfahe reinforcement

in concentrationsufficient to initiate corrosion. éivever, the addition of SCMs has
beenreported to decrease the pH bkt o n ¢ rpere solutton,which cancause a
decreasen the chbride thresholdassociated with SCM incorporationhis has led to
the question ofwhether the incorporation of SCMacually increasesthe time to
corrosion initiation due to the significant decrease in the diffusion coefficjemts the
threshold écrease, associated with the additions of SQkEy lead to decreas the
time of corrosion onset. Therefore, there isubstantial need fdongterm testing to
ascertain the effect of SCM#1dhe chloride diffusion, especially in aggressive marine
tidal-exposure, and on the chloride threshold of concrete incorporating SCMs.
Another method that can be used to delaytittne to corrosion initiation is the use of
corrosionresistant einforcements such as stainleseel. Stainlesssteel hagyenerally
shown to exhibit a chloride threshold that is significantly higher than dfat
conventional plaircarbon steel or any otheorrosionresisant reinforcemen{Cady
and Weyers, 1983; Sorensen et al., 1990; McDonald et al., .1988)ever, the cost
associated with alloying elements and processing requirements make such
reinforcements an expensive alternative compared to catbeh reinforcements.
Therefore, there is a current need to quantify the extent of sdifeicextension
associated with the use of such reinforcemdntanswer the question of whether the
significantly higher cost is justified in terms of performancel dife cycle cost
assessmenturthermore, there is a general tendency in concestearch to group all
stainlesssteel reinforcements as one group that exhibits a similar chloride threshold.

However, a review of the literature and the proposed mechaniymwhich each



alloying element plays a role in the pitting resistance of stainless steels clearly indicates
that ths approach mayield misleading servicéfe predictions. Therefore, there is a
current need to compare the resistaotealifferent stainésssteel grades to corrosion
andquantify the effect of the chemical composition of stainless steels on their corrosion
resistance.

To overcane the cost of stainlesseel, romiumalloyed reinforcements have been
developed recently, and standardiZed ASTM A1035) as an alternative to stainless
steel. These reinforcements have a lowat compared to stainless steel, due to the use
of manganese as a stabiliz well as the use of lower chromium contents than those
used for stainless steel. Thesenfeicements have showa higher resistance to
corrosion, compared to carbateel. However,the extent of this enhancement,
compared to that provided by stairdaseel is currently not well establishéitherefore,

there is aneed to evaluate the perforncanof these reinforcements, compared to both
stainlesssteel and carbosteel in order to assess the senlif'2enhancement that can

be provided with these reinforcements as a factor of the cost increase associated with

their use.

1.2 Research Problems

This research aims teards understanohg the reliability of a number of corrosien
monitoring techniques as well as the performanceitierent corrosionmitigation
methodsincluding the use of SCMs and corrosi@sistant reinforcement#n order to
achievethis, the research was divided into the following phases:

1 The first phase included experimental work performed to analyze the reliability

of a number of corrosiemonitoling techniques in laboratosetups.



1 The second phase included the development ofite felement model that was
implemented to understand the performance of the corrosinitoring
techniques and the factors that influence their accuracy

1 The third phase included experimental work done to investigate the performance
of concrete with and ithout SCMs exposed to a marine tidal environment for
2510 27 years

1 The fourth phase included experimental work performed taluate the
performance of severalkorrosionresistant reinforcements in field and

laboratory exposure conditions.

1.3 Research Scopand Limitations

This research will analyze the effect of concrete characteristics and testing parameters
on five electrochemicatorrosionmonitoring techniquesThe techniques that will be
analyzed are potentiodynamic linear polarizationstasce (LPR) coulostatic LPR,
galvanostatic LPR, electrochemical impedance spectroscopy (EIS) and the
connectionless electrical pulse respe analysis (CEPRARIthough these techniques
include those that are frequently used in the figldhould be notethere ae a number

of other techniques that are available and are currently being used in laboratory
applications (such as the galvanodynamic, potentiostatic or-plafitihg techniques).

The concrete typesvailable inthis phase of thetudy are relatively linied compared to

what is seen in the field. However, the finite element modeling aspect will serve in
evaluating a wide range of concrete characteristics that were not evaluated in the

laboratory.



In order to evaluate the performance of concrete incorpgré®dCMs in a marine
environment, specimens from a study initiated in 1987, in which 8 reinforced concrete
specimensthat were exposed to the mitide level at the Treat Island, ME, USA
exposure site, wengsed. The specimens included one type of pattt@ment,fly ash,
silicafume andslag. It should be noted that a number of other SCM types are available
and are used current(g.g. metakaolin, calcined clay ardlcanic ash)It should also

be noted that the chemical composition of cementing materats vary widely
depending on the source and the geographic location, among other things. Tihef effec
replacement levels and Watercementitious materials ratio (W/CMatios was not
included in this study since all of the specimens retrieved were aathe W/CM ratio

and onaeplacement level for each SCM.

In order to evaluate the performance of corrosesistant reinforcements, five
corrosionresistant reinforcements were used. These reinforcements are austenitic
stainless steel grade304, 316LN ad XM-28, ferriticaustenitic steel (duplex) grade
2205 andmicro-composite multistructural formable stee]MMFX) conforming to
ASTM type A1035 CS. It should be noted, however, that a largebeunt stainless
steel grades and other corrosi@sistant reinforcement typde.g. epoxy coated or
galvanized steel) aravailable in the markef his investigation consisted of laboratory
testing including ASTM G109 and A955 tests, simulated pore solution tesalttup

test (Trejo, 200R as well as field testing including the exposure of reinforced mortar

bars and bare bars to a marine tidal exposure.



1.4 Objectives

The following objectives wereroposed in ordeto study the reliability of corrosien

monitoring techrques

T

Determining the accuracy of tleerrosiormonitoringdevices bycomparing the
electrochemicallypredicted corrosion rate to the actual corrosion rate obtained
by thegravimetric (mas$osg method.

Establishing the use and determining the accurdcthe® newly developed
CEPRA technique for the naectionlessletermination of corrosion rates.
Determining the optimum testing parameters under which various techniques
perform and the associated accuracy when using these parameters.
Determining the effecof steel and concrete characteristics on the accuracy of

the techniques.

The following objectives were proposed in order to study the performance of SCM

concrete in a marine tidal environment

T

Determining the extent of chloridien penetration resistancassociated with
SCM incorporation

Determining the effect of the increased system resistivity associated with SCM
i ncorporation on the reinforcementso
Evaluating the combined effect of chloride diffusion coefficient decrease and the

chloride treshold decrease on the senviiée of concrete incorporating SCMs

The following objectives were proposed in order to study the performarstaiokess

steel and chromiursteel reinforcement to chlorideduced corrosion:



1 Determining the relative perforance of several types of reinforcing steel in
concrete

1 Comparing the performance of A1035 CS steel to other types of corosion
resstant reinforcements (stainlestgelreinforcementsincluded in this study

1 Evaluating the effect of alloying elements de fperformance of stainlesseel

reinforcements in concrete

1.5 Outline of the thesis

This thesis is structured according to the artifbemat as outlined by the UNB school

of graduate studies and is composed of 7 chapber€hapter |, the introduction,
research background, research problems, researcle scaplimitations, objectives,
outline of the thesis, and a summary of papers are presented. In Chapter Il, a review of
the rekvant literature concerninthe corrosion phenomena arits electrochemical
nature arepresented as well as a background on corresionitoring techniques and
corrosionmitigation methods. Chapter Ill presents experimental resflta study
performed to determine the reliability of electrochemical corrosmponitoring
techniquess well as the effect of concrete characteristics and testing conditions on their
reliability. Chapter IV provides results from a finite element model developed in order
to investigate the performance of corrosimnnitoring techniques. Chapter V provides
results obtained from an investigation on specimens incorporating SCM that were
exposed in a marine exposure condition for 25 to 27 years. Chapter VI provides results
obtained from a laboratory and field investigation performed to investigate the
performance of several corrosieresistant reinforcements in concrete. Finally, chapter

VIl summarizes the conclusions obtained from the investigation conducted and lists a



number of recommendations that can be used in the future in order to learn more about

corrosion monitoring and mitigation methods

1.6 Summary of Papers

The first paper presented in Bapt er | | Reliability oft BElettioahemicaii
Techniques for the Nodestructive Monitoring of Corrosion of Rearting Steel in
Concrete Experimental Resulisreports laboratory experimental results obtained on the
accuracy of five corrosiemonitoring techniques. The experimental procedure was
performed to investigate the accuracy of the techniques, through comparing
electrochemically predicted corrosion ratesgtained from the techniques, to actual
corrosion rates obtained gravimetrically. This was done for rebars with different cover
depths and diametgrembedded in concrete with a wide range of admixed chlorides.
The experimental testing was conducted kg ¢hndidate. Dr. Ghods and Dr. Thomas
contributed to the experimental setup. All of theatthors contributed to resudts
interpretation and manuscriftrafting and reviewal The final manuscript will be
submitted to the peeeviewed journalCorrosionScience

The second papepresented in Bapt er I WReliabdity of iEtedtreckhemidal
Techniques for the Nodestructive Monitoring of Corrosion of Rdorcing Steel in
Concrete Finite EI ement Model i ngd reports
developed to investigate the mode of operation of the techniques. The primary objective
of the paper was to investigate the observations obtained from the laboratory results
through numericabnd theoretical method3he finite element model was developed
and employed by the candidat®r. Ghods and Dr.Isgor contributed tomodel

development and resuftgeviewing All of the ccauthors contributed to resudts



interpretation andmanuscript drafting and reviewalhe final manuscript will be

submitted to thepeerreviewed journal Corrosion Science.

The third paper presented il@ pt er V, entitled ACorrosio
Incorporating Supplementary Cementing Materials in a Mari Envi r onment o
presented athe 10th ACI/RILEM International Confereecon Cementitious Materials

and Alternative Binders for Sustainable Concrared published asnaAmerican

Concrete Institutgoeerreviewedspecial publication(Fahim et al., 2017)This paper

presents results obtained from stemhforced concrete specime retrieved after 25 to

27 years of exposure in a marine environment. The specimens included mixes not
incorporating SCMs, and mixes with various SCM blends (25% fly ash, 10% silica fume

and 50% slag), at a W/CM of 0.50. Testing included chleindedeph determination,

rapid chloride permeability test, bulk electrical resistivity test and electrochemical
corrosiormonitoring. The laboratory testing was performed by the candidate and by Dr.
Moffatt. All co-authorscontributed to reviewinghe manuscript.

The fourth papepr esent ed i n CGoargsibreResistrice of @hnomibm | e d  f
Steel and Stainless Steel Reinforcementin Conzretp r ovi ded resul ts fr
and field experimental study performed to determine the comparative performahce of

types of reinforcing steel to chlorideduced corrosionThe paper has been submitted to

the peetreviewed journal Materials and Corrosiofhe steel types studied include

plain carborsteel, chromiunsteel (ASTM A1035 steel), and the 316LN, 304, 23208

XM-28 grades of stainless steel. The study included laboratory experiments

i nvestigating the reinforcementsd corrosi

solution containing chloridesyith and without cycles of wetting and dryirag well as
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in cracked concrete (ASTM A955 test), and-aracked concrete (ASTM G109 test)
exposed to chlorides. The study also included field experiments, where reinforced
mortarclad bars as well as exposed bars were exposed to a marine tidal environment for
2 years.The experimental study wainitiated by Alyson Dean from 2012 to 2014
(Dean, 2014)and maintained by the candidate from 2015 to 20hé candidate and
Alyson Dean contributed to the manuscript writiddl co-authors contributed to the

manuscript review mcess and resuisterpretation.

1.7 Significance of the Study

This study aims to establish the use of the electrochemicabsomn monitoring
techniques for field applications. The results obtaiwdb be significant in expanding

the knowledge base on the use of these techniques and their performance under different
conditions prevalent in the field. The significance of the study lies in discovering the
role that testing parameters and reinforced coecrtaracteristics play in the
performance of the techniques and their ability to determine corrosion rates accurately.
This can lead to a better interpretation of the obtained corrosion Taiesstudyalso

serves as the foundingxperimentabnd numerial work on a completely gmectionless
corrosion monitoring technique, which is expectedigad to a new perspective in
corrosion monitoringand new generation of corrosiomonitoring devices that work
completely nordestuctively to monitor corrosionlhis work provides guidelines on the

use of the methods and tloptimum test parameters to be usdt.also provides
guidelines on corrosion rate assessment under different conditions prevalent in the field

and the labratory. Furthermore, the study serves discoveing reasons for

11



inconsistencies between techniques enprovide a guidd¢o engineers and researchers

for optimizing their use ifield conditions.

This studyalso presers long-term results obtained from retrievimginforced concrete
specimens containing various levels of SCldfier exposure to a marine tidal
environment for 25 to 27 years. This provides a unique opportunity to study the
performance of SCM concrete, since limifezld durability data exist on sugystems
exposed forsuch durationsThis researclserves as a valuable tool iansweing the
question of whether SCMs increase the time to corrosion initiation or if decreases in
chloride threshold associated with these systems may havestarstial effet on the

servicelife of SCM concrete.

Finally, this study is significant in understanding the performance of several corrosion
resistant reinforcements using laboratory and field experimirgistves inquantifying

the chloride threshold enhancementdasubsequently the servite extension
associated with the use of stainksssel and chromiursteel reinforcements. This will
help in discovering whether chromiusteel can be used as a eeffective alternative

to stainlesssteel. The comparative germance of different grades sfainlesssteel will

also be investigatetb reach an understanding on the role of chemical composition on
the performance of these reinforcements and to validate whether staiekelsscan be

grouped into one group ofsilar chloride thresholds.
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Chapter Il
Literature Review

This chapter is divided intdour main sections that dealith different aspects of
corrosioninitiation and propagationin the first sectionthe theory of corrosion is
discussed including passii@t, depassivation and the electrochemistry of corrosion
propagations presentedin the second part, the linear polarizatiesistance theorgnd
corrosioarmonitoling techniques are presented. In the third ghe,use of corrosion
resistant reinforcements to delay corrosion initiatierdiscussedFinally, the fourth
section reviewsthe use of supplementary cementing matertalsdelay corrosion

initiation.
2.1 Fundamentals of Corrosion of Reinforcing Steel in Cocrete

2.1.1 Passivity

Concrete is a porous material with a highly alkaline pore solution principally composed

of sodium, potassium and calcium hydroxides that are obtained as a result of cement
hydration. During normal conditions, the concrete pore solutiontaiaga pH thais in

the range of 13.1o 14. The pH of the pore solution deperus severalfactors

including, butnot limited to, binder composition, cement content, W/CM ratio, chemical
admixtures and the incorporation of SCMs. Under these alkalirditicors, a passive

layer is formed around the steel. This is a dense film which can, while present, mitigate
corrosion (Bertolini et al., 2013) This can be seen through the Pourbdiagram

presented in Figure.21 , which shows t hepHmangeslaids st a

potentials.The electrode potential will be discussed further in 2.2.1. It is simply a
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potential difference that arises when a metal that is immersed in a solution dissolves its
own positive ions to the solution and carries a negative chigeing to a potential
difference between the electrode and the surrounding solldiioder the conditions
prevalent in uncarbonated concrétepH of 13.1to 14 and a potential 6#100 to +200)

steel falls in the passivity region.

2

] CORROSION

(v

[=)

Figure2.1 - Pourbaix diagram for iron at a temperature of 2@RGberge, 2008)

Another method that isised frequently to visualize passivity is anodic polarization
curves, such as that shown in Figure Z.RBese arves show the dependence between
the electrode potential and the corrosion current deffsitythe corrosion rate)f a
metal that does not shgeassive behavior isonsideed as shown irFigure 2.2 (left), is
immersed in a solution where an oxidizing agent is abundantly availabétable
potential and an asciated corrosion ratgill eventuallybe exhibitedlf the potential of

the metalis increasedy applying a potentiadhift, the corrosion ratef the meal will
further increaseOn the other hand, the behavior of steel exhibiting passive behavior is
demonstrated such as thatFigure 2.2 (ight), the behavior of this metal can be idied

into three regios (1) active region (2passiveregion (3)transpassiveegion. In the

14



active region, the behaviof this metal is similar to thaif a metal that does not exhibit
passivebehavior meaning thaincreases irpotential causen increase in the corrosion
rate. However, for a mdtdhat showsa passve behavior further increase of the
potential will cause a sudden decrease in the corrosiomorategligible rates in which
passivity can occuln this rangepotential increases produdétle to no change in the
corrosion rate.This is generally beéved to be the results ofthe formation ofthe
aforementionecprotective film on the surface dhe metal which is stable against a
significant rangeof potentias. Finally, in the transpassive regiothe corrosion rate

startsincreasing agaidue to the instability of the passive filidesat such potentials.

Anodic polarization curve

[y
Transpassive Region

Anodic polarization curve

Passive Region

Potential

— A

Potential

é\cti\'e Region

¥
le

| | | l
I L 1 I

Corrosion Rate Corrosion Rate

Figure2.2 - Anodic polarization curve for an electrode not showing passivation control

(left) and an electrode showing passimatontrol (right) (Ghods, 2030

The point at which the electrode acts on the anodic polarization curve is deterasined
seen in Figure 2.3yy the intersection of the anodic curve (black lines) to the cathodic
curve (red Ihe). In uncarbonated, chlorideee concrete,the passive region covers a
wide range of potentials and the cathodic reaattersects the anodic curve at point A

if no external current is applieth carbonated concrete, where the passive region does

not exist, the anodic and cathodigrees intersect at point C. It is clear, therefore, that
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the corrosion current is substantially higher in this case and corrosion occurs. When
chlorides are introduced, the region of potentials in which the electrode exhibits
passivity decreases. In thiase, the rangef potentialsin which high corrosion rates
occurshifts from the transpassive to the pitting region. The decrease in passivity region
is dependent on many factors, includibgtnot limited to,the chloride content, oxygen
content at the kectrode surface, thbuffering capacity of the host soluticand the
passive film propertiesWhen this decrease occurs, the anodic and cathodic curves
interect at points labeled B in theigdare 2.3. Therefore, corrosion occurs and is

sustained.

/__,’——— Steel in alkaline concrete
without chloride

Steel in alkaline concrete
with increasing chloride
by mass of cement

Increase in
chloride content

Potential (mV SCE)
w

— Steel in carbonated concrete

cf_/l___

v

T LR | T v T

01 1 10 100
Current density (mA/m2)

1T

Figure2.3 - Anodic and cathodic polarization behaviors for chloiiiiduced and

carbonatiorinduced corrosion (modified froiertolini et al., 2013)

The passivéayerhas generall{peen a main topic of comiversy in the literature despite
the large number of stlies @rried out on the topic. A largeumber of passive film
formation and growth modelsave beerdeveloped such abe place exchange model

(Sato and Cohen, 1964)e Bipolar fixed charge inducadodel (Sakashita and Sato,
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1978), the pointdefect model (Chao et al., 1981) atite hopping model (Kruger,
1988), These models have shown to predict experimental results and observed
phenomena rather closely. However, there still exists some aspedsetimatt covered

by such models, and a full understanding of pasBim formation and growth havweot

been attainable for every case.

The oxide layer on passivated steel in concrete has beéhe past, considered aon

oxi de | ay e r-Fe®3j) (Pdurbaixal®7d Havevérpin later studies it has been
shown that iis mainly made of metal oxides, and partly of minerals from the cement
such as calcium hydroxide (Montemor et al. 2008)estigationdy SagoeCrentsil and
Glassern(1989;1990)suggestdthat this passive film is an ireoxide layer formed by a
solid solutiom with a spinel structure of E®4-0-FeOs. This structure was further
supported in the literaturb y many aut hors ( Coheruger, 1978;
1988; Leek and Poole1990) Other authors have, howevethsenred thepresence of
FeOOHalong with other forms of oxides in the passive film (Monteetal, 1988).

Studies by Ghods (2010and Gunay (20)1showed, through transmission electron
microsc@y (TEM) and Xray photoelectron gectroscopy (XPS)hat the passive film
thicknes ranges between-IH nm. It was found tde characterized as a bilayer
structure comprised predominantly of 2Fexides/oxyhydroxides near the substrate
surface and Fé oxides/oxyhydroxidesiear the free surfacé. was also reported that
the Fé&*-rich layer was2-3 nm thick, while the Fé-rich layer was found to be 416 nm
thick. However, the Fé-rich layer wadound to be the tective layer, while the B&

rich layer was found to be pmus and not protectivé&shodset al. (2@9) also showed

the incorpoation of Ca, Na and Kfrom the passivating solutiom the passive film

17



structure;which suggests that the solution composition may have an effect on the film
propertiesThe thicknes&nd corrosiofresistance characteristics of this layer have been
found to be highly affected by the pore
content, where higher pH values and lower sulphate ion concentration lead to passive
films more resigant to chloridenduced corrosion initiatio(Ghods et al., 2009)

This layer will protect the reinforcement by the isolation of the metal from the outer
environment of oxygen and wateshich decreases the corrosion rate to negligible
values (less than 1 um/yeabhe protectiveness of this layer has been associated with a
marked decrease in the ionic conduction of the film (Sanchez et al., 2007; Volpi et al.,
2015); meaning that the il would act as an ion barrier. Furthermore, it was recently
reported that this film can be associated with a lower electronic conduction (Williamson
and Isgor, 2016)However, this layer breaks down due to the reaction with acidic ions,
due to the decrease the pH value of concretiirough carbonatigror due to chloride
penetration. When this layer breaks down, leaving the metal exposed to the reaction
with oxygen and water, corrosion is initiatédnce initiation happens, corrosion risk is
posed and theate of corrosion is mainly dependent on the prevalent environmental

factors.

2.1.2 Chloride-Induced Corrosion

Chlorideinduced corrosion is the leiad cause of corrosion of reinforcing steel in
concrete. Chloridesan come from several sources, such asgdfuinto concrete from
sea salt spray or deicing salts. They can also be part of the concrétetdeeaddition
of chloridebased acceleratorsuch as calcium chloridesor the use of aggregates

contaminated with salts. The initial mechanism of chlordiffusion is suction,
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especially in dry concrete. Salt water is absorbed and then there is a capillary movement
of the salladen water through the pores. This is then followed by diffusiothe
chlorideions until the chlorides reach the reinforcemeémta concentration that is
higher than the chloride threshold for corrosiaitiation (Broomfield, 1997).

The mechanism of the breakdown of the passive film by chloride ions was studied by
many authors. Tiee general models were propostt first model was proposed by
Leckie and Uhlig (1966) and suggested that the adsorption”ofithl simultaneous
displacement of & from the passive layer, leads to initiation of film destruction. The
second moel, proposed by Hoar (1967¢pntemplatecthat chloride ions lower the
interfacial surface tension, which for ms
The author hypothesized thidite passive filmbecomes significantly weakerhen the
repulsive forces between adsed ions become suffamtly large The third modelwas
developed byChao et al. (1981 and involves ion migration through an exchange
process between cation vacandiethe filmand G or OH ions The authorsuggested

that Cf ions reachthe G vacancies in the passive film, leading to the formation of
complexes with F&. The decreasef mxygen vacancies at the filsglution interface
caused by C| was hypothesized to lead the formation of voids due to faster iron
dissolution, leadingto pit formation and growth. The authoedso suggested that
absorbed Clions displace water molecules (or QHvhich are the basis of the passive
film. This results in the formation of soluble iron complexes. The solubility of these
products releases chloas, making them available for further reaction with iron.

In recent decadg a large number of studies haweusedon the so-called chloride

threshold vala. This threshold valueorresponds to the chloride content measured at
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the rebarsurfacethat causslocalizeddepassivatiowf the reinforcemet. The threshold

value has been shown to baffected by numerous parameters including the
steel/concreténterface (Angst and Elsene017) pore solutiorpH (Hausmann, 1967;
Goudaand Halaka 1970)and chemistry(Ghods et al., 2009cementtype (Ann and

Song, 2000Q)electrical potential of the steel surfg@donso et al., 2002)moisture and
oxygen contenof the concrete pore solutig®cheissel and Lay, 20Q%he compound
associated with the chloed Andrade and Pagel986) the chloride binding capacity
(Lambert et al., 1991)and the method of threshotitermination(Angst et al., 2009)

This has led to théhreshold values reported in the literature singwa large scatter,
ranging from 0.04% t8.34% by weight of cemén

Regardless of the poor understanding of the depassivation mechanism or the
disagreement on chloride threshold values, it is-established that chlorides interact
with the passive film at local sites where the film is mosteptible to aack leading

to the formation ofunprotected, depassivated areas. These areas will act as anodes
where iron dissolution occurs. On the other hand, other areas in which the passive layer
remains intact act as cathodes. This setup leads tdhafeells forming, which can

interact as discussed in the next sectiang cause corrosion propagation.

2.1.3 Corrosion Propagation

Once the passive layer breaks down, iron starts to readily dissdlveiae c omorer et e 0 s
solution while giving upelectrons, in a process termed the anodicti@a according to
Eq.2.1

Fe Y'+Re (2.1
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To preserve the overall electneutrality, the electrons produced by the anodic reaction
are then consumed elsewhere on the surface of the reinforceftea cathodic
reaction, shown in EQ.2, consumes water and oxygen.

26+ H0+% QY 2 OH (2.2

An electrolyte isnecessary in conducting the ionic current flow between the anodic and
cathodic sites. The pore solution ancrete serves ahis medium. Soluble irothen
pasesby several more stages to fothe commaly observededdishbrownrust. The
products of the anodic and cathodic reactions start forming ferrous hydroxide, which by
reaction with oxygen and water forms ferric hydroxidéhich, after time hydrates
forming hydrated ferric oxideThese reactions arghown in Egs2.3, 2.4 and 2,5

respectively(Broomfield, 1997).

FE'+ 20HY F e (2 Oferjous lydroxide (2.3
4Fe(OH}+ O+ 2HO Y 4 F ¢ fer@cHiydroxide (2.4
2Fe(OH}Y  R@.xH20 + HO hydratedferric oxide (2.5

Unhydrated ferric oxide has a volume of about two times that of steel. However, when it
hydratesthis volume increases due to swelling, and duelecomingmore porous. Its
volume in thehydrated form falls in the range of two to six times of that of steel it
replacegBroomfield, 1997) Under this outstanding increase in volume, huge expansive
forces are formed, which leads to cracking and spalling of concrete, the main safety

issue asswoated with corrosionThe ful process ischematically shown in Figure 2.4
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Figure2.4 - Schematic representation of corrosion propagation (Broomfield, 1997)

2.1.4 Pitting and GeneralCorrosion

Pits arethe starting point of corrosion of steel in concredesed by chloridesn pitting
corrosion, the dissolution of steel occurs in a relatively small area, which becomes the
anodic sitewhile the rest of the stedlecomes the cathodic site. This leads toay

high corrosion rate in the anodiceas, and a rapid dissolution of the métdhile in
general corrosionthe steel surfaces of the reinforcing bars tend tooderuniformly

over the full area, and anodic and cathodic areas fall in adjacenticited in close
proximity. General corrosion happens when carbonation is the caaise of corrosion
initiation; since, in carbonation, the full rebar vicinity maintains a pH that is lower than
that associated with the stability thie passive film (refeto Figure2.1).

The formation of pits starts at some point on the steel surface, where there is usually a
steetconcrete interface defect (such asv@d in the cement paste, a crack in the
concrete, or anillscale crevice) on passive film defect (suas the vicinity of a grain
boundary or a sulphide inclusiojhe passive layer in such a site is very susceptible to

attack, leading to its breakdown. This leads to a local dissolution of the metal.
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Once corrosion has initiated, a very aggressive enmient will beproduced insidéhe

pits. The carent flowing from anodic areas to surrounding cathodic areasaseshe
chloride contentin the vicinity of the anodic siteésince tlorides are negatively
chargedons, they will migrate to the anodic ieg). The alkalinity will also be reduced
inside the pit, ascidity is produced by hydrolysis of corrosion puwots inside pits.

Acids can begormed such as hydrogen sulphide, i@phide inclusion is present, or
hydrochloric acidrom the reaction witlthloride ions (Broomfield, 1997)A schematic
representation othe pit formation is shown inigure 2.5. The concentration of acids

and exclusion of oxygen, due to being rapidly consumed by the cathodic reaction, leads
to iron staying in the solution, preventing the reformation of the passive layer, which

furtherincreases the corrosion rgiertolini et al, 2013)

Figure2.5 - Schematic representation of a pit environrm{@etrtolini et al., 2013)

In high permeability concrete, thepits tend to grow athe expense of cathodic sites.
This is mainly causedylthe interconnectivity of the pore system where the acidification

caused by the pit formation and the availability of recycled afésriends to reach the
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cathodicallypolarized passive sites and depassivate the reinforcement surface. This
leads to anincreag in the anode to cathode rati®his will not be seen in lower
permeability concretes whengitting corrosion is characterizebly galvanic action
between relatively large areas of passsteel acting as a cathode and small anodic areas
(Bertolini et al., 2013) This leads to a very rapid dissolution of iron in those pits with

very high corrosion rates inside the pits and negligible corrosion rates in the pit vicinity.

2.2 Electrochemistry of Corrosion and Monitoring Techniques

2.2.1 Half-cell Potential Monitoring

The halfcell potential monitoring technique is the most widely uspdlitative
techniqueto detect corrosion of reinforcing stedd was introduced in the 1970s by
Richard F. Stratfull in North America and by the Danish Corrosion Centre in Europe
(Wang et al.,, 2014)The technique was standardizeg ASTM in 1980 as C876
ARStandard Test-celMeotehtialsl of Urewaoatedeiafdrding Steel in
Concrete. 0

When a metal isimmersed in an electrolyte, a potential is set up actbss
electrode/electrolyte interfacés the metal dissolves in the electtelymetal ions
remain free in the solutionTheseions become surrounded by wataolecules, or
hydrated(solvated) due towat er 6 s pol ar ¢ o mégatgechargeati o n .
the solid surfacewill attract positiveions to adsorb on the metal surfaead repel
negative ionsThe attracted ions are assumed to approach the electrode surface and form
a layer balancing the electrode chargesitive bns and polawater molecids are

attractedto the electrode surfaceNate molecules form a first row a@he electrode
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surface; whichlimits the distance to whichydrated ions camapproach the inteate.
Furthermore, thewater moleules associated with thsolvated cationdimits the
distance the cations can approabk surfaceThe plam of positive charge containing

the cations closedb a negatively charged surfatg® therefore separatedrom the

metal Thisresulsin two layers of chargand a potential drop whicls confned to this
region. The resulting structure is termed the electrical double layerisinsalogougo

a capacitor (denoted the doubleyer capacitancejvhich has two plates of charg
separated by some distance.

The electrode potential can be visuatizeimplistically, as shown in Figure 2Bhere

is no direct way of measuring the potential difference between the electrode and the
electrolyte, since attempts to conneoe terminal ofa voltmeter to the electrolyte and
another to the electrode will lead to the development of anothercdlhlpotential
caused bythedis ol ut i on of t h & the edcttolyteThezefoi@,sit ist e r mi n
necessary to introduce another kadfl in which the potential is known in order to
determine the potential of the system under consideration. If two such cell are
connected, the potential of the electrode/electrolyte system under consideaatibe
calculated by observing the potential differenoetween the two hatfells using a
voltmeter.This has necessitated the introduction of a-belf that can act as a datum to
measure all potentials against. This cell was chosen to be the standard hydrogen
electrode (SHE)This cell is composed ohanert platinum electrode inraolar solution

of hydrogen ims at unit activity(i.e. 1.0 mole Hions in 1.0 Litre of water) saturated

with hydrogen gas () at a temperature of 269Bertolini et al., 2013)
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Figure2.6 - Schematic representation of electrode potential (Chemguide, 2017)

Two frequenty-used hakHcells in concrete research and practiaee silversilver
chloride (SSC), and coppeppper sulphate (CCS)These haltells have a
experimentally known potentialgainst the SHE hatfell. When connecting these half

cells to a reinforcement, through a hole in the concrete, and observing the potential
difference through a voltmeter, the corrosion potential of the reinforcemenbecan
found Figure 2.7shows a typical hal€dl potential measurement system, which uses
reference electrode and a voltmeter.

High impedance digital voltmeter
Measures potential difference created between
metal in half cell and steel in concrete

(DVM]
ooao Half cell
0o0o0o
Oo0o
el ) (€, M-—=M™ + ng"
e.g. Cu—=Cu®" + 2e”

2e” + H0 + 1/20,~+ 20H" Fe—Fe®* + 2¢"

PR R e

Figure2.7 - Half-cell potential measureme(@roomfield, 1997)
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The observegbotential difference will be a fution oft he i rondés tendency
among other factors such as oxygen availabiBty convention, the positive terminal of

the voltmeter is connected to the steel and the negative terminal to thelhalthis

gives an increasingly negative reading forirmereasing corrosion activityf the cell is

moved along the steel, different potentials will be observed because the iron is in
different environments. At the anode it cazadily dissolve therefore more negeae

potentials are observed. While at the cathode, steel resists dissolution, providing more
positive potentials. ASTM C876 presents an empirical way to evaluate and classify the
corrosion activity within a system using the obtained-balf potential mesurements

versus the copper/copper sulphate-gsalf. This is shown in @ble2.1 along with other

half-cells.

Table2.1 - Criteria for corrosion of steel in concrete for different standard half cells

(Broomfield, 1997)

Standard Mercury/Mercury
Copper/Copper Silver/Silver

Hydrogen Chloride Corrosion Condition
Sulphate Chloride
Electrode (Calomel)
Low (<10% risk of
>-200 >-106 >+116 >-126
corrosion)
Intermediate (50% risk of
-200 to-350 -106 to-256  +116 to-34 -126 t0-276
corrosion)
High (>90% risk of
-350t0-500  -256 t0-406  -34 to-184 -276 t0-426
corrosion)
<-500 <-406 <-184 <-426 Severe corrosion
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Despite its common use, various limitations exist for the-¢ellfpotential methodOne

of the most important factors influencing the badfl potential is the availability of
oxygen.Whenconcrete is completely saturated with watke results obtained tend to

be more negative than the real potential. This might lead to wrongful mesgsshere
corrosion is being estimated to be present while in reality the reinforcement is passive
but has no oxygen available in its vicinity. It should be also notedhbahbsence of
oxygen tends to slow down the actual corrosion rate to negligiaédsl which opposes

what is seen through hatkll potential(Broomfield, 1997).This can be seen in Figure

2.8, which shows experimental potentials obtained for a large number of structures at
different conditions(Bertolini et al., 2013)It can be cledy seen that passivity and
activity can cover a wide range of overlapping potentials depending on the oxygen

content and the resistivity of the concrete, which opposes the values outlined in C876.

A
. «—— Negligible corrosion in dry carbonated
m 0 — and chloride-free concrete
8 : < Passivity in aerated concrete
E | General corrosion in moist or wet carbonated concrete
s T I - .
t -500 < Pitting corrosion
E -
7 Passivity in condition of low availability of oxygen
. Activity ("quasi-immunity" for lack of oxygen)
-1000 —

Figure2.8 - Ranges of typical potentials for different corrosion states and exposure

conditions (Bertolini et al., 2013)

Another limitation of this method ithatit is only qualitative. It can oglshow, to a

limited degree of certaintyf corrosion isthermodyamically favorecor not. However,
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it camot show the rate of propagation of corrosiemally, it should be noted that such

a method cannot detect localized corrosion and it should be stressed that the potentials
measured at the surface of the concreteea n o't the potentials a
directly below the point where the ha&léll is located. There is a dilution of potential

that is highly affected by the cover depthsistivity and A/C ratio Results by Pour

Ghaz et al. (2009), which were obtained through a finite element model in which
potential maps were analyzed at the concrete surface and eahipahat at the steel
surface are shown in Figue2.9 and 2.10The effect of resistivity othe measured
half-cell potentials, shown in Figure 2.9, indicatieat anodic and cathodic surfaces can
only be differentiated in cases of resistivity much higher than those assowittted
chlorideladen concreteThe effect of cover depth, shovim Figure 2.10, indicates this

distinction is also not possibter large cover depths
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2.2.2 Linear Polarization Resistance Technique

The corrosion rate is dependent on both the anodic and cathodic reactions, ashthey bot
have to happen simultaneoustyorder for corrosion to proceed. As electrons flow from

an anodic to a cathodic sitdye to the difference in their equilibrium potentidlss

flow induces a current that is directly proportional to the electrons being produced. The
amount of metal that is corroding is directly proportional to the anodic current that is

being passed bynis reaction, and therefore the number of electrons that are released.

Theseelectrons are being consumedta cathodic site, during the reaction with oxygen
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and water to form hydroxyl ions. This means that the cathodic and anodic currents must
equal eak other, leading to an overallet current of zero. This ctent is the main
interest of arengineer when trying to classify the corrosion state of reinforcement. This
current is an indication of the rate of flow of electrons wiigcan indication of theate

of the corrosion of the reinforcement.

As the overall observed current on a reinforcement is zero, there is no direct way of
measuringhese currents, especially sirtbe anodic and cathodic sites are nstially
clearly definedHowever, it is welestablished that this corrosion current occurs due to
the anodic polarization of the anodic sites and the cathodic polarization of the cathodic
sites, from their equilibrium potentials. The relationship between the change in potential
from the equilibriumpotential and the corresponding currestthe ButlerVolmer

equation, whichs shown in Eq. 2.6Frankel, 2016)
0 QAop— AODPp | —- (2.6)

wherei is the netcurrent densityio is the exchange current density (a constant for the

system that is a factor of the chemical activation energy, the temperature, the
concentration of oxidizing and reducing agents, andthemateriald i s t he over
(the change in potential from tleguilibrium potentia)b 1 s t he symmetry
(which is usually taken as 0.5, indicating that the change in potential helps the oxidation

and reduction reactions equally), n is valency of the métal,i s Far adayds

(96,500 G, R is the gasonstant (8.314 J/molK), and T is the absolute temperature (in
K). It should be noted thatthe positive term [A @B —— ] represents thenodic
portion of the reaction, while theegative tem, A@Dp | —— represents the
cathodic portior{(Roberge, 2008).
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When plotting the Butlew olmer equation of overpotential versus current, it produces a
curvesuch as that shown indgure2.1. Wher e in the |l eft portio
current increases with the increase in negative potential (decrease in potential), while the
anodic current increases with the increase in potential. It should be noted that the two
sides of the figureplotted are not the anodic and cathodic reactionghefcorrosion

process but the anodide.g.F e  Y*? 4 2&) and cathodige.g.2e + F€*Y Fe)

portions of one r e dissdlutiom/deposiBodlbersanee surve tale met ¢

also be drawn forxygenreduction and oxidation as shown later.

Current (A)

M — M

Overpotential (V)
(]

Mn++ ne

Figure2.11 - Typical ButlerVolmer curve

Another way to represent the ButMolmer equation is using the logarithm of the
current. This leads to the wddhown fiEvans Diagram This can be done for both the

oxidationreduction of the metal (iron in our case of interest) and the reduction of the
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oxidizing agent(oxygen in our case of interestj.both equations fothe metal and
oxygen are plotted, it produces atpéomilar to that shown in Figure 2.18ote that the
exchange current densities and Tafel coefficients are chosen arbitrarilye fourjpose

of demonstration). This clearly shows that due to the equilibrium potential of the anode
being lower than that of the cathode, the anode becomes anodically polarized and the
cathode becomes cathodically polarized. Therefore, it is the differenegulibrium

potentials of theseeactions that is the driving force of the corrosion process to occur.

Log (abs|current])

R0

Polarizedpotential (E,,,) and
current densityi(,,,) of the

cathode ati anode

Exchange current
density and equilibrium
potentialof the cathodiceaction

Overpotential (V)

Exchange current
density and equilibrium
potentialof the anodigeaction

Figure2.12 - Generalized Butler Volmer Curve for anodic and cathodic¢ellé

Since the cathodieaction consumes the electrons produced during the anodic reaction,
the anodic and cathodic currents should, in equilibrium state, be equal to each other.
This only occurs in cases of microcell corrosion; where the anodes and cathodes are in

very close proximity leading to an insignificant-tRRop between anodic and cathodic
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sites.At this instance, both the anodic and cathodic currents are at corrosient G-

At this point, the equilibriunpotential is the corrosion potentiakok It should be noted

that this point is always at the anodic portion of the metal dissolution curve, and the
cathodic portion of the reduction reaction of oxygen.

When areinforcement is polarized, by the application of an overpotential, its reaction
occurs away from its equilibrium potentighssuming that this polarization ia the
anodic directionthe catlodic portion of the reaction will beegligible. A simplificaton

can be made to the Buti®folmer equation in this case, showing only the anodic portion

of the reactionThis is shown in Eq. 2.7
N QAP —- (2.7

The same idea could be applied to the cathpdiarization as shown in Eq. 2.8y the
application of an overpotentjain which the cathodic reaction occuasvay from its

equilibrium potential. Where the anodic portion of the reaction is negligible.
N QAR T —- (2.9

In order to represent this in a simpler manrke constants in the equations, such as
Faradaydés number, the gas constant, t he
are all gathered producing two constanis and k, the anodic and cathoditafel

constants, sbwn in Egs. 2.9 and 2.10.

7 8
(6))

(2.9

- — (2.10

The use of these constants leads to a more convenient representation of the Butler

Volmer equationas shown in ER.11
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Q Qpm pT (2.112)
Provided that is small in this equation, an approximation can be done to thetieq

as shown in EqR.12

PpTT p CB- (2.12)
Substituting Eq. 202 into 2.11, Eq. 13 yields

N B — (2.13)

Arranging ths equation once agaleads to Eq. 2.14.

(@] — (2.14)
If all of the constants are grouped and termed B, WﬁereS— and the rate of
change of voltage to current is termed Where’Y = —— the Stern andGeary

equation Eq. 2.15js derived(Stern and Geary, 1957)

(o N (2.15)

Devices that use the linear polarization resistance techmajyeon the fact thaby
polarizing the electrode, througpplying a certain polarizing cuent, a change in
potential results,which is inputted in the Stern and Geary equat®uchtechnique
typically use a threeelectrode system, including a reference electrode, a counter
electrode(CE), and a working electrode. Theference electrode isimilar to those
discussed previously in sectior22. The counter electrode is the electrode that applies
the potential or current perturbation necessary for polarizing the reinforcement. The
working electrode is the steel reinfement.The final equation used by all of the

devices that rely on LPR is shown kig. 2.16 where the Stern andeary equation is
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normalized by the area polarized by the polarizing curreotder to present a corrosion

current density.

Q — (2.16

A typical LPR device uses a connection with the working electrode through a hole in the
concrete. The usemposeshe device over a point in the reinforcement, and the device
can then detect the hatéll potential of the reinforcemenThe device then, applies a
small perturbation of approximately -2@OmV around the corrosion potentiaeasured

by the reference electrode. The next step includes an observation of the changes in
current in reaction to the applied changeroltage; which can be used to calculate the
corrosion current density.

A value for B of 26 mV is typically used, in case of an actively corroding system. If the
steel is considered to be passive, a Steary coefficient of 52 mV is usedhis is

basel on the findings of Andrade and Gonzalez (1978) in which they found that
satisfactory results were obtained with these coefficiGiteeit is not always known
whether the steel is in a passive or active state of corrosion, an accepted way is to
assumea coefficient of 26mV for all cases, since assuming a lower B coefficient for a
passive case in whichor is already small, will not affect the classification of the
reinforcement, and will still keep it in a passive state classification (Millard and
Broomfield, 2002).

The obtained corrosion current density, is an indication of the corrosion activity as

well as a way to calculate the loss of reinforcement section due to corrosion. This is

done usi ng abshawa id Bqy201¥Brobnaieid,1997)
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& _ (2.1

Where m is the mass of steel consumed by corrdgipt is the corrosion current (A), t
istime (s), F$ Far adayo6s c,zisghe omdchargd & fobthelcas€ of
steel, and M is the molar massroétal (569 for Fe). Table.2shows the classification

of corrosion activity according to the corrosion current den&ifferent corrosion
classifications were used in the past by different authors but they generally fall in the

same range shown.

Table2.2 - Corrosion classification assumed according to LPR cmasurrent

measurementsSpng and Saraswath3007)

Corrosion current densitypA/cm?) Corrosion classification
Upto 0.1 Passive condition
0.1.0.5 Low to moderate corrosion
0.51 Moderate to high corrosion
More than 1 High corrosion rate

2.2.3 Galvanostatic Technique.

The galvanostatic pulse technique was introduced for field application in 1988. It is a
rapid, nondestructive technique, usethinly as an ofsite monitoring technique. In this
technique, an anodic current pulse is imposed on the reinforcement from a counter
electrode placed on the concrete surface. The applied current is usually in the range of
10to 2006 A and t he ddurafigniisaumtb 10psecondse The reinforcement is

polarized in an anodic direction compared to its free corrosion potential. The resulting
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change of the electrochemical potential of the reinforcement is recorded via a reference
electrode mounted on topf dhe concrete cover over the reinforcement under
consideration. Using the recorded voltage change and the known current applied, the
polarization resistance could be calculated. A typical potential transient response
obtained after the application of algnostatic pulsés shown in Figure 2.13

Polarisation, mV

300 B Vimax
= I*Rp
200 v
A
100
O . I*Rollm
-100 B
Ecorr
_200 1 I 4 I 1 I
1 2 3 4 5 6

Figure2.13 - Typical Galvaostatic Polarization PloGermann, 2004)

Figure2.13 clearly shows two distinct time transients. The first one is associated with
the instantaneous potential shift, which is tlu¢he ohme resistance of the electrolyte.
This is due to the electrolyte capacitance being of a very small magnitude and tdue to i
becoming charged in a very short span of tifrfés sudden shift has to be analyzed and
excluded in order to reach a value fgr Rhe other time transient is a much slower one,

in which the doubldayer capacitance, associated with the electradigetrode
interface,is being charged. Using this slower transient, the polarization resistance can be
determined.

In the galvanostatitechnique, it is assumed that a simple Randles cifawircuit that

i's composed of a resistor representing
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with two parallel components of the doublayer capacitance and the polarization
resistance)describes the potential response;, Wf the steetoncrete system as a
function of time when a galvanostatic curreggy lis applied. Under this assumption the
potential response,tVas a function of the polarisation timg,dan be expressed by Eq.

2.18 (Elsener, 2005).
wo O Y p Agp— Y (2.18

Where kppis the applied polarization current, t is the time from application of current,
Cua is the capacitance of the st@eincrete interface andqRis the Ohmic system
resistanceTwo methods for obtaining the,Rnd G from this equation can be used; a
linearizationor an exponential curve fitting procedure. The GalvaPulse instrument,
which will be used during this pject, makes use of the lineztion technique.

By changing Eq. 2.18 alogarithmic form, Eq2.19results (Elsener, 2005).

I 1o w6 T1TToy — (2.19
Where \haxis the final voltage value obtained after a steady state is reached after a long

polarization. Extrapolation of this straight line to t = 0, using least square linear

regression analysis, yields an intercept corresponding tephiRg) with a slope of—.

The remaining over potential correspondsafgRq. This is illustraed in Figure 2.14
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~ Intercept =(lapp~Ep)

Slope =1/{Ry=Ca)

In (N max- Me)

Time (s)

Figure2.14 - Lineariation methodRoursaee, 2007)

The device to be used in this research presenting the galvanostatgueclis
GalvaPulse. Figure 2.1Shows a schematic of the device developed by FORCE

technology and Germann Instruments.

Reference
Electrode

Counter

Guard Ring Blectrode

Figure2.15 - Galvapulse devicechematidGermann, 2004)

The device uses an Ag/A§@ference electrode which recorlie change of potential
of the reinforcement throughout the polarization process, and a zinc counter electrode

which applies the galvanostatic cemt pulse on the reinforcemesn auxiliary guard
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ring electrode(GE) surrounding the inner counter electrode is also used. The current
applied from the guard ring is hypothesizedepel the lines of current from the central
counter electrode, confining them to an area of the structure located approximately
under the couer electrode (Germann, 2004)he current applied by the guard ring is
controlled through an initial measurement of the poteofidhe counteeledrode and

guard ring versus theeinforcement.The current applied from the guard ring is then
estimated irorder to ensure that the potential difference between the counter and guard
electrodes remains the same as that before the polarization.

Flis et al. (1992)leveloped a finite element model to study the performance of the guard
ring technique in delimitinghe lateral flow of the polarizing current. Their results
indicatedthat the guard ringvas unable to confine the signal distribution completely
below he counter electrode. Théyund that the degree of success in the application of
the guard ring techgue depends on the magnitude of the polarization resistance,
concrete cover thickness (most significant parameter), the design of the CE system used,
and the separation distance between the counter electrode and the guard ring.

Luping (2002) found that thgalvanostatic pulse measurements overestimate the true
meancorrosion rate, especially fdhe passive steel bar$he authorfound that the
corrosion rates obtained by the GalvaPulse were generally higher than those calculated
by mass loss over the wieoteinforcement. However, the results were very comparable

to those obtained by calculatimgass loss divid# by the corroded area of ste€he

author attributed this to the heterogeneadistribution of the imposed galvanostatic
current.Nygaardetal.( 2009) f ound r esul t(8002cbmlisiod o sup

This study showed that the device provided almost no current confinement in the

42



passive state. However, in the active state the current seemed to confine well to the
anodic areas over the wlkareinforcement (not the area under the counter electrode as
assumed by the dewt This can explain why results by Luping (2002) shogyesit
consistency when comparing the corrosion rate results to mass loss of the anodic areas
only. Vedalakshmet al.(2010) also found similar experimental results and reported that
the corrosion rate obtained by GalvaPulse was very close to the corrosion rate obtained
by mass loss in the active state. However, the device seemed to overestimate the passive
state corrosin rate significantly.

Nygaardet al. (2009 found that, ér passive reinforcemenGalvaPulseoverestimated

the real corrosion ratdy a factor of approximately 100They attributed the
overestimation to the instrumenbt being able to effectivelgonfine (or compensate

for) the lateral spreadingf the counteselectrodecurrent. The authors also demonstrated
that the instrumenpolarized the reiforcement way beyond the linepotentialcurrent

region around the free corrosigotential In the case ofeinforcements with intense
localized corrosion, the instrument could not locate the active areas due to the self
confining effect of the active area (i.¢he active are@onsumedhe current even in
cases where the counter electrode was far from it). Thapd that GalvaPulse
underestimated the corrosion rate of the jysa factor of approximately 2. The
underestimatiowas due to a combination of tlkenstant confinemenéngth used by

the instruments, which wa®nsiderably lager than the activelgorroding pits and the
obtained confinement.

Woijtas (2004) developed a finite element morntebrder to determine the effect of

current confinement on the measured Rhe authofound that when the corrosion is
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uniform, he current distribution under tmeodulated GEs a superposition of both CE
and GE currents and depends on testing condiian hi gh corr osdron act
confinement 66 takes placg hhat tmaye be GEsource of serious
underestimation of the corrosion ratdhe author concluded that either the
measurement with the confining guard ring electrode noniflihbut confining deliver
appropriate values of the polaaizonresistance in the entire rangecorrosion activity

from the passive to the active state

Poursaee (20Q07ound that GalvaPulsghows higher corrosion rate valuesmparel to

the other technique&xperimental results show that the guard ring not only dadimit

the polarized area, but actuallycreases the polariddength of the steelThe author
reported that the polarizddngh can reach more than a meewith the guard ring on.
When comparing the corrasi rate results to mass loss, it waand that the device
generally overestimates the corrosion rate especially for the passive reinfoscement
Martinez et al. (2010) found thdte confirement of the GalvaPulse does not seem to be
fully achieved. They reported thtte Galvapulse device generalypnsides a smaller

area than the real polarized one, leading to an ovesasiin of the corrosio rate.In the

case 6 non-corroding specimens, evevhen small labratory specimens are measured,
the Galvapulse device always gave higher valthesthose corresponding to passive
steels.They attributed this to short waiting times allowed by the device w hEiwash @
not appropriately founddue to the electrode not reaching gtsisadystate conditions

This is due to the device using a measurement time of only 10 seconds while passive
electrodes have shown to require much longer times in ordeac¢h criassteadystate

conditions.
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Gepraegsand Hansson (2005) founthat GalvaPulse generally show#te highest
corrosion rate results when compared to other corrosion monitoring devices. They
concluded thatthe guard ring lectrode is not able to applg dscrete current
independent of the counter electrode. Instéaappears that the counter agwlard ring
electrode act as one large electrodénich leads to high polarization areas and higher

applied currents.

2.2.4 Potentiodynamic Technique

Inthismethog t he el ectrodeds equilibrium potent
a potential difference between the electrode and the counter electrode that is mounted on

the surface of the concreféhe potential is swept from10 to +10 mV, relative to the
open-circuit potential, in order to ensure the assumed linearity between polarizing
currents and the potential response. The amount of current flowing from the counter
electrode to sustain this potential difference is then monitored. Khown potential
perurbation divided by the change in current gives the polarization resistance. However,

the measuredesistanceincludes the effect ofresistance due to the electrolytic

resistance. This makes the final polarization resistance obtained through the form shown

in Eq. 2.20

‘ y .

Y 5 Y (2.20
where oV/ gl I's the slope of tylsaghephmicent i al

resistance anddg®s the polarization resistance.
In this study, a Gamry potentiostat reference '80@as used for all potentiodynamic
measurements. A 12 cm long, 6 cm wide, 1 cm high staistess$ plate was used as a

counter electrode. The potential was swept fra@hmV to +10 mV with respect to the
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opengcircuit potential with a potential sweep rate@167 mV/sec. The potential was
recorded through a Ag/AgCI electrode that was fixed in the middle of the counter
electrode. The ohmic resistance was obtained from EIS through finding the impedance
coinciding with theminimum phase angle

Alghamdi and Ahmad (2014) found an excellenbrrelation between potentiodynamic
results and gravimetric resulitsespectivethe cover thickness, chloride concentration,
and concretguality. It should however be noted that the reinforcement lengths used in
this studywere very short (10 cm) and no issues could arise from the ambiguity of
polarized lengthsPradhan an@hattacharjg2009) used the potentiodynamic technique
with a guard ring electrode and found thhe tvalues of corrosion a@nt density
obtained werdan close agreement witthose obtained from gravimetrignass loss)
measuremestand the average percentage variation in values by two techniques was
about +6% or all of the usedement typs steel typsand mix parameters

Soleyman and Ismail (2004rompared the technique Tafel plots and found that the
potentiodynamic techniquerovided higher results than thosbtained by tafel plots,

but both methods suggeste@ry similarcorrosion activitylevels for more than 96% of

the 104 specimens invesitgd. So and Millard (2007frompared galvanostatic
technique to the potentiodynamic techniguel found that theorrosion rates calculated
from galvanostatic pulse dnsient technique are generally higher than tlevsduated

from the potentiodynamitechique. Aimutlag and Chaudhar{2013 also found that

the potentiodynamic techniquesults agreed with those obtained from gravimetric
studies for high corrosion rates as well as passive reinforcements, for intermediate

corrosion rates, however, the comsigy decreased anthe techniqueseemed to
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underestimate the corrosion rat@though it followed the same trend as that of

gravimetric results.

2.2.5 Coulostatic Technique

The coulostatic technique involves the application of a known amount of charge, and the
observation of the potential discharge following the charge application. The potential
transient obtained after the application of a quantity of charge to a system that resembles
the Randles cauit follows that shown in Eq. 2.2Hassanein et al., 1998)n example

of these transients obtained for the passive and active conditions is shown in Figure

2.16

- -Agob (2.21)

whernies dqt he potenti adi sshihfet ianti tamyistheorme nt i
coul ostatic ¢k iCiRg. Thedhewsetical rtransiehtUnay be fitted to the
measur ed dat aa nbdto kinihize thet squargd differences between the
predicted and measured data. This step, however, does not result in threnddien of

the double layer capacitance or the polarization resistance explicitly, but their

mul tiplicadion product (U
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Figure2.16 - Typical coulostatic transient for the case of passive and actiaesreb

When an amount of charge is applied to t|
become instantaneously charged. In this case, the potential shift measured at time zero
corresponds to the potential shift caused by the charging of the capacit@foldethe

doublelayer capacitanc€Cq) can be directly found from E®.22 using the initial
potent i @ Whiclsis pbtained frahturve fitting as shown in Eq. 2.21 its

assumed that the electrolyte capacitance is negligible. Finding this capacitance then
allows the determination of the polarization resistafiRe= J/Ch) through the time

constant obtained frofaq. 2.22

0 — (2.22)

where gis the applied quantity of charge.
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A marked difference betwedhe coulostatic transient and the galvanostatic one is that
the transient response equation for the coulostatic technique does not include an ohmic
resistance term. This is due to the tramskeing an opexircuit discharge which is not
expected to be influenced by any ohmic contribution. This is since the Randles circuit,
which is assumed to model the steehcrete system, assumes that no capacitive effects
are imposed by the electrolytand therefore assumes that the electrolyte cannot be

charged by the application of such a quantity of charge.

To implement this techniquea device was provided by Dr. Alan Scott from the
University of Canterbury. The device makes usa oircular stainlsssteel electrode of

6 cm in diameter was used with an Ag/AgCI electrode at the center of the counter
electrode. A current of 4 mA was applied for a duration of 50 ms resulting in a total
applied charge of 200 mC. The polarized area was assumed tofo# specimen due

to the device applying a current with a relatively high magnitude anthduebsence of

acurrent confinement technique

Due to the technique being relatively ndar steelconcrete systemsvery limited
research has been done on it ardyJdimited reported results compare the technique to
the gravimetric mass loss. Scott (2015) found that the coulostatic technique was able to
accurately determine the corrosion rate when compared to gravimetric mass loss for a
wide range of concrete resisties. The maximum difference between the estimated
mass loss through the coulostatic method and the measured gravimetriossasad

70%. Otieno et al. (20)6ound that orrosion rate mesaurements using the coulostatic

techniquegive a ckar indication of the corrosioactivity in the RC structure and ita
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therefore be reliably usefbr corrosion assessment in both cracked and uncracked
concrete.

Glass (1995) suggested that the time constant is insensitive to area which can be used to
detemine the polarized area in cases where the polarized reinforcement length is
unknown. He also reported thdttet width of the perturbing pulse should typically b
shorter than 35 ms to ensuhat the perturbation itself does not affect the shape of the
comosion dependentransient.This supports the findings of Rodriguand Gonzalez
(1994), who suggested that the pulse should be as short as practical to produce reliable

results.

2.2.6 Electrochemicallmpedance Spectroscopy (EIS)

EIS relies on analyzing the deqmence of electric circuit components on the frequency

of an applied AC current. EIS has gained populantyrecent yeardor the use in
reinforced concrete systensinceanalyzing the systemesponse providegery valuable
information about thecorrosion rate, doublelayer capacitangeinterface structure
reactionswhich are taking placand electrolytiadesistance

An electrochemical system such as corrosion of reinforcing steel can be modeled by the
use of simple circuits such as the Randles cirduig in Figure 2.17 This circuit
includes a resistor (Rn Figure 2.1y whi ch represents the el
towards the polarizing current. It also includes a capacitor (the dayde
capacitance) and a resistor (polarization resisjanoeparallel, that represent the
electrode surfacel'his doubldayercapacitancés formed as ions from th@oresolution

adsorb onto the reinforcemesurface. The charged electrode is, in this casparated

from the charged ions by an inatihg space, ften in the order of angstrom8harges
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separated by an insulator forms#&ucture which is very similar (in perfect cases
identical) to a capacitoiThese two path (the capacitor and resistor) are presented as
two elements in parallelThis means that gart of the current will pass in each,
depending on the impedance or resistance values of amadhdepending on the

frequency of the applied current

R cl

R,
—AA— —

Cdl

Figure2.17 - Randles circuit

When a DC current igpplied to such a system, only resistors will resist the flow of this
current afer the capacitance is chargdual.the case of an AC current (frequency is not
equal to zero) allcircuit elements can affect the flow of currefg.g., resistors,
capacitorsand indictors) anccause aesistancel n t he case oflawmC cur
is represented by Eq. 2.2Bhis is the same as the wkillown V=IR equation which
applies to DC cuent. However, this equation considéinge impedance characteristics
(2) of thecircuit in opposition to an AC current.

v=IZ (2.23)

The created resistance by capacitors and toedsi¢imaginary impedance) depends on
the frequencyof the applied currenwhile that created by a resist(meal impedance)s
independent ofrequency.Therefore, the portion of current flowing by each of the

capacitors and the resistors will highly depend on the frequency of the applied current;
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since this frequency affectse magnitude of the capaciileimpedance. The main idea

behind EISis thatby changing the frequency and recording the change in impedance,
the characterigs of the system can be analyzed.

Consider amAC sinusoidal voltagéhatis applied through a circuit with just a resistor,

the resultant current will have the sarfnequencywith no phase sfii. If the circuit

consists of capacitors afod inductors, the resultingurrent will differ in time and it will

have a phase shiThi s phase shift happens stdr@e t o
electrical energy temporariip an electric field For a perfect capacitor, which is never

the case for steel in reinforced concrete, the current has a phase shift of 90°. This

relationship is reqesented schematically in Figure 2.18

Prase  Tme
Shift

Figure2.18 - Sinusidal AC Voltage and Current SigngiSTM G106 2015

A sinusoidal currenor voltage can be pictured as@ating vector as shown inigure

2.19 In this figure, the currentector rotates at a constant angular frequdmey 2 ° f ) .
The x component defines theegnhase current whi chofthe t he
rotating vector. The y eoponent defines theut-of-phase(stored)currentwhich is the

Ai magi nar y of the rotatipgovactom The matmatical description ahe two
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components ipresented in Egs..24 and 2.25 while their moduiln presented in Eq.

2.26.
0 ‘AT106 — (2.24)
0 "WE] 0 — (2.25)
o 0 0 (2.26)
Imaginary
_. ot .
Y Vector representation
5 Real
| Sinusoidal
representation

ey

(10)uIs]

time

Figure2.19 - Relationship between sinusoidal AC current and rotating vector

representatiofSilverman, 1986)

Another way to present this is throughct@ terms as shown in Eqgs. 2.8 2.31

Where | 6, E6 and Z are the real

and Zo is the imaginary current
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imaginary number’@ W p) but jis usually used in electrochemistiystead ofthe

usually used to refer to it, to prevent confusion with the symbol for current.

‘0 0 @O (2.27)
0O 0 0 (2.28)
AR ARINA G‘* (2.29)
O O e (2.30)
o0 e — (2.31)

Now thd the real, imaginary and total impedance components are defined, the main goal
of EIS is to measure each of these at different frequencies by measuring the current,
voltage and phase shift. This can be done by simply applying a current and measuring
the wltage through a mounted reference electrode. By meagstine phase shift
between the current and potential, whilgowing the frequency and time, all of the
aforementioned components can be found at each different frequency.

Table 2.3 shows the impedanaexpressioa for some relevargimple circuit elements.

As can beseen, there is no imaginary component for the impedance of toresisich

means that thphase shift is zero and tlearrent is in phase with the potential. Owe t

other hand, the impedem of the capacitor has no real component and its imaginary
component is a function of botbapacitance and frequency. The current through a

perfectcapacitoris always90° aut of phase with the potential.
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Table2.3 - Impedance equations for resistors and capacitors (Princetion Applied

Research, 2003)

Circuit element Impedance equation
—VWWV— Z=R+0j G=+-1)
z=0--L (0=2m)
I | @C

Looking back at the Randles circuat,very high frequencies capacitor &s as a short

circuit and itsimpedance is close to zerAt this point, the current passes through the
path of least resistance which means that the current passegvayic¢h is the same as

Rc in our case) and then passes by the capacitance which has a resistance that is much
lower than its parallel side fR This means that at very high frequencies, the only
resistance that the current passes byis®&thetotal impedance at those frequencies is
equal to R. Conversely, at low frequencies a capaclielaves as an open circuit, and

its impedance tends taxd infinity. This means that the applied current will again
follow the path of least resistance, which makes it passstan® R as if they were in

series and ignoring the path of infinite resistance (the capaciibiy yields a direct
measurement ohe summation of Rand R as the total impedance at low frequencies.

The most common forms of representing an electrochemical system are the Nyquist and
Bode plots. In the Nyquist plot, the imaginary impedance is plotted againstathe re
impedance. This ishown in Fgure2.20for the case of a Randles circuliithough this

plot does not show the frequendlyis known that the lowest frequencies are on the right
side of the plotRecall that the imaginary impedance caused by the capduitorishes

in two case one in which the impedance of the capacitor is infinite and the whole
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current passes byyRand R and one when the impedance of the capacitor is zero and
current passes by only one resistance,TRis can beseen in the Nyquist plabh which
the leftmost intersection (at very high frequencies) showswRile the rightmost

frequencies (very low frequencies) show+R.

aor
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Figure2.20 - Nyquist plot for the Randles circuit (Princeton AgpliResearch, 2003)

A Bode plot is another popular presentation methodhi®impedance data. In the Bode
plot, the total impedance, or phase shift, is plotted versus the log of frequency. Figure
2.21shows a typical Bode ploSince the frequency appearsone of the axes in the
Bode plot, it is easy to understatiee dependence of impedancetba frequency from

the plot.Again, through analysing the frequency dependence of the impedanaaR

Rp can be found in the high and low frequency regions réiseéc (recall that at very

low and very high frequencies there is no imaginary impedamdelthe highest
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frequencies tb ohmic resistanceontrols the impedance ail can be foundas the
total impedancevhile at the lowest frequencies, polaation resstance conthutes, and

log (Ro+Ry) can be found.

Log |Z] a
E.-=1C|ﬂ ) .4— 0"

R+Rg

Figure2.21 - Bodeplot for the Randles circuit (Princeton Applied Research, 2003)

The appropriate circuit models that can present the corrosiogirdbrcing steel have

been the topic of research for many years. The simplicity of the Randles circuit does not
always represent the system in many cases. The first problem encountered with the use
of the simple Randles circuit is the use of a capacdorepresent the double layer
capacitance. In real electrodebkgetdoubldayer behavior associated with the steel
concrete interfaces very far from being a perfect capacitdhe presence of displaced
semicircles found in earliestudies ld to suggestio a nonideal behavior of the

capacitor, which ledo the introduction of a constamhase element (CPE) in the
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equivalent circuitgSagues et al., 1995)he discussion of what causes a CPE behaviour
and the physical meaning df is out of the scope ofhis review Several theories
(surface r oughne s suniforinlclerenkdistwibutom pt@) have lween,
proposed to account for the nateal capacitorbehavior of the double layelt can be
viewed asa property of thalouble layer systerthat is not homogeneous or that has
some distribution (dispersiony different valuesMore informdion about the topic and
adiscussion of its theory can be found in Macdonald (1987).

Sagues et al. (199%)troduced this element in systerthat show simpl@olarization
processes. They concluded thsime improvement is obtained tiie CPE is used
instead of an ideal capitor. In another study, Feliu et al. (1998pposed a more
complex system and introducadCPEand diffusion parameters in tleguivalentircuit
(will be discussed later)This led to an increase ithe accuracy of determining the
polarization resistance when this was possible impedace of a CPE is shown in Eq.

2.32(compare this to the impedance of a capacitor).
W —_ (2.32)

where Y is the capacitance (Just as the C in the case of a perfect capacitdiy and
coefficientrepresenting the imperfection of a CPE (it equals 1 for a perfect capacitor).
Another complication that can be present in the analgsigiffusion limitations exist

In these casesn additional resistive element called iMarburg impedance, W, must
beincluded in he Randles circuin series with the polarization resistandée rate of
an electrochemical reactids, in this casesignificantly influencedby diffusion of a
rea¢ant (oxygen)towards or a produgtlissolved ironawayfrom the electrode surface

This is often the case whensalution species must diffusarough a film on the

58



electrode surfacelhis situation can egt when the electrode i®weredwith reaction
products, adsrbed solution components,prepared coatingr a dense layer inhibiting

the penetration of oxygen

For the case of reinforcing steel in concrete, the Warburg impedance is typically seen
after orrosion is initiated and enough corrosion products are formed to coat the
electrode and inhibit or resist the movement of hydroxyl idarburg impedances
shown at lowfrequencies on the Nyquist plby a graight line superimposed at 4&%

both axesas slown schematically inigure2.22 For diffusiorrcontrolledreactiors, the
current is45 degrees out of phase with thetential. With this phase relationship, the
real and imaginary compents of thempedance vector are equalall frequencies. In
terms ofsimple equivalent circuits, ¢hbehavior of Warburg impedan¢a 45 degree
phase shift) is ndway between that of a resis{@rO degree phase shiffycaa capacitor

(90 degree phashift).

N

o
§ Equivalent Circuit
1 p—ri}
E Cdl
g
R
£ n

Rt
Z' Real Impedance

A = region of high frequencies (MHz — KHz)
B = region of low frequencies (Hz — pHz)

Figure2.22 - Modified Randles Circuit with a Warburg impedance (Ribeiro and

Abrantes, 2016)

Potentiostatic EIS was employed this studyusing a Gamry potentiostat reference

600™ through the same counter electrode used in the Potgnéiodc technique. The
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potential shifts were in the range of +10 to +30 mV depending on the cowvér atep
concrete resistivityThe frequency range used was from 100 kHz t 0.001 Hz.

Gonzalez etl. (1985)compared EIS responséth linea polarization.They noted thia
accuracy in the determinatiaf Rp was similar to those obtained by linear polarisation
resistancePradhan an@®hattacharje€2009) reported that theorrosion current density
values obtained by AC impedansgectroscopy techniguare oraverage slightly lower

than thoseobtained by linear polarization denique and gravimety. The average
percentageeduction in the values of corrosion current densigg 9%. PeciCanul and

Castro (2002) reported a good agreement between EIS and gravime&surements.

The agreement seemed to increase as the water to cement ratio increased (higher
consistency between gravimetric and EIS results for lower resistivity systems).
Experimental investigationby Qian et al. (2003have shown a close relationghi
between thecorrosion rate determined by weight loss and those calculiaded AC
impedance measurement

Ismail and Ohusts2006) found that EIS measurements ar@®%6 lower han those
obtained through the a@fel plots and 250% lower than those obta&d by linear
polarization resistance, therefore it was concluded that a good agreement was found
between the three techniques. Vedalakshmi and Thangavel (2011) also conifaed E
gravimetric results andther techniques. They found that EIS overestimttegassive
corrosion rate, but the overestimation decreased as the cover depth increased. They also
reported that EIS underestimated the corrosion rate in active reinforcements. Finally,
they found that EIS was not affected biffubion polarization duego oxygen and

moisture concentration gradisntacross the cover concrete athek large pseudo
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capacitance of steel in concrete introduce charging dsrkghich causes a non linear

behavior after the application of a polarizing current.

2.2.7 Connectionlesslectrical Pulse ResponseAnalysis (CEPRA)Technique

All of the techniques thdtavebeen developed over the pasty#@rs to detect corrosion

of reinforcing steel bars in concrete such as the-tellf potential mapping, linear
polarization, ancelectrochemial impedance specsoopy (EIS), require connectida

the embedded reinforcing barhis is typically doneby drilling holes in the concrete
cover throughwhich a sound connection can be established with the rebar network. This
Is required in order to measure the corrosion potential of the reinforcement and in order
to detect its change due to the application of a polarizing current.

The fourpoint wenner pbe hasfrequentlybeenused to determine the resistivity of
concrete Many studies hae reported on the use of thmethod for successfully
monitoring curing, assessing final quality, and detecting moisture ingragssi et al.,
2015) It was, howeverfound that the presence of a reinforcing bar in the concrete
distorts the applied curreascurrent is drawn into the reinfang bar since it presents a
low-resistivity path(Layssi et al., 2015 In recent years, a number of studies have
observed thathe reinforcement network can be polarized through the application of an
external polarization such as that typical of the case of using gdmirwenner probe

in the vicinity of the rebar networkMonteiro et al., 1998; Zimg et al., 2001; Andrade

and Martinez,2010; Keddam et al., 2009; Andrade et al., 2&Kgddam et al., 2031

The development in this areeas started by the work oMonteiro et al. (1998). The
authors described anon-destructive surfacemeasuremen technique to detect the

impedancecharacteristicof reinforcingbars embedded in concrefehe technique is
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based on using wenner arrayprobe over the reinforcement network and applying a
current at a wide range of frequencies from the two outer probes and measuring the
potential differece between the two inner probéstheir study, it was shown that the
techniqueclearly distinguished ddtween diffeent metalconcrete interfaces; their study
includedclean, gold plated, painted and coated reinforceméntgas shown that the
frequencydependent characteiist of the interface itself aneflected in the complex

ratio of voltageto-current measurewith a fourelectrode array gsitioned above the
reinforcingbar.

In their first paper on the topic, Monteiro et al. (1998) showed tthatapparent
resistivity (ratio of applied current through the outer electrodes to the measured voltage
through the inner electrodes) changed significantly as the array was positioned over
reinforcing bars and different results were shown for differereégyqf reinforcements

they used. It was also shown that the apparent resistivity increased as the frequency
decreased in different trends foifferent reinforcements. The authors were successful

in obtairing Bode and Nyquist plots that were qualitativeimilar to those expected

from EIS without ay connection to the rebalhe authorsalso presented a circuit
mode| shown in Figure 2.23hat can be used to present a reinforced concrete system
on which a resistity measurement is takeWhere the resistee R represents the
resistance to theurrent flow from the concretalone. R and the parallel Cand z
represent the path effed to the current through thencrete and into the reinfang bar
through the interfacial impedance: 8 the capacitace of the interface, and.4s used

to represent the additionabmplex impedance that depenais the current carrying
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electrochemical reactions. In this case,cdntains the polarization resistarared, if the

supplyof the reacting ions is diffusiecontolled, theWarburg impedance.

I=IG€J‘H’
l V=V, ef*=9) —
o A AN D A A
Re
Re Cy fc
LAAN
R1

Figure2.23 - Circuit model used for the connectionless technique

(Monteiro et al., 1988)

They suggested thathére is afrequency dependenasf the response V/I (complex
apparent resistivity) which comes from the frequedegendent Cand Z combination.
This frequecy dependence is very similar that present in EIS measurements (recall
that theimpedance caused by the capacitanaiegenént on frequency). The apparent
resistivity also depends on the array dimensitfithe spacing between the array points
is verysmall, the reirforcing bar hadittle to no influence orthe measurement. Ake
spacing increaseshe reinforcing bar can p&ure more current over a progressively
larger length and consequentdyger area ofts surface.

In a subsequent paper, Zhang et al. (2@6é4 to capture the effect of applying an AC
current and sweeping the frequency through the use of a 4 poinewprobeon
corroding and noitorroding reinforcements embedded in concrdteeir results are

presented ifrigure 2.24.
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Figure2.24 - Nyquist and Bode plot obtained using the connectionless technique

(Zharg et al., 2001)

EIS measurements were also done on the same samples with the regular procedure and
the results, shown in Figure 2.2Bere compared to the measurements taken with the
contactless technique. The resulsarly show common trends whetheonparing the

shape of spedror the changing patterns withcreasing corrosion rate¥he figure

clearly shows thathe curve of the resistivity adulus versus frequency beconflegter

with increasng corrosion rates, which is egreement with theesults obtaing using

EIS. The variationgén the modulus with t different corrosion rates angore distinct at

frequencies less thatD Hz. At higher frequenciess more current isarried through
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the capacitance (recall that impedance caused by tapeeiis inversely proportional to
frequency)at the reinforcing bar/conete interface, the contributioinom the charge
transfer mehanism is decreased, resultinglecreased sensitivity to the corrosion rates.
This can be explained by looking at thenple Randles circuit presented in the previous
secton, at higher frequencies, the impedanaased by the capacitance decreases to a
value lower than R so more current passes by the capacitance which means that at high
frequencies, the apparent resigyivdoes not depend onpRIt can be also seen théiet

phag angle drops dramatically wiihcreasing corrosion rates,rfexample, the peak
value dropsl3 degrees when the cosion current is 5 mA/cfn This is supported by
finding by Gu et al. (1994) iwhich it was determined that an increase in corrosion rate

resulted in a decrease in the phase angle
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Figure2.25 - Bode plots obtained using the connectionless technique

(Zhang et al., 2001)

In their secad paper of theeries Zhang et al. (2002) aywdd the effect ofesistivity,

cover depth and reinforcement diameten, the impedance of the system and the
measured results. They concluded tpabvided that the restivity of concrete and the

depth anddiameter of the reinforcing bamrea known, there is a directlationshp
between the measured response and the interface impedance. They foungrihat e
change in the dracteristics of an interfaci@hpedance betweea reinforcig bar and
concrete are detectdd an impedance measurement made on the concrete surface
which means that the corrosion characteristics of the system can be found. They also

reported that He measured impedancdoes not directly reflect thembedded
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impedance. The latter is modified diluted by the concrete or the measurement
geometry.

Finally, the authors published #hird paper(Zhang et al., 2004) on the effect of
geometry and material properties on thessmasarements in which they aredd the
effect of concrete resistivity, cover depth and electrode configurdttoey concluded
that the geometric éécts on measured impedance egsults of the relative dirdon
between the electrode arrand the reinforcing batthe electrode distae, and the
concrete cover depthThey found that the ancrete resistivity also influences the
measured impedance. They concluded ttetmaynitude of the real, imaginargnd the
phaseanglesare determined by the interfacial impedancencrete resistity, and
measurement geometry. Howevére peak frequency is independent of those geometric
effects, and thelopes ofthe imaginary impedance versus frequeary independent of
both the geometric effects armmbncreteresistivity. Finally, they suggesteithat the
measurement does not gidirect interfacial impedance.oWever, given the conete
resistivity and measuremeggometry, the impedance resige is unique with interfacial
impedance.

Andrade andVartinez (2010) evaluated the uskthe techniquend obtained corrosion
rates through a rather different method which requires two measurementsthesing
wennerprobe. In one measurement, the concrete resistivity is measured (a clpssic 4
probe measurement) away from the reinforcement, while in tt@ndemeasurement,

t he reinforcement 6s Ai nducti veo pol ari zat
finding the electrolyte + metal resistance to polarization. The authors suggestadta

mode| shown in Figure 2.26hat can be used with the measurement of the electrolyte
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resistance and electrolyte + metal resistance to obtain the polarization resistance. This is
used, putting into consideration that the current path will have two awengm one

being the electrolyt flow path and another being the electrgugarizing path when

the 4pt probe is positioned over the reinforcement. The authors, therefore, used the
measurements in the unreinforced section in order to determine the electrolyte resistance
and determindts component to the resistance measured by tpe ptobe over the
reinforcementWhere the inductive polarization resistance can be measured using Eq.

2.33
A — (2.33)

where R+wm is the resiancemeasured by the foypoint probewhen the metak present
in the electrolyte andRe is the resistance of the electrolyteeasured away from the

metal.

Electrolyte

AN ——

| R

e

po

o) Ry
. AN\, ——

Metal

Figure2.26 - Circuit model suggest by Andrade and Martinez (2Q10r the

connectionless method
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This method did not put into consideratidhat the current flow in the case of
unreinforced concrete area is substantially different than that in the vicinity of the
reinforcement and the electrolyte resistance component will fezadit in the two cases

as noted by Keddam et al. (2009). In the unreinforced, #neacurrent flows in the
electrolyte in the same welloaumented propagation path for a wenpesbe. However,

in the reinforced area, the current will have two propagapaths, one being
perpendicular to the reinforcement (polarizing current) and one being parallel and
flowing explicitly in the electrolyte. The current flowing in the electrolyte is different in
this case compared to the unreinforced section anddeflerl on a number of factors.
Subsequently, the authors concluded that the technique is not applicable wheisthe R
much lower than the fand when the steel is passive, unless the resistivity is high. This
is, primarily, since the electrolyte resistance (which is wrongly assumed to be the same
in case of reinforced and unreinforced cases) provides more contribution to the error in
the calclation as the resistance of the electrolyte decreases or as the polarization
resistance increases; since more current tends to flow in this path in these cases.

The applicability of the technique was evaluated numerically and experimentally in
(Keddam etal., 2009; Keddam et al., 2011) using experimental and numerically
simulated measurements on #aint probe setup. This enabled a description of the
contribution of the concrete characteristics (resistivity and cover depth) and of the
interface charactesiics (doubldayer capacitance and polarization resistance) on the
data collected through such a setup. Their results showed that a quantitative data
interpretation can be attained if the resistivity of the electrolyte and the thickness of the

concrete ceer are known. The authors produced an abacus, shown i2.Eif).that
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uses the resistivity of the concrete along with the measured low and high frequency
responses to determine the polarization resistdesdam et al. (2011) used the abacus
shown in Fg. 2.27 along with the measured concrete resistivity and apparent
polarization resistance to obtain the actual polarization resistance for a range of different
resistivities and polarization resistances. They found results that agree with the
conventional potentiostatic EIS method. Their results showed a good correlation
between the polarization resistance found through both methods with a difference of less

than 45% between the two methods.
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Figure2.27 - Abacus developed by Keddam et al. (2009) to find the actual polarization

resistance from the apparent (measured) polarization resistance
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Although the aforementioned studies clearly indicate the applicability of this method,
the experimental and analyticafocedure used in this study are rather different. As
noted in section 2.6, the dependence of the impedance caused by the capacitance on
the applied currentdés frequency can be us
characteristics. At the verydh frequency range, the impedance caused by the double
layer capacitance tends to reach zero, and this déay®e acts as a shextrcuit
element, leading to all of the current flowing through the concrete resistance and the
shortcircuit caused by theadiblelayer capacitance. At the very low frequency range,
the impedance caused by the dodblger capacitance tends to reach very high values,
leading to all of the current flowing through the concrete resistance and the polarization
resistance. Therefgrat the low frequency limit, their summation can be found directly.
This simple representation of the steehcrete system stems from the simple Randles
circuit which has been used frequently to obtain corrosion rates for theectestte
system. In tB connectionless technique, which uses the grobe setup, there is a
higher system complexity. If a current pulse or a step voltage is applied from one of the
two outer probes of a-gt probe device, this current has two primary flow paths. One
path isnormal to the metallic electrode, which causes the charging of the daybéie
capacitance or the polarization of the electrode (depending on the frequency of the
applied current) and another path that is parallel to the metallic electrode, in which the
current applied by one electrode is consumed by the other. The portion of current
flowing in each of these paths is highly
the concrete cover characteristics (cover depth and resistivity), the polarization

resigance value and the double layer capacitance. These are all interrelated factors that
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affect the current flow path and the obtained results. This system can be represented

schematically using the circuit model shown in Fig82

Fommmmmmmmmneoone VI femmmmmmm e ;
; Iy :
‘— Ra Q Re, Q Ret b
Al
7, Revar 10 as s s
— Ca [ Concrete

Figure2.28 - Circuit model used to represent the CEPRA technique

In this case, R represert the probes contaotsistance and all of the current is faced

by this resistance. This approach clearly identifies the two major cdlw@anpaths in

the concrete medium throughoRand Rz where the magnitude of current passing by
each of these resistors is dependent on (1) the magnitude of their resistance (2) the
impedance caused by the capacitance and subsequently the extent afgcbhtbis
capacitance (3) the magnitude of the polarization resistance (4) the concrete cover depth
and reinforcement diameter. If a narrow DC/AC current pulse or a DC/AC step voltage
is applied for a short period of time, the measured voltage respoadadser of time is

similar to that of chaging RC circuit, shown in Eq. 2.34ssuming that the electrolyte
capacitance is negligible (same assumption as that in all of the other monitoring
techniques).

®w 0 80 06Q (2.39

where Ve is the constant voltage applied through the external electeote$, is the

potential difference between the two inner electrodés. model shown in Figur2.28
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was solved in order to determine the variables A, B and D. It was found that these
variablesfollow functions shown in Eq. 2.35, 2.36 and 2.By measuring the voltage
respnse over time as shown in Eq. 2.24 B and D constants can be calculated by
fitting an exponential curve to the measured datese factors can then be used to
cdculate the circuit compants as shown in Egs. 2.35, 2.86d 2.37 This solution
approach is rather complicated compared to the Randles circuit used by all of the other
techniques, or that used by Andrade et al., (2010). However, such a circuit can be

solved, just like any other, using more complicated solution procedures.

A= f(Rc1,Re2, Re3, Rea) (2.39
B= g(Rc1,Re2, Re3, Res) (2.39
D= h(Rc1,Rc2, Re3, Rea, Car) (2.37)
The device used to implement this technius t he | CORE provi dec

Scientific. This deviceises a foupoint array similar to the conventional wenipeobe,

with an electrode spacing of 5 cm. The outer probes apply a narrow DC/AC step voltage
for ashort period of timg3 to 10 secondsgndsimultaneously read the voltage of the
systemwith a relatively high sampling rat&his typically leads to applied currents in

the range of 0.5 to 2 mA (this current is not the polarizing current since a large portion
of the applied current flows expitly between thewo probes, as demonstrated in
chapters Il and IY. The obtained transient is then fitted to Eq. 3.7 to yield the constants

A, B and D, which can be used to calculate the system components shown in Figure 3.2.

2.3 Corrosion-Resistant Reinforcements

One of the most effective ways of preventing corrosion of reinforcing steehirete

is the use of corrosieresistant reinforcement. Plain carbon steel is the most widely
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used reinforcement so far around the world, due to its cheap cost, wmgared to
corrosionresistant reinforcements. Whenever long service lives are required in harsh
environments, such as marine environments, an assessment should te corsder

the ircreased cost of using corrosioesistant steel and the increasedviser life that
canresult. Corrosiosresistantreinforcement also serves to decrease the cost in different
ways, by increasing service life, decreasing required cover depths, avoiding fisage o

corrosion inhibitors, or higjperformance concrete.

2.3.1 Role ofAlloying Elements

The passive layer formed on chromuattoyed reinforcements is a dense chromium
oxy-hydroxide based film, which is more resistant to chlorides tihe layer produced

by carbonrsteel. Work by Addari et al., (2008) showed that the compasif the
passive film formed on stainless steel changes owey, tasthe surface filntransforms

from an iron oxideich film into passive films progressively enriched in chromium
oxyhydroxide and depleted in iron oxide. The authors showed that affieys3 of
immersion in a simulated concrete pore solution, a chromium oxide content of between
45% and 60% for steels with 18.1% and 21.8% chromium, respectively, was found. It
has also been shown that the incorporation of chromium does not only decreese the
oxides content in the passive film, but also increase its thickness, with this enhancement
being directly proportional to the chromium content (Elsener et al., 2013
enrichment in chromium has been shown lya®wa et al(1978) to produceassie

films that have a higher resistancechdorideinduced corrosion; with the enhancement

being directly proportional tohromium content in the allay
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The use of molybdenum has also proven to increase the resistance of reinforcing steel to
pit formation.Some authors ascribed thasthe stability of the passive layer acting from

the portionwhere the passive layer interacts witke fhore solution, hile other authors

have also showm limited dissolution rate of iron and chromium in the presence of
molybdenumin the metal phase at the oxide/metal interface (SzkleBshkialowska,

1986; Hashimot@nd Asami1979; Abrelet al, 20094. Work by Claytm and Lu (1986)
proposed that molybdenuadditions to stainless steels increase thesglactive nature

of the bipolar pa&sive film thereby preventing chloriden ingress and enhancing the
formation of an XCtOs.YCrOs barrier film. Molybdenum has also been shown to
ennoble the corrosion potential, encourage the repassivgaiocess and further
decreasehe pit popagation when molybdenum oxides form on the pit walls (Pardo e
al., 2008; Halada et al., 199@lesquita et al., 2013).

Nitrogen also increases steelds resistance
attributed this to nitrogen dissolving antbgucing NH, depressing oxidation inside a

pit (Osozawa and Okato, 1976). Others suggested that ammonia or ammonium ions
react with free chlorides to form combined chloride compounds that are less effective
oxidants (lves et al., 1991),hile others atthuted it to the formation of nitride at the
metakilm interface which brings down the dissolution rates for the individual elements
in the alloy and prevents attack by chlorides (Halada et al., 1996).

Nickel also has a great role in strengthening thaeipadayer ad inhibiting pit growth.
Nickel-containing stainless steels show a marked enrichment of nickel at the interface
pit propagation interface, by reducing the availability of weak iron ions in this interface

(Elseneret al, 2011). Addari et al.2008) also observed this marked enrichment of
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nickel at the intedce beneath the passive filmhere nickel contents at the fitalloy
interface were found to b85% for austeniticsteel and 25% for duplex steel. This
enrichment in nickelvas found to beftective in preventing pitting propagatigAddari

et al., 2008) Nickel has also been reported to decrdhsecorrosio propagation rate

and enhanceepassivation (Olsson and Landolt, 2003). The effect of nickel was also
studied by Abra et al. (2006) and it was found that the presence of nickel promotes the
formation of a thinner and more protective passive film. Nickel was also found to be
enriched in the passive film as nickel hydroxide in concentrations corresponding
approximately tdahe interface.

The addition of manganese, asstenite stabilizerincreases nitrogen and molybdenum
solubility in the melt and significantly retards the tendency for chromium nitride
precipitation. However, the negative effect of manganese on thegpitbrrosion
resistance of stainless stebls been widelyeported (Rondelli et al., 1995; Park and
Kwon, 2010; Elsener et al., 2011). Work by Elsener et al. (2011) showed that for the
manganes®earing stainless steel with 18% of manganese, the less nabiganese
preferentially dissolves and decreases both in the oxide film and at the film/bulk
interface. The authors demonstrated that due to the decrease of manganese, the interface
becomes enriched in iron. The authors also showed that the interfaagtbtre film of

the DIN 1.4456 stainless steel (18% manganese) becomes depleted in manganese in
contrast to the nickel enrichment in the conventional stainless steels (Elsener et al.,
2011). Other authors have also demonstrated that manganese sulgh&leriacwhich

may happen in cases where the pore solution is rich in sulphates, can adversely affect
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the properties of the passive film and substiptidecrease the resistance of steel
pitting corrosion surrounding these inclusions (Mesquitd.e2013; Pardo et al., 20Dn8

Even though stainless steels offer a corrosion resistance higher than carbon steel, the
different chemical compositions associated with different grades available in the market
also lead to the belief that different chloride eitrolds will be present for these
reinforcements. This is due to the substantial effect that the reinforcement composition
and alloy contents play in the passivation process and, subsequently, in corrosion
resistance performance. Therefore, there is aeptumeed to quantify the effect of
composition of different reinforcement grades on their corrosion performance.

An effort to quantify the role of alloying elements on the corrosion resistance of
stainless steels has yielded the Pitting Resist&oegvalent number (PRE formula;

shown in Eq. 2.3&nd 239. Equation2.38is often used for duplex and austenitic steels,
while Equation 239 is strictly used when comparing austenitic steels. This equation
takes into account the combined effect of theomium, molybdenum, and nitrogen in

the steel, in order to quantitatively rank the resistance of stainless steel types to pitting
formation. A general trend to more resistance against localized corrosion with higher
alloyed stainless steels (higher pittiresistance equivalent [PRE]) is well documented

in the literature (Nurnberger, 1996) for neutral and acidic solutions. However, a number
of authors have shown that that such rating system can provide misleading ranking in
cases of alkaline environmenssich as concrete, due to the substantial effect that nickel
and magnesium play, among other elements, on the corrosion resistance of stainless
steel in alkaline medigBautista et al., 20QMesquita etal., 2012) This will be further

investigated in thistudy.
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PREsn = (%Cr) + 3.3(%Mo) + 16(%N) (2.38

PREson = (%Cr) + 3.3(%Mo) + 30(%N) (2.39)

2.3.2 Stainless Steel

Stainless steel is generally defined as an-basel steel alloy with a minimum d2%

by weight of chromium (Hartt et. al., 2004). Ovke years, the developmeritstainless

steels has seen a rapid increase in the number of standardized grades .aVadeblis

a large number of stainless steels witirying compositions, which areeaditionally
categorized based on their structurecaim temperature. This results idizision based

on composition and properties into the following six groupartensitic, martensitic
austenitic, ferritic, ferriticaustenitic, austenitic, and precipitatidrardening steels
(Leffler, 2013).

This sectionwill focus on the austenitic and ferritaustenitic (duplex) group§hese

steels contain alloying elements that have specific effects on the steel properties. In
general, the effects of these alloying elements combine to produce an increased
resistanceto corrosion for stainless steels when compared to typical catbeh

(Leffler, 2013).

2.3.2.1 Austenitic Stainless Steels

Austenitic stainless steeld6 pr i mar y p hgansma phase irgehishtisean i t e (
facecentered cubic crystal). It typicallyhas alloys such as chromium, nickel,
molybdenum and nitrogen structured around the composition of iron. Three types of

austenistic stainless steels vin# studied in this researc304, 316 and XIvV28.
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Type 3@ typically has 180% chromium and3-10.5% Nické. 316 has 1618%
chromium and 1414% nickeland 2-3% Molybdenum The gradeof 316 to be used in

this research is 316LN. The éntailsthat it has a low carbon content, whileetN
entails that the steélas an enhanced nitrogen contefi¥1-28 is high manganesew
molybdenum, low nickel austenistic stainless steel. It heb4%4 manganese, 161®.5
chromium, 0.82.5 nickel.It is a nitrogen strengthenedinforcement. The addition of a
high manganese content increases the solubility of nitrogen, allowing fagharh
nitrogen content to be added. The lower nickel content associated with this
reinforcement serves in decreasing the cost. However, this hragbtanegative effect

on its corrosion resistancdue to the detrimental effect of manganese on pitting

resistancein contrast to that afickel, as discussed earlier.

2.3.2.2 Ferritic -Autenistic Steel

Ferriticcautenistic (Duplexsteel has &wvo-phase structuref ferrite and austenite. Their

strength propertis are typically higher than those of austenitic steels. This grade
accounts for less than 2% of wod 6 s st ai nl es sTheysaremdst pr odL
commonly used when a combination of high mechanical strength and high corrosion
resistances required.The ferritic-autenistic steel to besad in this project is 2202205

typicdly has 2123% chromium, 4.%.5% nickel, 2.83.5% molybdenum, 0-2%

nitrogen.

2.3.3 ASTM A1035 CS steel

Recently, the ASTM 1035 standarnds been published in order to standardize thefuse

chromiumalloyed steel that does not fall under the definition of stainless steels. These
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reinforcements are known for their high strengpimpared to corentional plaircarbon

steel. In this project, ASTM A1035 CS, high chromium steel, will be uBed.A1035
reinforcement used was provided by MMFX Technologies cdips is avirtually
carbidefree reinforcementless than 1% carbon content), that has a chromium content
of 8-10.9% with manganese content of 1.5%. The microstructure of this reinfortemen
consists of untransformed sheets of austenite between laydisiafated martensite
(Kahl, 2007) These reinforcements hagecost that is much lower thatainless steel

and is claimedo have a close resistance to corrosion to that of stainlessastdahree

to five times higher than that of plagarbon stee(Pillai and Trejo, 2005; Darwin et al.,
2009) It is thereforesaid to have a much lower lifane cost when compared to other
types of reinforcements.

These reinforcements have shown a aigtesistance to corrosion, compared to carbon
steel; due to the incorporation of chromium, which has a -esé#blished,
advantageous, effect on the passive film properties (Darwin et al., 2002; Darwin et al.,
2009; Scott and Thoas, 2013; Pillai and Trej 2005 Mohamed et al., 2013). The
extent of this enhancement, compared to that provided by stagtéedds currently not

well established. The range of threshold enhancement has shown a scatter, with authors
reporting an enhancement ranging from ag & 2 to as high as 5 times that of carbon
steel (Mohamed et al., 2013; Gong et al., 2004; Scott and Thomas, 2013; Darwin et al.,
2009). On the other hand, a study by Pillai and Trejo (2005) has shown that these
reinforcements have approximately the sameride threshold as that for stainleseel

grade 304 (4.6 Kg/ffor chromiumalloyed steel and 5.0 Kgffior grade 304) with a

threshold of 9.6 times that of carbeteel. Indeed, if such reinforcements can be in the
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same range of stainless steel thodds, this would overcome the main drawback of
using alloyeereinforcements (cost) and would lead to substantial savings in overall life
cycle cost; due to the substantially higher corrosion resistance and the lower cost

compared to stainless steel.

2.4 Supplementary Cementing Materials

Supplementary cementing materials (SCMs) are materials that can, when used in
conjunction with cement, contribute to the hydration and properties of the concrete. This
contribution can béwydraulic, in which the SCMeacs with water to form hydration
products (such as calciusilicate hydrate) or pozzolania which the SCM reacts, in

the presence of moisture, witlhalcium hydroxide, which is released from the layrim

of portland cement to form compounds having cemientst properties (calciursilicate
hydrate and to a lesser extent calcialmminate hydrate)SCMs that are commonly
used in concrete include fly ash, ground granulated blast furnace slag, silica fume and
natural pozzolans (such as volcanic ash or calcateg). In this research projectly

ash, slg and silica fume will be used (seleapter V.

Fly ash is a finehdivided esidue that results as a-pyoduct ofburning coal in electric
power generation plants. It is an amorphous alursihcate materialwith varying
amounts of calcium, iron and alkali metafss the coal is ignited in the power plant,
most of the carbon and other materied &urnt off. The impurities present in the coal
such as clay, feldspar, quartz, and shale are fused together aed lbgrexhaust gases.

The fused particlesool into spherical glassy particles and are collected from the flue
gases by electrostatic precipitatar bag filters(Thomas, 2013)Its chemical and

mineralogical composition is highly dependent on the coitiposof the coal and
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partially on the burning conditions within the power plant. Low calcium fly ashes (< 8%
Ca or SiQ + Al,03 + FeOs O 7))@ typically produced from bituminous coal. High
calcium fly ashes are produced from either lignite or sublitans coalClass F is the
type that wasised in this project. It isomposegredominantly of aluminokcate glass

(60 to 90%)and partially from crystalline quartz, hatite, mullite and magnetit€lass

F fly ash is a pozzolanic material with little to no hydraulic propertiessgteerical
particle ske can vary widelyrom less tharl um to more than 100m, with the median
size being generally between 5 to 20.Jts specificsurfacearea genally lies between

300 to 500 ri’kg (Thomas, 2013).

Silica fume is a byroduct of producing silicon metals or ferrosilicon alloys using
electricatarc furnaces.The heating of higkpurity silica (e.g. quartz) and carbon at
temperatures up around 18C0reduces most of the Sito silicon metal, which is
tapped from the furnace. The remaining silica is partially reduced to SiO which is
carried away with carbon monoxide (CO) by the exhaust gases. As these gases are
carried away from the furnace, tB& oxidizes again to its original sta{8iO, vapors.

As the temperature drops, the silica condetsemall droplets of silica glagSiddique

and Khan, 201)1 By-productsof the production of silicon met@§ 98% Si) have 87 to
98% SiQ content,while those poduced fromferrosilicon alloys having 75%Si or
more contain 8491% noncrystalline silica. The byproduct of theproduction of
ferrosilicon alloy having 50% silicohas dower silica contenbf 74 to 84%(Thomas,
2013) Therefore, Si@content of tle silica fume is related to thgpe of alloy being
produced It is generally composed da#xtremely fine spherical particles having an

average diameter of 0.1 to 0.2 Happroximately 100 times smaller than the particle
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size of Portland cement or other SEMDue to the very high silica content in silica
fume and its extremely fine particle€ompared to otheBCMs, it isa very highly
reactive pozzolanic materialhe positive effect of silica fume is not limited to that of
the pozzolanic reaction. Due iis particle size and high surface area, silica fume also
tends to act as a pore filler which furtt
chloride penetratiofiThomas, 2013)

Ground granulated blast furnace slag is thepimduct glassy material fiored from
molten slag produced in blast furnaces as part of the production offitwimg iron
production, iron ore, a flurg stone and coke (used as fumle fed into the top of the
blast furnace. As these components move down the furnace they igditeearh
temperatures above 20@ At this temperature, the iron oxide is reduced to pig iron
which sinks to the bottom due to its high density; while the slag is formed from the
remaining ingredients including calcium and magnesium (from fluxing storve¢lhas
alumina and silica (from the iron or€lhomas, 2013)lt is produced when the molten
slag from the blast furnace is cooled rapidly from around B0y quenching with
water to form a glassy structu(8iddique and Khan, 2011)he rapid coolingorevents

the formation of largecrystals, and the resulting granular material poses some 95%
noncrystalline calciumaluminosilicates. The granulated slagfusther processed by
drying andthen ground to a very fine powd#rat is less than 45 pnits chemical
composition is fairly similar to that of Portland cement more thhardsCMs; although

it has a lower calcium and a higher silica and magnesium oxide céhit@mas, 2013)
The pozzolanic reaction tends to enhance the-teng strength proptes and reduce

the permeability of concrete due to the increase of the quantity of cementitious binder
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phase and the resulting refined porosity and incre&sgdosity A large number of
authors have demonstrated the decrease in permeability assodthatég ash additions
(Thomas, 1998 Ngala et al., 1995; Stanish et al., 2001; Naik etl&92; Thomas and
Matthews, 2004 Moffatt et al., 2017) silica fume additions (Hooton et al., 1997
Radeeduzzafar and ABahtani, 1993;Bleszynski et al., 2002Poon et al., 2006;
Titherington and Hootgn2004; Song et al., 20Q7and slagadditions(Geisler et al.,
1992;Thomas and Bamforth, 19980 et al., 2003Thomas et al., 2008furthermore,

it has been demonstrated that the cement paste can bind chltraeby reducing or
eliminating their mobility,both physically as well as chemically. Chemical binding
occurs between hydrated aluminate phases and free chlorides in the pore solution to
form Friedel 6s (depdanding anrthe cokcertami bf @doridesair the
pore solution) Physical binding is thadsorptionof chloridesto the hydration products
(primarly CSH) (Zibara, 2001) It has been demonstrated at the incorporation of
aluminarich SCMs such as fly ash and slagoes not only ted to decrease the
permeability of concrete to chlorides, but to also incréfasehemical chloride binding
capacity (Aryaet al., 1990; Tang and Nilsson, 1993; Dhir et al., 1%8ara, 2001;
Thomas et al., 2012)t is also believed that binders comiaig SCMs enhance the
formation of more CSHhereby offering larger surface areas available for adsorpfion
chlorides(Tang and Nilsson, 1993)he effect of SCMs on chloride bindjrcan be seen

by looking at Figure 2.29vhich showsresults for bindingsotherms for a wide range of
pastes incorporating SCMs compared to plain portland cement paste used as dtcontrol.
can be clearly seen that alumina rich SCMs (such as metakaolin, fly ash and slag)

increase the amount of bound chlorides substantiBlfig.extent of this enhancement is
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highly affected by the chemical composition of the SCM, particularly the alumina

content (Thomas et al., 2012).
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Figure2.29 - Chloride-binding isotherms for pastes incorporating a wide range of SCMs

(Zibara, 2001)

Although the aforementioned positive effects on time to corrosion initiation are well
established, a number of studies have reported lower chloride thresholds fateonc
incorporating sica fume (Petterson, 199Manera et al., 2008), fly ash (Thomas,
1996 Oh et al, 2003 Mazaraei et al., 201 PresuelMoreno and Moreno, 2017Tyrejo

and Tibbits, 2016 and slag RresuelMoreno and Moreno, 2017frejo andTibbits,

2016). This has been linked to the decrease in pore solution pH associated with SCM
additions and due to the marked effect that the pH has on the chloride threshold
concentration (Hausmann, 1967; Gouwdel Halaka1970; where the critical chloride
threshol has been established to be directly proportional to the hydroxyl ion

concentrationamong other influencing factorshe effect of SCM®n the pore solution
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of pastes have been reviewed by Thomas (iP86d Thomas and Bleszynsk2001).

These stud® stow that the incorporation @CMsgenerallyleads to a reduction in the
corcentration of alkalihydroxidesin the concrete pore solution, with the amount of
reduction increasing with high&CM replacement levelsThis is primarily due to the
pozzolanicreaction and due to their effect on the composition and alkali binding
capacity of the cement hydratggesumably due to higher binding capacity observed
for CSH with lower Ca/Si produced from the pozzolanic reactigrjomas and
Bleszynski, 2001)

Although there is someéheoreticalmerit to believing that SCMs would reduce the
chloride threshold concentration, due to decreases in pH, it should be noted that a
number of other factors can influence the chloride threshold. Such factors include the
steel poential, oxygen concentration at the surface of the steel, chloride binding
capacity, steetoncrete interface, surface condition of the steghperature, moisture
content and the threshold determination mettadpng other factorg¢Angst et al.,
2009) This is reflected in the literature, where some results find that other factors may
lead to changes in threshold (positively or negatively) that are more substantial than that
of the decrease in pH. For instan&ehiess| and Bre(1996)reported higher dbride
threshold values for concrete containfihgash and Alonso et al. (2002)id not find
significant differences irthreshdd when replacing cement with fly as8chiessl and

Breit (1996) alsdound higher thresholds for slag cememibile Oh et al.(2003)did not

find a significant effect.

In a recen study, Trejo and Tibbits (20)16ound, based on shetérm laboratory

testing, that systems containing 20% to 40% fly ash and 40% to 60% slag have an
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average chloride threshold that is 12% and 6%, otsgedy, of that of the chloride
threshold of systems without SCMBased on the chloride thresholds and diffusion
coefficients found by their stugdit was conclued that there is a higher probabilftyr

all of the fly ash and slag systems used in thidysto initiate corrosion before the plain
portland cement ancretes. This contradicthe results found by many others from
longer exposurgeriods (Petterson, 1993 homas, 1998 Oh et al., 2003Presuel
Moreno and Moreno, 2017); where it was typicétiynd that the decreases in diffusion
coefficients outweigh any drawbalkassociated with chloridehreshold decreases
caused by SCM incorporatioffhe substantial decreases in threshold may cause a
decrease in the efficacy of SCMs in increasing the time to corrosion initiation. This
raisesthe question as to whether the incorporation of SCMs actually increases the time
to corrosion initiation due tthe significant decrease in the diffusion coefficients or if
the threshold decrease, associated with these systems, may lead to decreasing the time of
corrosion onset. The same concerns were raised recently by ACI 222 (Corrosion of
Metals in Concrete) Comittee, and it was concluded that more legn testing is

required to ascertain the effect of SCMs on the corrosion initiation time.
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Chapter Il
Reliability of Electrochemical Techniques for the Nordestructive
Monitoring of Corrosion of Reinforcing Steel in Concrete. Part 1:
Experimental Results

Andrew Fahin, Pouria Ghods O. Burkan Isgdrand Michael D.A. Thomds

Department of Civil Engineering, University of New Brunswick, Fredericton, NB,
Canada

bGiatec Scientific, Ottawa, Ontario, Canada

“Civil and Construction Engineering Department, Oregon State University, Corvallis,
Oregon, USA

3.1 Abstract

This paper presents experimental results investigating the accuracy of several
electrochemical corrosiemonitoring techniques. The techniques included e gtudy

are: the potentiodynamic, galvanostatic and coulostatic ditgotnt techniques,
electrochemical impedance spectroscopy (EIS) technique as well as a novel technique
(the connectionless electrical pulse response analysis technique) that wasfslizces
employed to measure the corrosion rates of steel in concrete without the need for a
reinforcement connection. The experimental study included preparing reinforced
concrete specimens with a range of admixed chloride percentages, cover depths and
reinforcement diameters. The instantaneous corrosion rates were monitored using the
aforementioned techniques throughout a period of 8 months, after which the
reinforcements were extruded in order to determine, gravimetrically, the actual
corrosion rates. Rels revealed the inability fothe galvanostatic technique to

determining passive corrosion rates compared to other techniques. Both the
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galvanostatic and potentiodynamic techniques were able to accurately determine the
corrosion rates for actively corrodgjrreinforcements. However, correlations between
electrochemicallypredicted corrosion rates and actual corrosion rates was highly
dependent on the steabncrete system charactéiés. The coulostatic technique
generally showed an overestimation of acteerosion rates due to the Randles circuit

not capturing the experimentaibptained transient accurately. EIS was found to
provide accurate estimation of active and passive corrosion rates with a simplified
spectrumanalysis procedure. Finally, the contienless technique was found to provide
accurate estimatof corrosion rates fahe actively corroding reinforcements and for the
passive reinforcements in the case of dry conciétavever, an overestimation was

found for passive corrosion rates for tteese of saturated concrete.

3.2 Introduction

Corrosion of reinforcing steel is one of the most prominent causes of premature concrete
deterioation in North America andhanyparts of the world. In uncarbonated concrete,
the high pH pr ovi gbe dolutog prambtes the dormatiore af @ 6 s
pasive oxide layer that can, when preseimit the corrosion rate to insignificant
values. However, due to pkeducing reactions (e.g. the interaction between @@l

alkali hydroxides in the pore solution) analto the interaction of the passive film with
chloride ions, the passive film can breakdown and corrosion can initiate. After corrosion
initiation, an accurate assessment of the corrosion rate is of a substantial importance in
order to reach decisions m@aging the future ability of a structure to be safe and
serviceable. Using this information, an informed decision can be made as to the type,

cost and urgency of possible repair measures.
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In recent decades, several ragstructive electrochemical techneguwere developed in

order to monitor the corrosion rate of steel embedded in concrete. Such techniques rely
on electrochemical potentiakcitation response monitoring in order to determine the
polarization resistance of metallic electrodes (the steaforeement in the case of
reinforced concrete). The polarization resistance theory was coined by Stern and Geary
(1957) and has been used widely, since then, in order to monitor instantaneous corrosion
rates. These technigues are based on the assummiotinéhe is a linear relationship

bet ween a small pol arization (@pE < 20 mV)
(openc i r cui t potential) and the <correspondi
polarization resistance gRis calculated as thatio between the shift in potential, from
opencircuit potential, to the current required to induce such a potential shift. Qnse R
determined, the corrosion ratieof), in PA/cn?, can be calculated using the Stern and

Geary equation shown in Eg.1 (Stern and Geary, 1957)
Q — (3.2)

where b is the tafel constant (in mV), A
cn?) and R is the ratio between the change in voltage to the change in current (in
ohms).

This theory hadeen applied to reinforced concrete by Andrade and Gonzalez (1978)

and has been used in a number of laboratory and field applications since then (Alonso et

al., 1988; Glass et al.,, 1997; Pechnul and Castro, 2002; Andrade et al., 2002,
Poursaee, 2007; &than and Bhattacharje, 2009; Scott, 2015). Although this technique

has been widely used, several uncertainties still éxesebyl i mi t i ng i1 ts fi el

coefficient of 26 mV is usually used for actively corroding cases and 52 mV for passive
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reinforeements, based on the recommendations provided by Andrade and Gonzalez
(1978). A more pragmatic approach is using
reinforcement, in terms of passivity or activity, is usually not known. However, a wide

range ofb coef fi cients has been found exper.i
demonstrated that the coefficient varies considerably due to many facterayyib

and Khan, 1988; Elsener 2005; Garces et al. 2005; Ghods et al.,, 2009; Angst and
Buchler, 2015). Anotheexperimental challenge that has been widely studied is the
determination of the ohmic resistance. The total resistance measured due to the
application of a polarizing current is not directly the polarization resistance but it
includes a contribution from he el ectr ol yteds resistance.
determined and subtracted from the measured resistance in order to yield the
polarization resistance.

The assumedpolarized area is also a large source of error. When a current is applied
through tke concrete domain, its propagation through the concrete cover to polarize steel

will depend on many factors, including the concrete resistivity and cover depth (Kranc

and Sagues, 1993; Wojtas, 2004), availability of anodes and their distance from the
couner electrode (Poursaee and Hansson, 2008; Nygaard et al.,, 2009; Angst and
Buchler, 2015) and the magnitude of the applied current (Flis et al., 1993) among other
things. Another factor is the waiting time or the sweep rate. Since these measurements
rely onthe potential shift due to the application of a polarizing current, the capacitive
forces available on the steel surface (due to the availability of a double layer
capacitanceé i k e nature on the =electrodeds sur f

determinghe actual potential shift.His can be achieved by waiting a sufficient tifoe
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the double layer capacitance to charge to explicitly reach the potential shift due to the
Faradaic processes.

Finally, a large source of uncertainty, that is very raeglgnowledged, is that Stern and
Gearybs equation, and subsequently any <cor
assumption that a certain mixpdtential exists for an electrode that is subject to
uniform microcell corrosion. The anodic and cathaatieas are in this approach treated

as microcells located on adjacemifinitesimally close]ocations and exhibiting the so
called mixed potential. The equation does not put into consideration cases in which
galvanic corrosion exists. In cases of locadizcorrosion, corrosion macrocells are
formed between the anodic and cathodic areas with their different equilibrium
potentials, which results in a potential gradient and a macrocell ionic current flow.
Therefore, it can be assumed that the validity ofrSBeary equation is limited to very
specific corrosion cases (Ansgt and Buchler, 2015; Marchand et al., 2017). The
aforementioned reasons are hypothesized to be the main causes for different authors
finding different correlations between electrochemicedklyermined corrosiorates and

actual corrosion ratetetermined gravimetrically.

Different electrochemical corrosion monitoring techniques currently exist. The
techniques can be divided into Efased (e.g. galvanostatic, potentiostatizlgstatic)

and AC-based (e.g. electrochemical impedanceectroscopy) techniques. The
technigues can also be divided based on the mode of application, where some
technigues control the electrode potential, while others control the current or amount of
charge reaching éhelectrode. The next section summarizes the mode of application of

the techniques used in this studihis paper will present comparisons between the
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corrosion rates obtained through these techsigunel the actual corrosion ratetained
gravimetricallythrough the ASTM GO1 procedure. This will be followed dgecond
paper that investigatdhe mode of application of these techniques numerically, using

finite element modeling.

3.3 Corrosion-Monitoring Techniques

3.3.1 Galvanostatic Technique

In this technique, ammnodic current pulse is imposed on the reinforcement from a
counter electrode placed on the concrete surface. The applied current pulse is usually in
the range of 10 to 200eA. The resulting
reinforcement is reorded via a reference electrode mounted on top of the concrete cover
over the reinforcement under consideration. Using the recorded voltage change and the
known current appliedhe polarization resistance che calculated. In the galvanostatic
techniqueit is assumed that a simple Randles circuit describes the potential response of
the steelconcrete system as a function of time when a current pulse is applied. Using
this assumption, the potential responsg,ag a function of the polarisation timg, ¢an

be expressed by Eg§.2 (Elsener, 2005)
w0 O Y p Agp— Y (3.2)

where kppis the applied polarization currefiA), t is the time from application of
current (seconds) Cq is the double layer capacitan¢E/n?), R, is the polarization
resistancéohms)and R, is the Ohmic resistangehms) The equation clearly indicates
that two distinct potential transients will occur due to the application of a polarizing

current. The first is the instantaneous shift induced &y thel ectr ol yt ed s
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lapRY, (also known as the Hdrop) and another slower tirteansient during which the
doublelayer capacitance charges. Using the slow transient, the diaybBlecapacitance
and the polarization resistance can be obtaineds Thitypically done through a
linearization approach, in which E§.2 is transferred tdhe form shown in Eq. 3

(Elsener, 2005).
I 1o w6 1TToy — (3.3)
where \haxis the final voltage value obtained after a stesidye potential is reached.

Extrapolation of this straight line, obtained from plotting the-hefihd side of Eg3.3

versus time, to t = 0, using least square linear regression analysis, yields amptinterce

corresponding to In {}pRp) with a slope cf——. The remaining over potential is equal

t0 lapp Rq.-

Due to the uncertainty about the polarized area during the application of a galvanostatic
pulse, the guarding confinement technique was devsdd. In this technique, an
auxiliary electrode (also known as the gudrd) electrode) surrounds the counter
electrode and applies a higher current in an attempt to confine the polarizing current to
an area under the counter electrode. It is postulatedthie current applied from the
guard ring tends to repel the lines of current from the central counter electrode,
confining them to an area located approximately under the counter eledtnedizvice

used to represent this technigomakes use of an AgHCl reference electrode arad
counter electrode and a guard ring with outer/inner diameters of 60/30 and 100/80 mm,
respectively. An applied current of 25 pA was used in this study for the passive cases
and 100 pA for the active cases. The guard ring atm@s controlled, automatically by

the device used, through measuring the initial potential difference between each of the
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counter electrode and the guaidg electrode versus the reinforcement and estimating

the amount of current required to maintairs tinitial potential difference.

3.3.2 Potentiodynamic Technique

I n this method, the electrodeds equilibri:u
a potential difference between the electrode and the counter electrode that is mounted on

the surface of # concrete. The potential is swept frei® to +10 mV, relative to the
opencircuit potential, in order to ensure the assumed linearity between polarizing
currents and the potential response. The amount of current flowing from the counter
electrode to suain this potential difference is then monitored. The known potential
perturbation divided by the change in current gives the polarization resistance. However,

the measured resistance includes the effect of the electrolytic resistance. This makes the

final polarization resistance obtained through the form shown i3 &q.

Y

k<<| K

Y (34)

where oV/ opl is the sl ope of the potenti a
polarization, R is the ohmic resistance andiRthe polarization res@hce.

In this study, a Gamry potentiostat reference '80@as used for all potentiodynamic
measurements. A 12 cm long, 6 cm wide, 0.5 cm high staisteskplate was used as a

counter electrode. The potential was swept fra@hmV to +10 mV with respedb the

opencircuit potential with a potential sweep rate of 0.167 mV/sec. The potential was
recorded through a Ag/AgCI electrode that was fixed in the middle of the counter
electrode. The ohmic resistanceyfRwas obtained from EIS through finding the
impedance coinciding with the minimum phase angle. Although no confinement

technique was used in this measurement, it was assumed that the area under the counter
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electrode is the polarized area; since the controlled potential shift, associated with this
technque, typically led to very low magnitudes of applied current compared to those

used in the galvanostatic technique.

3.3.3 Coulostatic Technique

The coulostatic technique involves the application of a known amount of charge, and the
observation of the potential discharge following the charge application. The potential
transient obtained after the application of a quantity of charge to a systamstrables

the Randles circuit follows that shown in Bp (Hassanein et al., 1998).

_ _Ags (3.5)

w h e rigthedootential shift at any timémV), o iglthe initial potential shiffmV) and

[ is the coulostatic time constatid,= CaRp, (seconds)The theoretical transient may be
fitted to the measam ¢tahindmze the squaredadidf¢ranses i n g
between the predicted and measured data. This step, however, does not result in the
determination of the doubliayer capacitance or the polarization resistance explicitly,
but their multd.plication product (U

When an amount of charge is applied to t|
become instantaneously charged. In this case, the potential shiftrettastime zero
corresponds to the potential shift caused by the charging of the capacitor. Therefore, the
doublelayer capacitance can be directly found from &, using the initial potential

s h i d, which iglobtained from curve fitting as showrgg. 3.5; if its assumed that the
electrolyte capacitance is negligible. Finding this capacitance then allows the
determination of the polarization resistance through the time constant obtained from Eq.
35 (R= JCh)
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5 — (3.6)

where qis the applied quantity of char@geC).

A marked difference between the coulostatic transient and the galvanostatic one is that
the transient response equation for the coulostatic technique does not include an ohmic
resistance term. This is due the transient being an opeincuit discharge which is not
expected to be influenced by any ohmic contribution. This is since the Randles circuit,
which is assumed to model the steehcrete system, assumes that no capacitive effects
are imposed by thelectrolyte, and therefore assumes that the electrolyte cannot be
charged by the application of such a quantity of charge.

To implement this technique, a circular stainlsteel electrode of 6 cm in diameter was
used with an Ag/AgCI electrode at the cendé the counter electrode. A current of 4

mA was applied for a duration of 50 ms resulting in a total applied charge of 200 mC.
The polarized area was assumed to be the full specimen due to the device applying a
current with a relatively high magnitude caue to not using a current confinement

technique

3.3.4 Electrochemical Impedance Spectroscopy (EIS)

EIS relies on analyzing the dependence of electric circuit components on the frequency
of an applied AC current. EIS has gained popularity in recent yeardhidoude in
reinforced concrete, since analyzing the system response provides very valuable
information about the corrosion rate, doulager capacitance, interface structure and
electrolytic resistance. The technique has not gained the same popularftgldor
applications since the measurement is very time consuming in the low frequency ranges

(less than 0.1 Hz).
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When a DC current is applied through a circuit, such as the Randles circuit, only
resistors will resist the flowing current after the capasitare fully charged. On the

other hand, when an AC current is applied, the resultant potential will differ in time and
have a phase shift that depends on the frequency of the applied current and the
magnitude of the capacitance. This phase shift happensduo t he capacitor
store electrical energy temporarily in an electric field, causing altméetween the
applied current and the potential response. This causes what is known as an imaginary
impedance, which is the impedance caused bydghpa ci t or 6s abil ity tc
current. The impedance response of a capacitor is inversely proportional to the
frequency of the applied polarizing current. Knowing this, the change in real impedance
(caused by resistors) and imaginary impedancaes@zh by capacitors) can be used to
determine the circuit components.

In EIS, a small AC potential shift is applied to the rebar and concrete system and the
response current is measured, respectively. The impedance (Z), which is the ratio of
change in poteral to the change in current, is measured at every frequency. As a result,

a spectrum of imaginary impedance, real impedance and phase shifts can be obtained as
a function of frequency. Two methods to represent results obtained from EIS are shown
in Figure 3.1. One method is to plot the imaginary versus real impedance. This plot is
named the Nyquist plot. Another method is plotting the impedance modulus (the square
root of the summation of squares of imaginary and real impedance) versus the
frequency. Thisplot is named the Bode plot. The polarization resistance of the
reinforcement, the electrolyte resistance and the double layer capacitance can be found

by curvefitting of the data to a hypothesized circuit equivalent. For instance, from the
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Nyquist plotshown in Fig.3.1, it can be seen that the imaginary impedance diminishes
twice and two arcs exist, which indicates the existence of two time constants. This
means that such a spectrum can be fitted using the response obtained from a circuit
consisting oftwo parallel combinations of resistors and capacitors that are connected in
series. However, obtaining such results is not always as simple as in the case shown in
Figure 3.1. For instance, the assumption that the spectrum can be fitted using pure
capacites does not always yield satisfactory results, and in many cases a constant phase
element (CPE) has been necessary in obtaining results (Feliu et al., 2004). Another issue
of complication is that the distinction between such arcs is not always as cébamas

in Fig.1, and it has been shown that such arcs can overlap depending on the magnitude
of the capacitance of both the electrolyte and the electrode surface (Martinez and
Andrade, 2011). Furthermore, even if a certain circuit is chosen to fit thenedbtai
transient, this circuit needs to have theoretical merit and represent physical and

electrochemical characteristics that can occur in the system under consideration.
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Figure3.1 - Nyquist plot (left) andBode plot (right) obtained from EIS testing
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It is interesting to note that a large number of circuit models have been suggested in the
literature and there seems to be little or no agreement on a circuit model that can capture
every steetoncrete systenfJohn et al., 1981; Feliu et al., 1989; Ford et &095;
Christensen et al., 199DhouibiHachani et al., 1996; Martinez and Andrade, 2011).
Therefore, it has been frequently noted that such a measurement is not only time
consuming from an experimenfadint of view, but also from an analysis aspect; since it

can take a substantial amount of time to fit a large number of circuits to the obtained
transient in order to determine the bfistircuit. On the other hand, the Randles circuit

has been used the uttermost number of DC techniques and has shown good results. A

trial will be shown in this paper to obtain EIS results without the use of any circuit
models. This is done in an attempt to shorten the measurement and analysis time
considerably. If it $ assumed that the Randles circuit can model the-gigetete

system, with an acceptable degree of accuracy, and knowing that the impedance caused
by the <capacitor i's inversely proportiona
models will not be gsential in obtaining acceptable ohmic and polarization resistance.

At the very high frequencies, the impedance caused by the capacitor tends to reach very
small values. Therefore, the applied curre
andtherby t he fAshort circuito caused by the ¢
of the electrolyte capacitance as the total impedance. At the very low frequencies, the
impedance caused by the capacitor tends to reach infinity. Therefore, the current will

flow, fully, through the electrolyte and polarization resistandédwerefore, the high

frequency response will be useddstimate the ohmic resistanceyjRand the lower

frequency response will be used to determine the summation of concrete resistince an
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polarization resistance (RRy). The difference between these two measurements will

be used to find the polarization resistance of rebgr (R

Potentiostatic EIS was employed using a Gamry potentiostat referenté t6@@ugh

the same counter electrode used in the Potentiodynamic technique. The potential shifts
were in the range of £10 to £30 mV depending on the cover depth and concrete

resistivity. The frequency range used was from 100 kHz t 0.001 Hz.

3.3.5 Connectionless Eectrical Pulse Response Analysis (CEPRA) Technique

All of the previously detailed techniques require a direct electrical connection to be
made with the reinforcing steel network. This is typically done through inducing holes
in the concrete covathroughwhich a sound connection can be established with the
rebar network. This is required in order to measure the corrosion potential of the
reinforcement and in order to detect its change due to the application of a polarizing
current.

In recent years, a numbef studies have observed that the reinforcement network can
be polarized through the application of an external polarization such as that typical of
the case of using a foyoint Wenner probe in the vicinity of a reinforcement (Monteiro

et al., 1998; Zhng et al., 2001; Andrade and Martin@010; Keddam et al., 2009;
Andrade et al., 2011). The earliest work on this method applied for reinforcing steel in
concrete was reported by Monteiro et al., (1998), in which the authors demonstrated that
when an exgrimental setup similar to that of ap# probe is used and the applied
current from the two outer electrodes is swept from very high to low frequencies, the

frequency dependent characteristics of the interface are reflected in the complex ratio of
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voltageto-current measured with a featectrode array positioned above the reinforcing
bar. In this case, the voltage is the potential difference between the two inner electrodes.
Zhang et al. (2001) measured the frequency dependent resistivity modulus for non
corroding and corroding reinforcements at different corrosion rates. Their results
showed that the ratio of voltage-current measured with a foeetectrode array
positioned above the reinforcing bar at different frequencies can be related to the
corroson state of the reinforcement similar to the classical electrochemical impedance
spectroscopy technique. The same authors pullisesults in (Zhang et al., 2002
Zhang et al., 2004), in which it was shown that the measured impedance does not
directly refect the actual embedded impedance. The results were found to be directly
affected by the relative direction between the electrode array and the reinforcing bar, the
electrode distance, the concrete cover depth and the concrete resistivity.

Andrade and Mdinez (2010) evaluated théeasibility of the technique and obtained
corrosion rates through a rather different method which requires two measurements
using the fowpoint probe. In one measurement, the concrete resistivity is measured (a
classic fourpoint probe measurement) away from the reinforcement, while in the
second measur ement, the reinforcementos
measured through finding the electrolyte + metal resistance to polarization. The authors
suggested a modelahcan be used with the measurement of the electrolyte resistance
and electrolyte + metal resistance to obtain the polarization resistance. This is
implementedoy consideringhat the current path will have two components, one being
the electrolyte flow pia and another being the electrgatdarizing path when the four

point probe is positioned over the reinforcement. The authors, therefore, used the
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measurements in the unreinforced section in order to determine the electrolyte resistance
and determine itsomponent to the resistance measured by thegoint probe over the
reinforcement. This method, however, did nohsiderthat the current flow in the case

of unreinforced concrete area is substantially different than that in the vicinity of the
reinforeement and the electrolyte resistance component will be different in the two cases
as noted by Keddam et al. (2009). Subsequently, the authors concluded that the
technique is not applicable when thei&much lower than thegand when the steel is
passive unless the resistivity is high. This is, primarily, since the electrolyte resistance
(which is wrongly assumed to be the same in case of reinforced and unreinforced cases)
provides more contribution to the error in the calculation as the resistance of th
electrolyte decreases or as the polarization resistance increases; since more current tends
to flow in this path in these cases.

The applicability of the technique was evaluated numerically and experimentally in
(Keddam et al.,, 2009; Keddam et al., 2Diking experimental and numerically
simulated measurements on a fpoint probe setup. This enabled a description of the
contribution of the concrete characteristics (resistivity and cover depth) and of the
interface characteristics (doudkyer capacdnce and polarization resistance) on the
data collected through such a setup. The authors concluded that the results cannot be
represented by a simple parallel series connection of components representing the bar
surface and the concrete medium. Their expental results showed that a quantitative

data interpretation can be attained if the resistivity of the electrolyte and the thickness of
the concrete cover are known. The authors produced an abacus that uses the resistivity

of the concrete along with threeasured low and high frequency responses to determine
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the polarization resistance and found a good correlation between this determined
polarization resistance and that determined through classical methods (EIS in this case).
Although the aforementioneduslies clearly indicate the applicability of this method,
the experimental and analytical procedure used in this study are diffieeent. As

noted in section .34, the dependence of the impedance caused by the capacitance on
the appliederauy rean 6efueegd to deter mine
characteristics. At the very high frequency range, the impedance caused by the double
layer capacitance tends to reach zero, and this déayse acts as a shecircuiting
element, leading to abf the current flowing through the concrete resistance and the
shortcircuit caused by the doublayer capacitance. At the very low frequency range,
the impedance caused by the dodblger capacitance tends to reach very high values,
leading to all ofhe current flowing through the concrete resistance and the polarization
resistance. Therefore, at the low frequency limit, their summation can be found directly.
This simple representation of the steehcrete system stems from the simple Randles
circuit which has been used frequently to obtain corrosion rates for thecetexkte
system. In the connectionless technique, which uses -fitepdobe setup, there is a
higher system complexity. If a current pulse or a step voltage is applied from one of the
two outer probes of a foyooint probe device, this current has two primary flow paths.
One path is normal to the metallic electrode, which causes the charging of the double
layer capacitance or the polarization of the electrode (depending on the freqtigrey
applied current) and another path that is parallel to the metallic electrode, in which the
current applied by one electrode is consumed by the other. The portion of current

fl owing in each of these paths freguenbyi ghl vy
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the concrete cover characteristics (cover depth and resistivity), the polarization
resistance value and the double layer capacitance. These are all interrelated factors that
affect the current flow path and the obtained results. This systerbecagpresented

schematically using the circuit model shown in Bg.
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Figure3.2 - Circuit model used to represent the CEPRA technique

In this case, R represents the probes contact resistance and all of the current is faced by
this resistance. This approach clearly identifies the two major current flow paths in the
concrete medium throughcRand Rs where the magnitude of current passing by each

of these resistors is dependent on (1) the magnitude of their resistance (2) the impedance
caused by the capacitance and subsequently the extent of charging of this capacitance
(3) the magnitude of the polarization resistance (4) the concrete cover depth and
reinforcement diameter. If a narrow DC/AC current pulse or a DC/AC step voltage is
applied for a short period of time, the measured voltage response as a factor of time is
similar to that of charging RC circuit, shown in E3j7, assuming that the electrolyte
capacitance is negligible (same assumption as that in all of the other monitoring
techniques).

® 6 ®»8d B8Q (3.7)
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where & is the constant voltage applied through the external electrodes;aisdthé

potential difference betgen the two inner electrodes. The model shown in Fig. 2 was
solved in order to determine the variables A, B and D. It was found that these variables
follow functions shown in Eg3.8, 3.9 and3.10. By measuring the voltage response

over time as shown in E®.7, A, B and D constants can be calculated by fitting an
exponential curve to the measured data. These factors can then be used to calculate the
circuit components shown in Fig 2. This solution approach is rather complicated
compared to the Randles aiit used by all of the other techniques, that used by
Andrade and Martine£2010). However, such a circuit can be solved, just like any

other, using more complicated solution procedures.

A= f(Re,Re2, Res, Rea) (3.8)
B= g(Re1,Re2, Res, Res) (3.9)
D= h(Rec1,Re2, Res, Res, Car) (3.10)

The device used to implement this techniaises a foupoint array similarto the
conventional wenneprobe with an electrode spacing of 5 cithe outer probes appéy
narrow DC/AC step voltage for ashort period of time(3 to 10 secondskhnd
simultaneously read the voltage of the systemith a relatively high sampling rate.

This typically leads to applied currents in the range of 0.5 to 2 mA (this current is not
the polarizing current since a largmrtion of the applied current flows explicitly
between the two probes, as demonstrated |afbg.obtained transient is then fitted to

Eqg. 3.7 to yield the constants A, B and D, which can be used to calculate the system

components shown in Figure 3.2.
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3.4 Experimental Study

A total of 16 reinforced concrete blocks were cast for this portion of the study. The
blocks, presented in Fi§.3, were each 300 mm (L) x 300 mm (W) x 100 mm (H) and
reinforced with two black steel reinforcements at the same cover dépthconcrete

mix design used is shown in Tal8d. This mixture was selected to obtain a relatively
high corrosion activity on the reinforcements in a short time due to the higher
permeability and lower electrical resistivity of this concrete. Four dssaf admixed
chlorides were used in this test to provide a wide range of corrosion activity and
concrete resistivity. The admixed chloride dosages were 0%, 1.5%, 3% and 6% by
weight of cement. For each of the admixed chloride percentage, four blocksagére
with the mix design shown in Tab&1. Three of these blocks had rebars at different
cover depths (each block had two reinforcements at eithenm2, 40 mm, or D mm

cover depth) in which 10M rebar was used (nominal diameter = 11.3 mm). For the
fourth block, 20M rebar (nominal dianee = 19.5 mm) was used with 40 mmtover

depth in order to study the effect of reinforcement area on the results.
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Figure3.3 - Schematics of the test blocks
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Table3.1 - Mix design used for the laboratory test blocks

Constituent Amount (/n¥)
GU Cement 265 kg
Coarse Aggregate (<19 mn 1055 kg
Fine Aggregate 940 kg
Water 165 kg

All of the reinforcements were tappadd drilled to accept a stainlesteel screw (type

316) at their ends in order to allow for a connection between the reinforcement and the
corrosiormonitoring devices. The end 3 cm of the reinforcements, including the
intersection of the reinforcement caithe stainlessteel screw, were epoxypated in

order to prevent galvanic corrosion between the rebar and the staitdesscrew as

well as atmospheric corrosion and contamination from the exposure to the atmosphere at
the part of the reinforcementatruding from the concrete. The reinforcements were
then thoroughly sand blasted to remove any prior corrosigordjucts or mill scale.

All of the reinforcemats were weighed and the magss recorded to the nearest 0.01 g.
Four moulds were prepared allmg for the 3 blocks with different cover depths and the
block with 20M reinforcement to be cast at once with the same concrete mixture. Four
concrete mixtureswith proportioningshown in Table3.1, wereproducedwith each

level of admixed chlorides (0%]1.5%, 3% and 6%). The concrete was cast in
accordance with ASTM C192. Casting was done in two layers, with each layer tamped
for 30 times. The surface was finished using a steel trowel, and specimens were covered

with wet burlap and wrapped in plastic f84 hours. Specimens were then removed
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from the formwork after 1 day, after which the specimens were placed into a sealed
container, as shown in FiguB4, with an approximately®mm deep layer of water to

ensure the availability of the required moistarel oxygen for corrosion propagation.

Water Container

3

‘Supports

Figure3.4 - Schematic of the reinforced slabs' exposure condition
Corrosion rate measurements were conducted weaklall of the slabs using the
aforementioned tecloues. Only two electrochemical impedance spectroscopy
measurement were done after 3 to 4 months of the exposure, when it was found that the
corrosion rates stabilized. After 7 months, the specimens were removed from the
containers and left to dry for a mith during which measurements were conducted
weekly in order to analyze the effect of the increased resistivity on the results.
At the end of the exposure period (a total of 8 months), reinforcements were extruded by
inducing a longitudinal crack alongelreinforcement using a jackhammer. Both sides
of the extruded reinforcements were photographed to show the extent of corrosion and
to allow for calculating corrodetb-total area ratio as shown later. The mass loss of the
reinforcements was found accordirto the ASTM G1 procedure C.3.5. In this
procedure, the reinforcement specimens were immersed in a solution composed of 500
mL hydrochloric acid, 3.5 g hexamethylene tetramine and enough distilled water to
make 1000 mL of solution. The reinforcements wiermersed for cycles of 3 minutes

and weighed after each cycle. The mass loss was graphed, during the procedure, and
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plotted as a function of the immersion cycles. The test was concluded when the slope of
the mass loss versus cycles plot was observeddeake indicating the solutiomas
attacking the substrateetallic reinforcementrather than the corrosion produdthe
average corrosion rate was calculated from the obtained mass loss results according to
Faradayods | aw.

The photographs of the rebspecimens were analyzed using imageJ software in order
to determine the corroded area to total area ratio. This was done in an attempt to yield
empirical observations on the role of the percent of corroded area on the accuracy of
these techniquess shownrlater. This procedure was done by manual color threshold
adjustment on photographs of the rebar specimens in order to differentiate between three
primary features: (1) the corroded spots (with their reddiskvn or black color) (2) the
mortar adhering tthe rebar surface and (3) the raorroded steel surface. This allowed

a calculation of the area covered by corrosiofpimducts as a percentage of the total
reinforcement (termed corroded/total area in this paper). This was done in three steps:
(1) the area of the reinforcement, as a percentage of the whole photograph, was
determined (2) the area of corrosionfipducts, as a percentage of the full photograph,
was determined (3) the mortar area covering the corrosigmdmjucts was determined.
Figure 3.5 shows an example of the determination of area of corrosigordmucts

(shown in black) as a percentage of the full picture.

Figure3.5 - Determinatiorof corrosionby-products area by manual color tsinelding
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3.5 Results and Discussion

3.5.1 Galvanostatic Technique

Figure3.6 presents the average corrosion rate determined by the galvanostatic technique
plotted versus the actual corrosion rate obtained by determining the mass loss. The
average electrochemicalfyredicted corrosion rate was obtained by integrating the
corrosion rates obtained by the technique throughout the monitoring period (8 months)
divided by the total period of exposure. The actual corrosion rate was obtained using
ASTM G1 procedure with usinthe whole reinforcement area in the calculatidnte

that the actual corrosion rate for 20M diameter specimens and 20 mm cover depth
specimens with no admixed chlorides were zero, but were inputted in Figure 3.6 as 0.01
HA/cm? (an insignificant value) due to the use of the logarithmic scale. The corrosion
rates for the other specimens with no admixed chlorides were higher (0.1 3Alloen

to the observation of some limited superfi@galrosion products that may have occurred

beforepassivatiordevelopmentThis is similar to observations by Luping (2002).
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Figure3.6 - Results obtained from the galvanostatic technique comparhe actual

corrosion ratas a factoof admixed chloride percentage (ledidd as a factor of cover

depth and reinforcement diame(gght)

The results clearly show an evident overestimation of corrosion rates for the passive
case The technique showed corrosion rates that were in the rarigeAgeém? for all of
the specimens with no admixed chloridesich is much higher than the range typically
accepted for passive corrosion rates (lower thare®/8m? [Andrade and Gonzalez,
1978]). This overestimation is reported elsewhere from laboratsylts, field results
and modeling results (Flis et al., 1993; Luping, 2002; Gepraegs and Hansson, 2005;
Poursaee, 2007; Nygaard et al., 2009; Martinez et al., 2010; Mitzithra, 2013). The first
reason for this is believed to be the failure of currentinenient in the passive cases.
The device using this technique assumes that confinement happens in cases of passive

and active corrosion states similarly. However, it has been shown that this assumption is

almost never followed (Flis et al., 1993; Nygaatchl., 2009 2008; Mitzithra, 2013);
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which has been typically attributed to the high resistance to polarization exhibited by the
passive reinforcements.

Any current that is applied from a counter electrode in such a setup will be consumed in
the polarizab n o f the reinforcement, i f the el e
considered negligible. Therefore, the exchange current density and the anodic tafel
slopes are the factors governing the amount of current that can be received by the
reinforcementThis isillustrated schematically in Figu®7, in which a schematic Tafel

plot is plotted for a typical electrode under passivation control. In these cases, the
exchange current density is very low and the anodic tafel slope tends to reach very high
values (experimentally determined for the specimens used in this study to be higher than
3000 mV) due to passivation control. In such cases, the electrode has a very limited
ability to consume anodic currents due to the low exchange current density. Ttss force
the current to propagate, laterally, to areas away from the counter electrode to be
drained. In such cases, the current from the counter or the guard ring behave similarly
and both currents will laterally propagate to areas far from the counter leadang t
substantial deviation from the assumed confinement. If the full area of the reinforcement
is used in calculating the passive reinforcement area (assuming that the device polarizes
the full reinforcement), the passive results will fall in the range .8f s\/cm?.
Furthermore, since confinement does not happen, it can be hypothesized that the current
applied by the guard ring will contribute in polarizing the reinforcement, similar to the
counter electrode, making both electrodes act as one larger @édeclilis causes extra
applied current that is unaccounted for in the corrosion rate calculation (Gepraegs and

Hansson, 2005)
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Figure3.7 - Typical ButlerVolmer kinetics representation for passive reinforeeta
Another reason for the overestimation of passive reinforcement rates is the short
measurement duration. Figuse shows a schematic of the response obtained after the
application of a galvanostatic pulse for active and passive reinforcement. T fig
puts intoperspectivahe higher time constant associated with the passive reinforcement
and the higher potential shift (both due to the higher polarization resistance). In the
passive state, the time required to reach gsigsidystate after a polaration is much
higher than that for active state (Martinez et al., 2010). The measurement time for the
device that was used in this study is lower than this required time (5 to 10 seconds),
which | eads to @V values t hanedafter &qudsiower
steadystate is reached. This leads to an underestimatiop whigRh further contributes
to the overestimation aforr. Further numerical proof of the issue of the time required to
reach steadgtate conditions for passive reanéements will be presented in part 2 of

this paper
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Figure3.8 - Schematic of the timdependent response of a gige and active
reinforcement
The predicted corrosion rates for the series with admixed chlorides (actively corroding
specimens) seemed to agree well with actual corrosion rates, with the ratio between the
predicted and actual corrosion rates being inrdrege of 0.5 to 2 for most of the
specimens; which is the typically accepted range in the literature (Andrade and
Gonzalez, 1978). However, there seems to be no certain correlation between the
predicted and actual corrosion rates. For instance, it can bserved that an
overestimation of corrosion rates was found in the 6% series compared to the 1.5%
series. A review of the literature and the finite element modeling performed by the
authors (presented part 2 of this papgrevealed that several fact@#ect the flow of
the polarizing current, which leads to affecting the polarized area and subsequently the
accuracy of the techniques (Wojtas, 2004; Nygaarel, 2009). Such factors include
the systembs resistivity, al @areae natio. dMhgré h  an

decreases in systembs resistivity, i ncr eas
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encourage the lateral flow of current to polarize areas away from the counter electrode;
which causes an overestimation of the current flowirdguthe counter electrode.

An empirical relationship was developed based on the modeling results and is shown in
Fig. 3.9 to demonstrate the effect of the aforementioned factors on the ratio of predicted
to actual corrosion rates obtained from this studiiere the abscissa includes the
admixed chloride percentage, cover depth, corroded/total area ratio (obtained from
image analysis) and the ohmic resistance obtained from EIS. These results indicate a
good correlation between the effect of these mixedofacand the ratio between
predicted and actual corrosion rates. It should be, however, stressed that this empirical

relationship should not be viewed as a quantitative one but only an experimental proof

of-concept.
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Figure3.9 - The mixed effect of ste@oncrete characteristics on the accuracy of the
galvanostatic technique
This relationship indicates that as the resistivity decreases, or as the chloride content
increases, an overestimation of corrosion rates occurs. In order to demonstrate this, the

concrete medium can be visualized as a network of resistive elements, nvith a
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embedded reinforcement that consumes the applied current. This approach is very
similar to a transmission line model (Felivaét 1989) or, similarly, the ®Levie model

for porous electrodes (De Levie, 1967). As the magnitude of resistance assadiated
theseconcretemediumresistors increases (electrolyte resistance), the lateral flow of the
polarizing current in the electrode medium will decrease. Therefore, more current will
tend to flow to the reinforcement in the vicinity of the counter eldetrarea. On the

ot her hand, when the concreteds resistiuvi
flow laterally, whether the source of this current is the counter electrode or the guard
ring, and polarize areas away from the counter electrode. Taiallfiow leads to less
current flowing to the area of rebar under consideration (the polarized area) than that
assumed by the device, which leads to an overestimation of the corrosion rate. The
effect of the admixed chloride content is generally of thmesaature; since as the
chloride content increases, the resistivity decreases. This is not only due to the increase
in pore solution conductance associated with the availability of chloride ions in the pore
solution, but also due to the marked increasenaisture content for specimens with
higher chloride contents. This is due to decrease in moisture saturation pressure in the
capillary pores associated with increases in admixed chlorides percentage (Setzer,
1997). This was observed throughout the tespegod in which it was noted that
specimens with 6% admixed chlorides had significant condensation on their surfaces
compared to 1.5% seriesn whi ch t he specimens6é surface:
dry.

The cover depth also seemed to affect the esidltseen by the empirical relationship,

where the cover depth seemed to be directly proportional to the predicted/actual
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corrosion rate term. It is hypothesized that for lower cover depths, there is not enough
current propagation area provided by the cetecdomain for the polarizing current to
propagate laterally. For cases of low covers, the current tends to polarize the electrode
(the rebar) and get consumed preferentially, while in high cover depths, the current has
higher tendency to laterally propatg in the concrete domain and polarize areas away
from the counter electrode. When areas away from the counter electrode are polarized,
the current that polarizes the area under consideration (the one under the counter
electrode) decreases, leading to amderestimation of the polarizing current and
subsequently an overestimation of the corrosion rate.

This empirical relationship alsseems to include the corrodedtotal area ratio. As

noted earlier, the passive areas have a much lower exchange cuensity,dor
equivalently a much higher polarization resistance. Therefore, it is the anodic area that is
the primary curreatonsumer in such a system (Nygaard et al., 2009). If the
corroded/total area ratio is high, then there is a high availability afesnihat can drain

the applied curremear the counter electrode and prevefrom dispersing to areas far

from the counter electrode. If the corroded to total ratio is low, a portion of the current
will tend to flow to anodic areas far from the eledk, to get drained, due to the lower
Rpassociated with the actively corroding area. As the amount of current flowing to areas
away from the counter electrode increases, the corrosion rate generally becomes
overestimated due to the current flowing under tounter electrode being lower than

that assumed by the measuring device.

The effect of resistivity, cover depth and antdeathode ratio will be furthertisdied

in part 2 of this papethrough finite element modeling. This is done in order to
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determne the exact nature of the obtained correlation from theoretical and numerical

points of view.

3.5.2 Potentiodynamic Technique

Figure 3.10 presents the average corrosion rate determined by the potentiodynamic
technique plotted versus the actual corrosion rat@mmdd by determining the mass loss.
The average, electrochemicaplyedicted, corrosion rate was obtained by integrating the
corrosion rates obtained by the technique throughout the monitoring period divided by
the total period of exposure. The actualrosion rate was obtained using ASTM G1

procedure.
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Figure3.10 - Results obtained from the potentiodynamic technique cordparine

actual corrosion ratas a factoof admixed chloride percentage (ledt)d as a factor of

cover depth and reinforcement diamdteght).

The potentiodynamic technique results showed a much better estimation of the passive

corrosion rates than that obtained from the galvanostatic technique. All of the results
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were in the rage of 0.30.5¢A/cm?. This is practically acceptabl®msidering that the
polarizedarea inputted for the device was the area under the counter electrode and the
device does not use a guard ritfpwever, this is higher than the typical range of
passive coosion rategElsener, 2005); due to passive reinforcements requiring slower
sweep ratesn order to capture passiwerrosion rates (Gonzalez et al., 198Slower

sweep rates were tried (0.05 mV/sec) and the results were in the range0o3 0.1
gA/lcm?. However, thesweep rate presented in this study is that comraosiyl for
practical, or research, applicatiomsid is that recommended by ASTM G5Bhis
finding supports results by Gonzalez et al. (1985) and Millard et al. (1992), in which it
was noted thtamuchslower sweep rates are recommended in order to accurately capture
low corrosion rates associated with passive reinforcements.

The primary reason for tHewer corrosion rate found through this method, compared to
the galvanostatic onés that the #ect of waiting time issues noted in the galvanostatic
technique does not exist in this technique. Furthermore, it was hypothesized that the
current applied from the guard ring will lead to a polarization that is not accounted for in
passive cases. It shid be also noted that in the potentiodynamic method a potential
difference between the counter electrode and the reinforcement is applied (10 mV in this
study) and the current flowing from the counter electrode to the reinforcement to sustain
this potental difference is monitored. Therefore, the current is always sustained in the
linear region around the corrosion potential, while in the galvanostatic technique, the
applied current was the controlled factor and not the potential difference, which can lead
to potential shifts far from thenlear region. Another consequerafeusing a controlled

potential method is that the applied current is inversely proportional to the polarization
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resistance. Therefore, in cases of high polarization resistance (asivepasses), the
applied currents are usually in the range of 5 YA or less (depending on the concrete
resistivity, cover depth and reinforcement area). This leads to the,afumso the
difference between assumed and actual current under the coustendelebeing of

lower magnitude than that in the galvanostatic technique. Although the applied currents
are very low for this technique, modelirgsults (presented part 2 of this papg¢have

shown that the full reinforcement area will still be poladzZor the range of concrete
resistivities used in this study, due to the high polarizationtaesie of the electrode. If

it is assumed that the current polarizes the full reinforcement, the obtained results will
be in the range of 0.15A/cm? which is he typically accepted range for passive
reinforcements.

The same empirical function that was developed for the galvanostatic technique seemed
to apply for the potentiodynamic technique, as shown inFid., with the addition of

the polarization resistance value to the denominator of the mixed factors term. This term
was added since the current applied from the counter electrode is dependent on it and
due to the fact that it showed a correlation of theesaature as the other factors. The
strength of this correlation for both cases of galvanostatic and potentiodynamic
techniques clearly gquestions the concept
assumption of a certain polarized area value fgrcamcrete resistivity or cover depth is

an approach that may yield misleading results. This is further stimulated by the
availability of galvanic corrosion and the randomness of anodes location with respect to
the counter electrode as shown in a subsdquegrer. Nevertheless, results by this study

still show that adequate results can be provided by these techniques, in laboratory
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setups, when using a constant polarized area; although there is evidence that this may

not be the case for very high cover deptnd very low concrete resistivities or vice

Versa.
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Figure3.11- The mixed effect of different variables on the ratio of estimated to actual
corrosion rate

Finally, it should benoted that the effectf @hmic resistance correction on the measured
corrosion rates is of an outstanding importance as demonstrated by.12gwhich
shows the corrosion rate results before correction for thdrdR. As expected, the
corrosion rates are significantly unddnemted in cases where the ohmic resistance is
not corrected for. This is, expectedly, substantial for higher resistivity systems, such as
that in the 1.5% series. It should be noted that the ohmic resistance correction used for
this study was obtained fmo EIS through determining the total impedance coinciding
with the minimum phase shift observed at very high frequencies. Such a measurement
only takes a few seconds and shows a good advancement in the determination of
corrosion rates. This was chosen ower typicallyused curreninterruption method due

to severe distortions of polarization curves observed when using this method. The issues
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with currentinterruption methods in cases with low conductivity and low time constants

are well documented and che found in (Mansfeld, 1988; Mansfeld, 1990; Oel3ner et

al., 2006; Lambie et al., 2007)
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Figure3.12 - Corrosion rates obtainedth the potentiodynamic technigwathout

ohmic resistance correction

3.5.3 Coulostaic Technique

Figure3.13 presents the average corrosion rate determined by the coulostatic technique

plotted versus the actual corrosion rate obtained by determining the mas$hess.

average, electrochemicalpredicted, corrosion rate was obtained hyegrating the

corrosion rates obtained by the technique throughout the monitoring period divided by

the total period of exposure. The actual corrosion rate was obtained using ASTM G1

procedure.
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The results clearly demonstrate the ability of thehnique in determining the passive

corrosion rates. The corrosion rates obtained for the specimen with no admixed

chlorides was in the range of G2A/cm?. It should be noted, however, that infngtthe

full reinforcement are&n the Stern and Geary eationwas required in order to obtain

these results. This shows the applicability of the technique for use in laboratory

corrosion rate monitoring where the polarized area is known, in cases ofssaiall

samples. It should be noted, however, that thecdedeveloped for this technique does

not use a currestonfinement technique and applies a constant quantity of charge

regardless the steebncrete system. Therefore, it is expected that an ambiguity will be

present for field conditions that will notlalv such an accurate determination of passive

corrosion rates.
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An overestimation was generally found in the actively corroding specimens. This
overestimation could not be related to the polarized area since the area inputted to the
device was the full reforcement area. However, the overestimation was similarly
reported from previous studies (ldagein et al. 1998; Glas$995; Scott, 2015) for
different experimental setups. The coulostatic method relies on the assumption that the
response of a metal/elealyte system to an electrical signal is similar to that of the
Randles equivalent circuit. Therefore, it is assumed that when an amount of charge is
applied to a given system, the observed potential is instantaneously shifted to an amount
do that is a fustion of only the doubk ayer capacitance at the
metal will then tend to regain its original state and relax to the corrosion potential such
that the quantity of charge applied is discharged over an interval of time.

This leads @ describing the potential transient as shown previously in3Bq.This
equation does not contain any term for the electrolyte resistance or electrolyte
capacitance, since the Randles circuit is assumed. This is since the Randles circuit
assumes that thelectrolyte behaves in a purely resistive manner with no associated
capacitive behavior. This means that the electrolyte can not be charged and that the
response is not dependent on the electrolyte properties. However, the response obtained
experimentallyis rather different as shown in Fi§@.14. It is clear that after the
application of a quantity of charge there are two observed time constants. In which one
is associated with the very fast transients, which is obtained due to the capacitive nature
of the concrete domain, and another one associated with slow transients, which is
obtained due to the capacitive nature of the electrode surface. This clearly shows that

assuming the Randles circuit for this method may lead to substantial errors. EIS results
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by the current study (shown in sectidh5.5) and by a number of other authors
(Christensen et al.,, 1994; Ford et al., 1995; Addrat al., 1995; Gu et al., 1997;
Martinez and Andrade 2011) ckarly indicatethat there is a capacitive behavior
exhibited bythe electrolyte However, this capacitance is ord@fsmagnitude lower

than that associated by the doulalger capacitance.
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Figure3.14 - Typical potential transient obtained for the case of actively corroding
specimen

Since the equation used in order to determine the polarization resistanc®msitjers
the capacitive behavior of the electrode and not the electrolyte, the method asst in
to obtain the polarization resistance was to remove the first second out of the transient,
in which the electrolytic capacitive forces are assumed to be exhausted and the
electrolyte capacitance fully discharges. The remaining part is then fittatieto
previously shown Randles circuit response (equatkB). This is illustrated

schematically in Fig3.15.
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Figure3.15 - lllustration of the method used to determine the polariza@eistance and

doublelayer capacitance from the coulostatically obtained transient
For all of the cases, the fitted curve was similar to that shown in F3gl@elt is clear
that the fitted curve underestimates the initial potential shift. This isinlyayt, to the
difficulty in dividing the potential relaxation to distinct regions of electrolyte
contribution and interface contribution. Therefore, when the first seocbrdhta is
removed, some of the early response from the ddalbr time constardre removed,
wrongly, in the excluded part. Furthermore, a higher final potential shift is determined
when fitting Eq. 5 to the data as shown in Fig. 16. This may indicate that the very fast or
very slow regions of the interfacial transient did not cootabto the polarization

resistance which agrees with results by Hassanein et al., (1998).
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Figure3.16 - Example of the fittedoulostatic transient
In order to further demonstrate the aforementioned issue with fitting the transient to the
theoretical response, La place transformation was performed on the obtained potential
transients in order to obtain Nyquist plots of Imaginary versus real impedanee.

transformation was done through the method outlined by Pilla (1970) through using Eq.

3.11.
0 . QANTANO Q QO OETNO (3.11)
where F(j¥) is the Laplace transform of f

interest and is time. This transformation consists of a real part (the first integral) and an

i maginary part (the second integral). Th
obtained from the voltage V(j¥y) and the cu
Selected results obtaindtbm the potential transients are presented in Bifj7 and

3.18. At the high frequency region, it seems that a number of loops exist, which may

indicate simultaneous charging and discharging of the electrolyte capacitance. This was
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seen in all of the ®s. Furthermore, it seems rather clear that the two transients
overlap, which introduces complications in the separation of these time constants in the
manner shown previously. The continuous charging and discharging behavior of the
electrolyte capacitamc shows that the behavior assumed in fitting the experimental
results, which is shown in Fi@.15 does not exist for this technique and may lead to
serious errors. This is since the electrolyte capacitance will not behave as that shown in
Fig. 3.15 (one @scharging time transient) but as a number of consecutive charging and

discharging transients which cannot be removed as in the procedure used.
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Figure3.17 - Example of the real vs. imaginary impedancehefdbtained response
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Figure3.18 - Example of the real vs. imaginary impedance of the obtained response
Glass (1995) also hypothesized about a similar behavior and noted that the shape of the
transient may be affected by the charging period when some discharge of the associated
capacitance occurs simultaneously during charging which in turn will lead dwetitn
in the measured potential shift. The autdemonstrated that this is more sensitive to
errors resulting from the residueffects of faster transient&urthermore, results by
Hassaneiret al. (1998) demonstrate that it is unlikely for the couhtistlly obtained
transient to produce average values of these parameters if deviations from an
exponential transient batkior occur. Such deviations were hypothesizeresult when
measuring dispersed time constants (produced by a position dependérdystec
resistance, polarization resistance and interfacial capacitance). The impedance spectrum
obtained from the actual transient would be, in these cases, determined by the minimum
electrolyte resistance at very high frequencies and the combinatidnresistances at
very low frequencies, which can also explain the overestimation of corrosion rates

obtained.
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From a practical point of view, assuming that the double layer capacitance is the only
significant value contributing to the time constant isaanepted assumption since the
capacitance of the electrolyte is usually much lower than that of the double layer
capacitance of the steel concrete interface. However, in cases where continuous
charging and dischar gi ng osfseriolserroes maydbé r ol y i
posed by such an assumption. The results of this study show that, although there are
errors in the fitting procedure, practically acceptable corrosion rate measurements can
still be obtained; provided that the polarized area isMkndn order to more accurately
estimate corrosion rates the capacitance of the matrix has to be put into consideration
This can be done through aplace transformation procedure such as that shown in this
study. Results by Christodoulou et al., (201@ndnstrate the feasibility of the approach

of determining cawosion rate results from the Uape transformation of obtained

potential transients.

3.5.4 CEPRA Technique

Figure 3.19 presents the average corrosion rate determined by the CEPRA technique
plotted vesus the actual corrosion rate obtained by determining the mass loss. The
average electrochemicalpyredicted corrosion rate was obtained by integrating the
corrosion rates obtained by the technique throughout the monitoring period divided by
the total pewd of exposure. The actual corrosion rate was obtained using ASTM G1

procedure.
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Figure3.19 - Results obtained from the CEPRA technique contptoe¢he actual
corrosion ratas a factoof admixed chloridgercentage (lefind as a factor of cover
depth and reinforcement diame(gght)

The results clearly indicate the applicability of the use of the technique to measure
corrosion rates. For the specimen without admixed chlorides, the results showed an
overestimation of corrosion rates for the case of saturated specimens; where the results
fall in the range of 0.6 to 0.8 pA/cnfior the 10M specimens, while in the range of 0.2
HA/cm? for the 20M specimens. However, the results seemed to be less than 0.25
HA/cm? for the dry condition which is in the range typically accepted practically. The
substantial difference between the results obtained in the dry and saturated conditions is
expected and will be discuess further through modeling in part 2 of this papehe
primary reason for this is that this method uses two probes (a positive and a negative
one) that apply a polarizing current. If a certain amount of current is applied from the

positive (anodic) prioe, it can be either consumedthg negative (catltic) probe or in
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polarizing the reinforcement. This means that such a system will have two current
drains, as opposed to one (the working electrode) in the other techniques. The portion of
current flowing between the two outer probes as opposed to thatizpwj the
reinforcement is dependent on a number of factors including the system resistivity,
cover depth, polarization resistance of the reinforcement and the area of the
reinforcement available to receive current. For instance, when the polarization
resistance of the electrode is very high, most of the current preferentially flows between
the two probes and only an very small amount of current polarizes the electrode. As the
concrete domai noés resistivity i ncthe ases,
reinforcement. This amount of current polarizing the electrode isestthated usg

the model shown in section 33 as evidenced by the accuracy of the technique in the
actively corroding cases. However, modeling results have shown that fowepassi
electrodes, a substantial amount of current tends to flow in the direction perpendicular to
the line connecting between the two outer prolaee to the poor ability of passive
electrodes to consume polarizing currdrtis is the irplane or oubf-plane line in Fig.

3.2. This flow path of this current is very challenging, if at all possible, to determine.
This causes some error since this current does not directly fall in the flow paghaof R

Rez shown in Fig.3.2. This can be viewed through the Iér@quency response obtained

for the passive reinforcements compared to those for active reinforcements as shown in
Figures3.20 t03.23. These figures were obtained from the model presenfstti2 of

this paper, although they can be viewed as schemé&ir the purpose of demonstration

in this paper. As the system resistivity increases or the area available for the electrode to

receive current increases, the portion of thigplane current decreases (more current
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polarizes the reinforcement) leadirma better estimation of the corrosion rate. Another
factor that contributes to the error is that the developed model assumes that the high
frequency and low frequency flow paths are rather similar, but one is governed by the
capacitance and another is gowved by the polarization resistance. The similarity
between the two paths is essential for applying the model and obtaining acceptable
results. Modeling results, presented in a subsequent paper, and results presented by
Keddam et al., (2009) indicate ththe high and low frequency paths are rather similar

in cases of actively corroding electrodes. However, this is not the case for the passive
reinforcement; since in the highlayeradsquency
as a relatively good crentconsumer (causing a shatcuit effect), while athe low
frequency region, theaeinforcement acts as a current insuladue to its high
polarization resistancegnd hardly any current polarizes the reinforcement. This is also
illustrated in schens shown in Figure8.20 to 3.23. It is clear that in the low
frequency ranges for the passive reinforcements, the electrode acts as an insulator and
tends to encourage current flow in a different path than that for the high frequency
response (around drbeneath the reinforcementhe low and high frequency current

paths will tend to become more similar when the current flowing to the reinforcement in
the low frequency range increases. This current increasdasla® el ect r ode 6.
available for currentonsumption increases or as the system resistivity increases, which
explains the good results obtained for the 20M reinforcements antiefairy (high
resistivity) cases Anotherissue of complication is that féhe low frequency response

for pasive ekctrodes, the anodicalpolarized side of the reinforcement exhibits a

different behavior than that for the cathodically polarized one, due to passivation control
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limiting the anodic polarization of these reinforcements (As shown in Fgdrehe
anodicand cathodic polarizations of the passive electrode are dramatically different).
This also leads to a decreased reliability of the model due to the lack of symmetry
between the two sides of the reinforcements, which means ¢hah®vn earlier will

not ke the same under the two probes.

0.8

2

Figure3.20 - High frequency current distribution (evaluated at 1 us) for a case of an

actively corroding reinforcement
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Figure3.21 - Low frequency current distribution (evaluated at 500 s) for a case of an

actively corroding reinforcement
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Figure3.22 - High frequency current distribution (evaluated ats) for a case of a

passive reinforcement
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Figure3.23 - Low frequency current distribution (evaluated at 500 s) for a case of an
actively corroding reinforcement

Furthermore, the distribution of thsur r ent over the &electrode
issue in determining the corrosion rate. Results by Keddam et al., (2009) has shown that
the area between the two inner probes is the primary sensed area. As the resistivity
decreasg, less amounts of cureflow to this area and more current flows near the ends
of the specimen. Therefore, the portion of the current at this area is higher for higher
resistivity systems, which leads to a better estimate of the corrosion rate.
The effect of the measuremerning is also a crucial factor. The device relies on
analysing the response of the electrode, for 6 to 10 seconds, to an applied pulse. As
noted earlier in the galvanostatic technique, the time constant associated with passive
reinforcements is factors of maitude higher than that for the active cases. If the
electrode requires more than 6 seconds to charge, the potential shift will be
underestimated which may cause some errors. Modeling has, however, shown that this

method highly decreases the time requii@dmeasurements. This is in agreement with
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results by Lim et la (2009) and Zhang et al. (200This is mainly due to the very low
currents reaching the electrode compared to the galvanostatic technique; especially in
cases of low resistivity (due todhavailability of two current drains as noted earlier). It
should be noted, in any case, that comparing the results obtained for saturated vs dry
conditions shows evidence that tbH#ect of measurementime is a secondary factor
compared to the effect of the systembs res
For the actively corroding specimens, the predicted corrosion rates seemed to agree well
with the actual corrosion rates. An underestimation was founthéd 5% admixed
chlorides6 series for both 20M reinforceme
This may beattributedprimarily to polarized area errors. In these cases, it was assumed
that the full reinforcement area is the polarized area. Howevemhasnsearlier in

results by the galvanostatic techniques, the polarized area changes dramatically due to
changes in a number of factors. In the case of 1.5% chloride (highest resistivity of all
active specimens), and in case the cover depth is not deeghef2®umm) to allow the
current to disperse and polarize the full area, this assumption may not be correct. In
these specimens, the polarized area may be less than the full reinforcement. In the case
of 20M reinforcement, there is a much higher area thatdrain the current (compared

to other 10M reinforcements) which also does not allow the current to disperse and
polarize the whole area. In fact, the 20 mm diameter and the 20 mm cover
reinforcements embedded in the 1.5% admixed chloride mix will haveighest lateral

current dispersiomesistance of all of the other active specimens as found through
modeling. It will have a higher resistance to the current dispersion due to the 1.5%

admixed chlorides system having a higher resistivity than the 3%6%maédmixed
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chloride systems coupled with the effect of the larger reinforcemenbateaer cover
depthson current consumption. This shows that the assumption of polarizing the full
reinforcement may not be true for this case, which illustrates whya& wa@relation

was found.

In summary, the applicability of this method and its accuracy is clearly shown from the
results of this study for laboratory cases. The overestimation of passive corrosion rates
for the saturated s pe mnithnenmgs d@ ver dow desidtivityo n's |
concrete used in this study. Such an overestimation is very similar to that for
conventionally used techniques (such as the galvanostatic one). The correlations
obtained between the electrochemically predicted andlamitrasion rates for the case

of actively corroding reinforcement is very similar to those shown for all of the other
well-established techniques. This accuracy was not only attained without a
reinforcement connection, but also in a measurement timelpféoseconds. Further

wor k presented onized &reaswill beepcebentedgrupard 2 of this | a r

paper

3.5.5 EIS Results

Figure3.24 presents the average corrosion rate determined by the EIS technique plotted
versus the actual corrosion rate obtaitgddetermining the mass losEhe average
electrochemicallypredicted corrosion rate was obtained through only two EIS
measurement taken in the saturated condition. The actual corrosion rate was obtained

using ASTM G1 procedure.
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Figure3.24 - Results obtained from the EIS technique conghéwethe actual corrosion

rateas a factor of admixed chloriderpentage (leftand as a factor of cover depthdan
reinforcement diameter (right

It is evident that EISrovided accurate results in both passive and/adtates. As

noted earlier, theesults shown were obtained without using any circuit modelihg

difference between the high and low frequency impedance respaassimply used to

obtain the polarization resistance. For a number of cases, the measured impedance

response was not similar to that shown in Big. and the total impedance was not a

constant value in the very high frequency ranges. In these cases, the ohrtaaaesis

was obtained as the total impedance coinciding with the minimum phase angle obtained

in the high frequency region. This can be seen in &&p in which the procedure of

obtaining the ohmic resistance is shown. The polarization resistance wastheed

as the difference between the very low frequency total impedance subtracted by the

ohmic resistance obtained.
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Figure3.25 - Bode plot obtained for actively corroding specimen
The results obtagd through this procedure, compared to those obtained from curve
fitting can be seen through the Nyquist plot shown inF2$. It is clear that the fitted
and simplified procedures yield fairly close results in this case. This is simply since the
imaginary impedance seems to diminish, in the very low frequency ramgkthe total
impedance obtained from the Bode plotan be approximated to the real impedance
(note that the imaginary impedance is only 44 ohms while the real impedance is 838
ohms in thevery low frequencies which leads to an impedance modulus of 840). In

these cases (typical active cases), curve fitting was not required.
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Figure3.26 - Nyquist plot obtained for an actively corroding speaime
The passive corrosion rate results showed a good estimate of corrosion rates, when the
aforementioned procedure was used, with all corrosion rates falling in the range of 0.2
e A/ % Atthough these results are in the range of accepted results for pa@Esosion
rates, it should be noted that a better estimate could have been achieved through
reaching lower frequencies. Figurd27 and3.28 show a Bde and a Nyquist plot
obtained for one of the passive specimens, respectively. The estimatedesistance
coincides well with that visually observed and the one estimated by curve fitting.
However, when curve fitting was performed, the polarization resistance was 4 times that
shown by the approach used this study It has to be stressed that foaspive
reinforcements, the low frequenc{0.001 Hz) impedance modulus contains a
contribution from both the real and imaginary impedance. Using this impedance
modulus as the real impedance in the Nyquist plot is a crude approximation (very
different from he case shown in Fig.25 and3.26 where the imaginary impedance

diminishes). In this case, it is clear that the low frequency impedance response did not
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reach a plateau (the imaginary impedance did not reach zero). If a lower frequency
response is usethén a better estimate of the passive corrosion range would be found.
Reaching frequencidewer than0.001 Hz is not a feasible option for field assessment,
since achieving one measurement at such low frequencies requires hours of potential
sweeping. In tese cases, it was found that fitting the full experimental results (Nyquist
plots) to a certain circuit model would yield better results, where the corrosion rates
reach values of 2IHewewr thihdemandg a fulbset ofAdata with
impedarce responses from a wide range of frequencies and a substantial understanding
of the electrochemical meaning of the circuit models used. This shows that, although the
use of circuit models is very valuable in identifying the electrochemical cell
componentsit is not essential in differentiating passeed active reinforcements. The
approachoutlined hereinis not recommended for research applications in which EIS is
typically used to grasp substanti al i nforr
accurate estimation of the corrosion rate is required. However, for ptaagpiclications
among the civilengineering community, in which an electrochemical understanding of
EIS is not typically available in practice, such an approach can be used toataigh

estimate of the corrosion rate in a mistiortened time.
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Figure3.27 - Bode plot obtained for passive specimen
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Figure3.28 - Nyquist plot obtained for passive specimen
Due to EIS electrochemicalyredicted corrosion rate being based on only 2
measurement, its accuracy can not be commented orcerithinty. It should be noted
that for 1/8 of the exposure period the specimens were in dry condition which may
explain why EIS overestimated some of the corrosion rates since the EIS measurement

was taken in the saturated condition and extrapolated &rfulh exposure period.
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Again, the same overestimation of corrosion rate in the 6% reinforcements can be seen
with EIS. This is believed to be attributed to the polarized area reaching higher values
than those assumed by the technique in such low reistiygstem as discussed earlier.

All of the other results seemed to agree well although it should be stressed that this was

only based on 2 measurements taken throughout the exposure duration.

3.6 Conclusions

The following conclusions can be drawn based orptheented results:

1 The galvanostatic technique fails in detecting passive corrosion dagego
underestimating the polarized area and due to the short measurement time.
However, the technique seemed to provide accurate results for the actively
corrodingreinforcements.

1 The potentiodynamic technigue seemed to provide an acceptable passive
corrosion rate determination without the need for a current confinement
technique.However, this determination of passive corrosion rates could be
enhanced using slowesweep rates.The technique also showed accurate
corrosion rate results for actively corroding reinforcements.

1 The coulostatic technique provided the lowest corrosion rates of all the
techniques studied for the passive case. However, this is mainly die to
polarized area being well determined in laboratory conditions. The coulostatic
technigue generally overestimated the active corrosion rates due to the Randles
circuit not being able to capture the actual transient obtained experimentally and

due to sucessive charging and discharging of the electrolyte capacitance. A
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method wasuggested based on llape transformation of the obtained potential
transients that can provide more accurate results.

1 The CEPRA technique showed an overestimation of the paswikasion rate in
the saturated condition, however the results seemed to be practically accepted in
the dry condition. This was primarily attributed to the difficulty in predicting
current flow in passive electrodes when the electrolyte resistance idovery
The measurement time may have had a secondary effect in the inaccuracy of
determining corrosion rate. The technique showed an accuracy in estimating the
corrosion rates for actively corroding reinforcements that was similar to other
well-establishedechniques

1 EIS seemed to provide a very accurate estimate of both the passive and active
corrosion cases through a simplistic analysis approach

1 All of the technigues generally seemed to overestimate the corrosion rate in the
6% admixed chloride specimensied to the low system resistivity and the
dispersion of the current.

1 The mixed effect of factors including cover depth, concrete resistivity,
anode/cathode ratio and admixed chloride percentage was analysed and was
found to correlate well to the ratio of tesated/actual corrosion rates for
potentiodynamic and galvanostatic techniques. This will be the primary purpose

of part 2 of this paper.
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4.1 Abstract

This paper presents results from a finite element model developed to investigate the use
of corrosionmonitoring techniques in casesmfcrocell corrosion, microcell corrosion

and passive electrodes. The developed model was used to study the polarizing current
propagation and the tirdependent potential response for the galvanostatic,
potentodynamic and CEPRA techniques for a wide enfjcases. The resulbtained
providean insight on the effect of concrete resistivity, cover depth and doadehode

ratio on the curreppropagation behavior for these techniques. It was found that the
polarized area is not a unique value and ddeénfor all of the techniques, on the
characteristics of the reinforced concrete system. All of the techniques showed a higher
polarized area as the resistivity of the concrete decreased, the cover depth increased or
as the anod&-cathode ratio decreasewhich is in line with the hypotheses outlined in

part 1 of this paper. The tirdependent model revealed the dependency of ddayxbe

capacitance and anodic beta coefficients on the obtained potential transient and the time
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required to reach quasteady-state conditions. These results indicated that the CEPRA
technique decreases the time to stestdye conditions substantially compared to the
galvanostatic techniquein which it was found that the short measurement time
associated with the device dsm part 1 of this paper causes substantial errors. Finally,
the challenges in experim@tly determining corrosion rates for the case of macrocell
corrosion, due to the inhomogeneous distribution of the polarizing current, are also

highlighted from the mdeling results.

4.2 Introduction

In the first part of this paperthe correlation between electrochemicaihgdicted
corrosion rates, obtained using a number of techniques, and the actual corrosion rate
obtained gravimetricallyvas investigated It was hypadbesized from the experimental
results that the polarized area is not expected to be a unique value and it was premised to
have a dependency on several factors, such as resistivity, cover depth and corroded/total
area ratio. It was also demonstrated thatrheasurement time is a highdgitical factor

in such measurements. The aforementioned paper also evaluated the validity of a
completely connectionless technique in determining the corrosion rates of steel in
concrete. In the present paper, results obthinom a finite element model developed to
investigate the mode of work of these techniques and to further investigate the
hypotheses noted is presented. A special emphasis is put on studying the connectionless
technique in order to understand the propiagaof current associated with it and its
associated polarized area.

Finite element modeling of the corrosion propagation process has gained a wide

popularity in the recent years and a number of models have been developed to predict
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corrosion rates of sééin concrete (Kranc and Sagues, 2001; Isgor and Razagpur, 2006;
Ghods et al., 2007; Warkus and Raupach, 2008;-Bbar et al., 2009; Cao et al.,

2013 Yu et al., 2014). These models, generally, assume that galvanic corrosion is the
kinetic parameter garning the corrosion rate in chlorideduced corrosion and that
Faradaic processes (macrocell corrosion) occur between discrete anodic and cathodic
areas. These models have been compared to experimental results and have, generally,
beenshown to be abletpredict corrosion rates accurately.

On the other hand, very limited work has been done to extend such models to
investigate the mode of work of electrochemical corrosmmitoring techniques. The
modeling studies published on this topic evaluated tleemof work of corrosion
monitoring techniques with the primary objective of evaluating the use of guard ring
electrodes to confine the polarizing current (Kranc and Sagues, 1993; Kranc and Sagues,
1997; Wojtas, 2004; Clement et al., 2012; Marchand e2@L7). For the most part, this

was performed assuming cases of uniform corrosion or assuming that the reinforcement
behaves purely as a parallel combination of a resistor and a capacitor. Although some
studies have evaluated the effect of prevalent matisom reinforcing steel corrosion,

using Faradaic and capacitive processes on the surface of the electrode, the effect of the
anodeto-cathode ratio, distance from anode to counter electrode or the effect of
concrete characteristics suchrasistivity and cover depth haveot been fully evaluated

and are not wellinderstood.

This paper details the development of a model that can be used to investigate the steady
state and timéransient responses of the polarization behavior of steel in concrete during

electrochemical corrosiemonitoring. This model will be used in the present paper in
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order to study the hypotheses postulated in part 1 of this paper regarding the polarized
area and the time to quaseadystate for the galvanostatic, potentiodynamicl dhe
CEPRA techniques. This will be done using select results obtained from the model, for
the same geometry as that used in the experimental study. Furthermore, for the CEPRA
technique, selected results will be presented for a generic case of -infaeitel

steel/concrete system in order to evaluatpatentialfield performance

4.3 Finite Element Model

4.3.1 General Galvanic Corrosion Cases

Corrosion of reinforcing steel in concrete involves two reactions happening on the steel
surface; the anodic and cathodéactions. The reactions at the anodic and cathodic sites
can be modelled through the ButMolmer equation, which describes the polarization
phenomena of both the anodic and cathodic sites as the relationship between changes in
potential and changes icurrent density. At the anodic site, where iron dissolution

occurs, the polarization behavior follows EdlL.

Q Q p Tt p Tt (4.1)

where h@n)is the anodic tafel coefficient of the anodeadyis the cathodic tafel
coefficient of the anodegan)is the exchange current density of the anggeis thenet
current density of the anode and d is the
potendi af (bh@@y.anode (0

While at the athode where oxygen reduction occutie polarization behavior follows

Eq.4.2
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Q Q p T p T (4.2)

where Ra)is the anodic tafel coefficient of the cathode, aggehbs the cathodic tafel
coefficient of the cathodeyca)is the exchange current density of the cathqggis the
current density of the cathode and d is t|
potendi af ¢(hetujat hode (0

It should k& noted that in corrosion propagation modeling studies, it is often assumed
that reverse polarity (such as cathodic polarization of the anodes or anodic polarization
of the cathodes) can be neglected. This is done by implementing the anodic (positive)
termin Eq.4.1 and the cathodic (negative) term in B@ for the anodic and cathodic

sites available on the reinforcement, respectively. This is justified from the point of
modeling the propagation of corrosion since anodes are always anodically poladzed a
cathodes are always cathodically polarized and both reactions are governed by potentials
far removed from their equilibrium potentials. However, in the case of modeling
corrosiommonitoring techniques, it was necessary to include the full Butkémer
equation and allow for reverse polarity (e.g. allowing the cathode to act as an anode if
sufficiently polarized anodically); since, in some cases, monitoring techniques can apply
anodic polarizing currents that are of magnitudes high enough to causehtheesato

carry overvoltage higher than the equilibrium potential of the cathodic reaction.

In order to solve for the potential and current density distribution at the surface of the
anodes and cathodes, assuming electrical charge conservation and cisotropi
conductivity, cEl. M3, and tharge,coasvdtian waw, shown in Eq.

44, are inputted for the concrete domain; assuming that concrete is a homogeneous

medium with a uniform electrical resistivity.
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Q —n0 (4.3)

nQ M (4.4)

where j (A/nf) is the current densitfE i s t he potenti al gradi en
of concrete. In cases where it is desirable to study the effect of concentration
polarization on the cathodic reaction (restriction of cathodic curremsityedue to

oxygen transfer limitation effegisEq.4.2 can be changeto the form shown in Eq. 3.

to accommodate the availability of the limiting current density (Frankel, 2016)

Q Q p Tt p —pTt (4.5)

Which, by rearangement of terms, leads to E5.4.

o) (4.6)

The domain of the problem is chosen to mirror the dimensions of the laboratory
experiment performed. A 2D schematiicthe problem is shown in Figurdsl and4.2.

The threedimensional concrete domain was 0.3 m in length, 0.3 m in width and 0.1 m
in height. This domain was implemented twice for galvanic corrosion cases, with one
approach having five anodic sites distiied evenly on the steel surface, as shown in
Figure4.1, and another with only one anodic sitetba steel surface such sisown in

Figure4 2.
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Figure4.1 - 2D representation of the domain of fr@blem with five anodes
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Figure4.2 - 2D representation of the domain of the problem with one anode
It should be noted that, in many cases, correpimpagation models have used one
discrete anodic area @mne cathodic area and have yielded satisfactory results (Kranc
and Sagues, 2001; Warkus and Raupach, 2008; Ghods et al., 200G Haauet al.,
2009). This approach, however, did not serve the objective of this study; since it does
not allow for studyig, explicitly, the effect of anode to cathodeearatio on the
performance of the corrosienonitoring techniques, but it includes an effect from both
the anoddo-cathode ratio as well as the distance from the center of the anode to the
counter electrodeResults obtained by including one discrete anodic area (at any A/C
ratio) under the counter electrode, and leaving the rest of the area to behave
cathodically, were dramatically different than those obtained when one distinct anode
was placed far away dm the counter electrode (at the side of the specimen for
example). In addition, the CEPRA technique could not be studied with only one distinct

anodic area since the technique uses an anodic polarization from one probe and a
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cathodic polarization from thether. Therefore, placing one anode under the anodic
probe leads to dramatically different results than placing the anode near the cathodic
probe. It was also found that techniques using the girgdapproach to confine the
polarizing current yield draatically different results based on the location of the anode
and whether the anode was inside the assumed confinement area or not (will be
discussed further), which agrees with the observations of others (Poursaee and Hansson,
2008; Nygaard et al., 200%urthermore, it was noted that a number of studies (Kranc
and Sagues, 1997; Woijtas, 2004; Marchand et al., 2017) have modeled the behavior of
the galvanostatic technique using one anode available under the counter electrode and
leaving the rest of the aado act as a cathode. Such models had a common conclusion
in which it was noted that oweonfinement will occur in these cases. However, in
practice, finding one anode with a limited area in a length of 1 meter of rebar is an
overwhelming assumption. Trefore, it was desired to und&sd if this hypothesized
overconfinemenbccurs in a case in which anodes are available both inside and outside
the area influenced by the counter electrode. Due to this, the approach shown in Figure
4.1 was chosen in ord¢o provide a case in which anodes are distributed throughout the
surface of the reinforcement and producing the required A/C ratio. This was also
complimented by the typical modeling approach of having one anode on the steel
surface and studying the efteof the anode location on the performance of the
technigues as shown in Figu4e, where X is the distance between the center of the
anode and the center of the specimen.

For the CEPRA technique, additional cases were solved where the geometry was

charged from that shown in Figure$l and4.2 to a case in which the modeled
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specimen was 1 m in length, 0.2 m in height and 0.3 m in width. The distribution of the
anodes was similar to that shown in Figudesand4.2. This was done since a limited
understanding of this technique currently exists compared to typicsdlg techniques.

In these cases, E4.1 and Eg4.2 were inputted as ibchlet-type boundary conditian
(current source) for the anodic (hatched areas) and cathodic surface areasivedgp

Egs. 4.3 and4.4 were inputted for the concrete domain while electrical insulation was
implemented at the external boundaries of the concrete dqam@ieumann boundary
condition with a normal current of zero)

The input data used in this anal/$s presented in Tabkel. The anodic and cathodic
exchange current densities, the @icorlafel slope of the anodthe cathodic Tafel slope

of the cathode and the equilibrium potentials of the cathode and anode were all obtained
from PourGhaz et al. (@09). The anodic dfel slope of the cathode was assumed to be
high enough to accommodate for passosmtcontrol (5000 mV) and in order to yield a
beta coefficient that is around 52 mV for the passive (cathodic) area. This value was
near the average of wads obtained from Tafel plotting done on the specimens presented
in part1 of this paper. The cathodicafel slope of the anode was chosen in order to
yield a beta coefficient of 26 mV for the anode only and to agree with the mean
experimental results by 8Cafferty and Zettlemoyer (1967) and in the same range of
that in the model developed by Marchand et al., (2017) for the same purpose of this
study. In any case, it was found from preliminary testing that the cathodic polarization
characteristics of the ade had an insignificant effect on the obtained polarizations and

on the trends in re#ts. This is mainly due to the followingasons:
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1 The anode is polarized anodically to potentials far away from its equilibrium
potential.

1 Techniques that do not conlrine potential shifts are the techniques that can
lead to high polarization that can cause reverse polarity of the anode. However,
these techniques typically use an anodic polarization so the cathodic branch of
the anode has no influence

1 The anodes usugll exhibit a very high corrosion current density (low
polarization resistance) and since the potential shift is directly related to
polarization resistance, low polarization resistance associated with the anode
leads to very low potential shift. Therefote potential shifts of the anode,
either in the anodic or cathodic directions, are very small and reverse polarity of
the anode is never expected with the typical range of polarization currents.

It was, therefore, found that using @k that is in therange of 0.05 to 0.5 mV did not

induce any significant changes in tlesults or the obtained trends
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Table4.1 - Model Inputs for cases of galvanic corrosion

Input Value
loan) 300 x 10° A/m?
lo(ca) 10 x 10° A/m?
Da(an) 0.09V
Be(an) 0.18V
Da(ca) 5V
Be(ca) 0.18V

Ua -0.78 V

Uc 0.16 V

For this @se, a parametric sweep was performegarametershown in Tablet.2.

Table4.2 - Independent variables studied for the case of galvanic corrosion

Independent Variable Cases
Cover depth 20, 40 and 70 mm
Resistivity 20, 50, 100, 500, 1000, 5000 ohm.
Reinforcement diameter (for CEPRA techniqt 10, 20 and 30 mm
AIC 0.1,0.2,0.30.5,0.7, 1

A number of cases were tested with small anodes (A/C=0.1 or 0.2) but with char
the distance of the anode from the aeurelectrode (under the C&djacent to th€E

or far from the CBwith specific distances) as shown in Fig. 2
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Modelling was performed using a tvabep approach for the cases of galvanic corrosion.

In the first step, the interaction of anodes and cathodes was simulated before the
application of the corrosiemonitoring technique and the potential and current
distribution measured at the reinforcement surface were recorded, similar to the
approach in a number of corrosion propagation modeling studies-@GPauar et al.,

2009; Cao et al., 2014; Yu et al., 2014). In the second step, the comositoring
technique wa used to apply a polarizing current and then the change in potential and
current density distributions were obtained. The presented current distributions on the
surface of the electrode are, therefore, the difference between the current distribution

before and after the application of the polarizing current from the monitoring technique.

4.3.2 Uniformity Cases (Passivity or Activity)

In the two following cases, a uniform state was assumed for the full reinforcement (one
mixed-potential and one exchange curreleinsity). These uniform states are passive
electrodes and electrodes exhibiting microcell (uniform) corrosion. This was done
through imposing one Butléfolmer equation for the full reinforcemesiirfacein order

to eliminate the effect of macrocells. Thesases will be used to evaluate the effect of a
number of variables (such as resistivity or cover depth) on the measured coratsion
and on the polarized areahile excluding the effect of the availability of anodes and

cathodes with different equilitum potentials.

4.3.2.1 Passive State

For this case, Eq.7 was applied as a boundary condition for the full reinforcement.

This is similar toEgs. 4.1 and 4.2 shown earlier. Diffusion limitation will not be
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considered in the present paper; however, it can dmporated as shown igs. 4.5

and4.6. In these cases, the solution procedure will be done in one step; in contrary to
the approach shown earlier where the current distribution was obtained before applying
the monitoring technique and after the moniigriechnique. This is simply because in
cases where no discrete anodes or cathodes are available on the surface, no potential
distribution prevails and no current flow occurs, from a modeling point of view, before

application of an external polarization.

Q Q pm pT 4.7)

The inputs chosen for this case are shown in TalBeThe exchange current density

and the anodic beta coefficient are the same as those shown earlier. The anodic and
cathodic beta coefficients weohosen to yield a total beta coefficient close to 52 mV

for these passive reinforcements; which is similar to those reported by Andrade and
Gonzalez (1978) and extensively used in corresnamitoring for the passive cases.

The anodic beta coefficient wadso chosen to be in the same range as that obtained
experimentally by the authors from Taf#btting experiments done on the specimens
presented in part 1. The experimental anodic beta coefficients ranged from 2.5t0 6 V in
the passive reinforcement casewhich reflects passivation control and the
ineffectiveness of anodic potential shifts on increases in corrosion current density, due

to the insulating nature of the passive film.
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Table4.3 - Input parameters chosen for the case of passive reinforcements

Input Value
io(p) 10° A/Im?
Da(p) 5V
Be() 0.12V

a 0.16 V

For this casethe independent variables were swapshown in Table.4

Table4.4 - Independent variablegudiedfor the case of passive reinforcements

Independent Variable Cases
Cover depth 20, 40 and 70 mm
Resistivity 20, 50, 80, 100, 200, 500, 1000, 5000 ohms.1

Reinforcement diameter (for the
10, 20 and 30nm
CEPRA technique)

4.3.2.2 Uniform Corrosion

For this case, Eql.8 was used as a boundary condition for the full reinforcement with

the inputs shown in Tabke5. The primary reason for using this case is to get an idea of
the effect of the independent variables such as camhdresistivity or rebar diameter,

while excluding the effect of the availability of anodes and cathodes. A marked
difference can be seen in the exchange current density chosen for this case compared to
that chosen previously for cases olvgaic corrogon. This isdue to the fact that, in this

case, no discrete anodes and cathodes are simulated on the reinforcement surface.

Therefore, anodic polarization of the anodes or cathodic polarization of the cathodes
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cannot be simulated. In cases of uniform @sion, it is assumed that corrosion occurs
evenly over the reinforcement and the anodic and cathodic sites are considered
microscopically small with changing positions over tiflRourGhazet al, 2009. In

this case, the distance of electrolytic current flow between anodic and cathodic
microcells is very small and the ohmic drop in the electrolyte can be considered
negligible. Therefore, both half cells are polarized to the same potential (the mixed
potential). The exchange current density will, therefore, be the current density of the full
system of microcell corrosion and not only for anodes or cathodes. This is shown
schematically in Figurd.3, which presents a simplified schematic comparison between
macrocell and microcell corrosion. In the case of macrocell corrosion, in which a
significant IRdrop can be found, the exchange current density of the anodes and
cathodes has to be inputted separately and solved in order to determine the current
densityof the polarized anode or cathode. In the case of microcell corrosion, the anodes
and cathodes are at the same mixed potential and exhibit the same current density
throughout the full reinforcement. The polarization of the full system can, therefore, be
approximated as shown in Ed.8. This is very similar to assuming that the full
reinforcement will exhibit one polarization resistance. The inputs chosen in Z&ble
were found to not affect the trend of results (e.g. the effect of resistivity on current
distribution), which is the main purpose of studying this case. However, the beta
coefficients and the exchange current density affect the numerical values ol¢agned

the maximum current received under the counter electradeputlined during the

discuwssion of the results.

N Q pm pm (4.8)

166



Table4.5 - Model inputs for active reinforcements

Input Value
o 0.1 A/n?

Da(a) 0.12V

Be(a) 0.12V
a -0.78 V

Current (A)

Cathode== «= Anode

Polarizedpotential and Mi I )
current density of the ICrocell system
cathode

Exchange current

density of the cathode -

Overpotential (V)

Exchange current
IR-drop ensity of the microfell
- -
———_—f-— oy
S Polarizethatential and
"cun;en&jensity of the
Exchange current anode ™ = o -
H -
density of the anode - o -

Figure4.3 - A schematic representation of macrocell and microcell corrosion

For this case, the independent vamgbivereswept as shown in Table6.
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Table4.6 - Independent variables studied for the case of uniform corrosion

Independent Variable Cases
Cover depth 20, 40, 70 and 100 mm
Resistivity 20, 50, 80, 100, 200, 500, 1000 and 5000 ohms
Reinforcement diameter (for 10, 20 and 30 mm

the CEPRA technique)

4.3.3 Time-transient Modeling

The detailed moel shown previously is a steadtate model, which means that the

resuts are evaluated at a time loegough that all of the capacitors available at the

el ectrodeds surface ar e cchsacange ignoredTSuehrae f or e
model works well for the sole purpose of determining the current distribution at the

el ectrodeb6s surface and reach observation
effect of capacitated currents and the time to chargitigeo€apacitance associated with

the electrodesurfaceare extremely importdnn answering questions regarditige time

required to reach quasteadystate conditions after the application of an electrical pulse

or a quantity of charge and to analyze tlogv paths of polarizing currents during and

after the systems capacitors are charged.

The effects of the chargeorage process (caused by the double layeacii@nce) can

be incorporated ithe model assuming that the electrode behaves as a pepacttca

during the charge storage or release process. The corresponding current
charge/discharge at any time for such a capacitor can be represented as show®in Eq.

(Kranc and Sagues, 1997).
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Q 0 — (4.9)

Where Gii s t he el e-<ayer caghciténee (Ffyo udbd e OE/ Ot i s th
potential with respect to time.

AddingEq.49 to the boundary conditions inputt
leads to the model transforming from behaving as two resistors (ohmic and polarization
resistance) in series, which was used in the stetadg model, to the simple Randles

circuit. Using this approach, the current at the steeicrete interface is then the sum of

the Faradaic process (Buteplmer kinetics) and the capacitive currents. The total
time-dependent current can then be expressed as shown in Eqd&iohhis is a
represatation of the general form of the boundary condition. In order to implement this
approachEq. 49 was added to all of Eg4.1, 4.2, 4.6, 4.7 and4.8 in the same manner

as shown in Eq4.10, in order to yield a tim&ansient model.

Q Qpm pm 060 — (4.10)

4.3.4 Finite Element Model Implementation

The domain of the model is similar to that shown in Figuie It was divided into 4
sections in terms of meshing and boundary conditions. In the concrete domain (a in
Fig.4.4), Eqs.3 ard 4 were implemented. At the stexncrete interface (b in Fig4),

the equations governing the polarization behavior of the steel (Bldlerer equation

such as that in Eg4.1, 42 or similar equations) were implemented as Dirichlet
boundary conditios. At the counter electrogmncrete interface (c in Figt4), a
boundary current source was used for the galvanostatic and potentiodynamic techniques

and 4 point objects (two curresburces as outer probes and two inner points used to
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evaluate the potéial measured) were used for the CEPRA technique. At the external
boundaries of the concrete domain (d in Figd), electrical insulation boundary
conditions were implementgdeumannboundaryconditiors with a specified normal
current ofzero.

The 3Dsimulations were performed using a COMSOL 5.2 software package. Solutions
were performed using a MUMPS solver (Multifrontal Massively Parallel sparse direct
Solver). This solver makes use of the multifrontal method Gausmmation and is

based on th&€U decomposition matrbsolving procedure. It should be noted, however,
that other solvers available in the software were tried and their solutions were identical
for the problem under consideration. However, the primary difference was the
convergence timeThe relative tolerance used was 0.001.

Since the reinforcement acts as the only current sink in the closed system described, in
the case of galvanostatic and potentiodyamic techniques, it is expected that the current
applied by the counter electrode shibhe equal to the total current received by the full
reinforcement (Clement et al., 2012). This was used in order to discretize the mesh and
minimize errors due to mesh el ementsd si ze
comparing the current densis injected in the specimen, through the counter electrode,
to the integration of the current density on the entire rebar surface. A number of
different mesh combinations were tried, for the concrete domain and the three different
boundaries shown in Fig.4, until the percent error between the applied and received
current was minimized, putting into consideration the time required for convergence. It
was found that the optimum mesh (in terms of error and the time required to reach

convergence) wdsighly-dependent on the technique used and the availability of anodes
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and cathodes. The availability of a limiting current density also highly affected the
optimum mesh, although this is not implemented in this paper. In all of the cases, the
solutions, with theehosen meshonfigurations had an error of less than 0.1% between
the applied current and the current received by the-stewrete interface. For the
CEPRA technique, the current received by the reinforcement is not constant (will be
discussed furtherater). However, the summation of the current at the reinforcement
surface and at the two curreapplying/receiving electrodes is expected to be zero. This
was used in order to discretize the mesh by keeping this summation to insignificant

values (less thma0.1% of the applied current).

I i i _"j

S .
/

]

Figure4.4 - Domains and boundaries of the problem salyaliconcrete domain (b)

reinforcement surface (c) counter electrode (d) extérmahdaries

4.3.5 Corrosion-Monitoring Techniques

The DC techniques used in the previous paper were investigated using the finite element
model. These techniques included the potentiodynamic, galvanostatic, and CEPRA
techniques. The galvanostatic technique wasdeted using a counter electrode of 3 cm

inner diameter and 6 cm outer diameter and a guard ring electrode of inner diameter of 8

cm and outer diameter of 10 cm. The applied current was 25 pA for the passive case and
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100 pA for the active cases. The potahtlifference between the counter electrode and

the reinforcement and that between the guard ring and the reinforcement were measured
before the application of the monitoring technique (simply through applying a current of
insignificant value and measugnthe average potential at the electrodacrete
interface at time zero). This measurement allowed an estimate of the amount of current
required from the guard ring in order to keep the potential difference between the
counter electrode and the guard rthg same. This is the same method of confinement

as that used in the experimental study. This current was found to range between
approximately 1.1 to 1.8mesthe current applied from the counter electrode, which is

in agreement with the experimental uks obtaind by (Gepregas and Hansson, 2005

The potentiodyamic echnigue was modeled using a -d#&long (along the
reinforcement) and-6m-wide counterelectrode. The applied potential shift was set to

10 mV and the current was correspondingly adjuiedaintain this shift. The CEPRA
technique was modeled as a werpabe array with 4 probes. In which the outer two
probes were modeled as perfect point objects and were used to apply a current of 0.5
mA and-0.5 mA. The potential difference between th® inner probes was recorded

as in the CEPRA technique.

4.4 Results and Discussion

4.4.1 Galvanostatic Technique

Figure 45 shows the effect of cover depth and resistivity on distribution of
polarizing currenbn the reinforcement surfader the case ofiniform corrosion These

results wereobtained from the steaebtate model. The cover depth results were
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obtained for a case of resistivity of 40 ohm.m and the resistivity results were obtained
for a case of cover depth of 40 mm. The negative sign in-tasyis used to indicate
anodic polarization and current being received by the reinforcenidm. black
horizontal line indicates the current assumey the techniqueto be reaching the
reinforcement under the counter electrodibe model results clegrlagree with the
hypothesis shown from the experimental results. It is clear that as the cover depth
increases, the current dispersion subsequently increases in the concrete cover leading to
a lower current polarizing the area under the counter elecfftite subsequently leads

to an overestimation of corrosion rates as the cover depth increases. The effect of
resistivity obtained from the finite element model also agrees to those hypothesized
from the experimental results. It is clear that as the regystif’ the concrete increases,
more current tends to get consumedhe area under the counter electrode. The results
show that for the input parameters investigated, resistivity values higher than
approximately 80 ohm.m lead to an underestimation obs@n current density, while

lower resistivity values lead to an overestimation. It should be stressed that this current
distribution will depend rather highly on the exchange current density assumed. For
instance, the cenff between underestimation andesestimation found at 80 ohm.m

will change to another resistivity value depending on the chosen exchange current
density. Nevertheless, the same trend will be observed on the effect of cover depth or

resistivity on the results regardless the exchangewrudensity or the beta coefficient.
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Figure4.5 - Effect of cover depth, in meter, (left) and concrete resistivity, in ohms.m,
(right) on the current received by the reinforcement after the application of a
galvanostatic pulse

Figure4.6 shows resultsf current distributiorat the reinforcement surfader cases of
different A/C ratis, for an electrodevith macrocell corrosion with 5 anodes distributed
evenly over the reinforcement surfacgmilar to the casshown in Fig.4.1. These
results were obtained for a cover depth of 40 mm and a resisthd§ ohm.m. Only
half of the specimen is presented due to symmetry. The current distribution presented is
the difference between the current distribution after and before the application of the
corrosion monitoring technique (note that there is an inttiatent distribution caused
by galvanic corrosion macrocells). It is clear that the anodes generally receive more
current per area as compared to cathodes. This agrees with the experimental findings of
Nygaard et al. (2009). This has typically been attadu simplistically, to the higher

polarization resistance of the passive or cathodic areas. This is true for areas that do not
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significantly contribute cathodically to corrosion propagation (passive areas far away
from anodes). For cathodes, generallys ttan be explained by looking at F&7. The
difference between the anodic polarization of the anode and the cathode (shown using
arrows) for macrocell corrosion is evident. Anodic polarizations lead to anodes
increasing in net current density while leades decreasing. This, generally, leads to
anodes receiving more current per area compared to cathodes. The currend teceive
the anode increases #® polarized potential of the cathode becomes more positive
(which happens as the 4@Rop increases). his will be demonstrated further through

studying the effect of resistivity on the current received by cathodes for the case of

macrocell corrosion.
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Figure4.6 - Current distribution for macrocell corrosiafter the application of a

galvanostatic pulse as a factor of the A/C ratio
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Figure4.7 - Schematic representation of polarization of anodes and cathodes for cases
of macrocell corrosion

Figure4.8 shows the effect of resistivity on the current received by the anodic, cathodic
and the total area under the counter electrimdehe case of macrocell corrosiaith 5
anodes distributed evenly over the reinforcement surflicese results were obtained
for a cover depth of 40 mm and an A/C ratio of 0.2. The results reveal that as the
resistivity increases, the current flowing under the counter electrode increases. This is in
agreement with the hypothesis drawn about the effect of resistivity on thezedlarea
for the galvanostatic technique. It is also worth noting that the current flowing to the
anode increases with increasing resistivity, for resistivity values higher than 100 ohm.m,
while that flowing to the cathode decreases. This is since @s @dgyalvanic corrosion,
the polarized potential of the cathode increases as the resistivity increases as shown in
Fig 4.7. This is due to the higher 1&op between the anodes and the cathodes. This
potential reaches values very close to the equilibpatential of the cathode when the

resistivity reaches very high values. At this condition, anodic polarizations of the
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cathode lead to decease in its current density and can lead to reverse polarity of the
cathode (meaning that its polarized potential €alh in the anodic branch of its
polarization curve), in conditions of very high polarizing currents. Such a polarization is
not preferred by the cathode, since passivation control leads to the cathode receiving
very limited amounts of current. For the eas the anodes, anodic polarizations always
lead to higher current densities being received by this anode. Therefore, the current

received by the anode increases as that received by cathodes decreases.
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Figure4.8 - Effect of resistivity on the current received under the counter electrode
Figure4.9 shows the current received by the anodic area, the cathodic area and the total
area directly under the counter electrode as a factor of A/C fatidthe case of
macrocell corrosionvith 5 anodes distributed evenly over the reinforcement suffeice
two cases of resistivity (20 ohm.m and 1000 ohm.m) for a cover depth of 40 mm. The
results indicate that more current gets received under the counter electrodarasithe
to cathode ratio increases, which is in agreement with the hypothesis noted in part 1 of

this paper; in which it was noted that as the anode to cathode ratio increases, more
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current gets drained preferentially under the counter electrode leadingbédtes
estimation of the corrosion rate. This is due to the ability of the anodic areas to act as the
primary current sink (due to their facilitated anodic polarization behavior). Therefore, as
such an area increases, more current gets received undandtie and less current
flows to areas away from the counter electrode to become consumed. It is also clear that
the effect of the A/C ratio becomes more substantial as the resistivity increases, since
the cathodes can receive lower amounts of currentdgascaf high resistivity systems

and the anodes become the primary current receivers at such resistivities; due to the

previously discussed reasons.
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Figure4.9 - Effect of A/C ratio on the current received under the counter electrode for
two cases of resistivity (40 ohm.m and 1000 ohm.m)
Figure 4.10 shows the effect of cover depth on the amount of current flowing to the
anodic, cathodic and the total area underdbunter electrode. This was obtained for a

case of resistivity of 40 ohm.m and an A/C ratio of 2 the case of 5 anodes
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distributed evenly over the reinforcement surfaldee effect of the cover depth follows
that hypothesized from the experimentasults. As the cover depth increases, more
current dispersion occurs in the concrete cover. This leads to more currerdatileing
propagate and polarizreas far away from the counter electrode. This effect happens
similarly for the anodes and the catles. This is, primarily, due to the larger area

available in the concrete cover for the polarizing current to propagate laterally
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Figure4.10 - Effect of cover depth on the current received under the epetdctrode
The results shown in Figk8, 4.9 and4.10 demonstrate that the current received by the
area under the counter electrode is dependent on various factors. However, in all of the
previously shown results for galvanic corrosion, it was found tthe current applied
under the counter electrode is less than that applied by the &9 @A), which leads
to an overestimation of corrosion rates. This is rather different than results by other
authors in which one discrete anodic area was inputiddrithe counter electrode and
the remaining area is left to act as a cathode (Wa@84; Poursaee and Hansson,

2008 Marchand et al., 2017). In these studies, it is always concluded that theriggard
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techniques will lead to an oveonfinement. Restd by this study clearly indicate that

over confinement will not occur if there are other anodic areas outside the area of the
counter electrode. In order to demonstrate this4Hi§ shows the currents received by

the anodic area inputted in differentédions, for cases in which one anode is present

on the whole length of the rebar, similar to that shown in Eig. The results
demonstrate that oveonfinement occurs in these cases for a range of different cover
depths, resistivities and A/C ratios.ig clear that when the anode is directly under the
counter electrode, the current received by this anode increases as the A/C increases, the
cover depth decreases or as the resistivity increases. In all cases, even when the anode
center was 0.125 cm frothe center of the counter electrode, this anode still received
substantial amounts of current that are higher than that applied by the counter electrode.
This is similar to results biygaard et al. (2009), wherewas found that anodes more

than one metr away from the counter electrode still received significant amounts of
current. Indeed, if such a small area (the anode) receives substantial amounts of current
when located far away from the counter electrode, then the current received under the
counterelectrode, in these cases, will be substantially lower than that assumed by the

monitoring device.
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Figure4.11 - Effect of distance from anode to counter electrode center on the amount of
current received by the anode for different combinations of A/C, resisitivty (R) and
cover depths (C)
If both results from a case of one anode and those of five anodes are eahsider
seems clear that a wide range of distributions of polarizing current is feasible, depending
on the resistivity, A/C ratio, cover depth, the distribution of anodes, their sizes and the
distance from the anode to the counter electrode. The reskitguires4.8 to4.11 show
that the current received under the counter can range from as low as 55 pA to 140 pA,
for the geometry considered and the input parameters used, depending on the
aforementioned factors. This provides great challenges in monitsmgsion rates for
field applications in which more complexity is introduced by a sefimite amount of
intersecting reinforcements in heavilginforced sections. It also provides challenges in
modeling the exact amount of current received under thmtep electrode in an
experimental study such as that presented in part 1, even with the very simplistic rebar
setup. This is due to the difficult task of inputting the exact location of the anodes to

match that in the experimental study.
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For cases in whitonly one anode is avable over the surface of the reinforcemehée
potential before and after the application of the monitoring technigbethe
reinforcement surface and the concrete surfaee similar to that shown in Figure

4.12. First, it hago be noted thabefore polarizationthe potentials at the surface of the
concrete are substantially different thansthat the steel surfac€&his clearly shows

that the assumption that is typically used in modeling monitoring techniques, which is
thatthe monitoringdevice will be inputted over the corroding spot since this spot can be
found through potential mapping, is not true. For cases of low ivgsistassociated

with chloridecontaminated concrete, the anodic and cathodic areas will have a very
small difference in potential when measured at the surface of canthegemay limit

the ability of the hakcell potential method in differentiating active and passive
locations This finding is in agreement with those owtlthin PowGhaz et al. (208).

If the potential distribution after polarization is consideriéds clear that monitoring
techniques inputted over the surface of the concrete near the anodic area will capture a
potential shift, due to polarization, that is close to that assoaciatledhe potential shift

at thecathodicarea Thi s i s d usurfateared bdeieg much tatyer than dhe
anodeand due to the much larger potential shift exhibited by the cathodes. This is in
agreement with experimental results by Angst andhBuq2015). In these cases, it is
clear that the Stern and Geary equation is not applicable and its application may lead to

substantial errors.
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Figure4.12 - Potential distribution at the surface of the steel and concrete before and

after the application of the corrosion monitoring technique

In order to determine the corrosion ratecases of macrocell corrosioone way is to
explicitly polarize the anode and measure its potential shift and anetners to
explicitly polarize the cathode amdeasure its potential shift. If the current reaching the
anode is determined, and tepleitlyatmeocadresios pot e
rate can be found through Eg. 4.{Angst and Buchler, 2015)provided that the
potential shift is of a small magnitud€he same can be applied for the cathade

shown in Eq. 4.11

Q 5 € i— (4.11)

Dividing the Stern and Geary equation, used by such monitoring techniques, by the
cathodic form of Eq4.11, the ratio between the measured and adtgalcan be
expressed as shown i E.12. The cathodic term in E4.11 is used since the cathodic

potential shift is the primary one measua¢dhe concrete surface
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: (4.12)

In Eqg.4.12, the potential term is always close to one and the area term is very close to
one (considering that the cathodic area is usually much higher than the anodic one).
However, the beta term is always lemthan one and the current term is always higher
than one. This usually leads to these errors decreasing in magnitude for most cases or
cancelling each other (Angst and Buchler, 2015). Thishésprimary reason such
techniques still work although Sterna Gear yds equation does
corrosion. However, the accuracy of thaschniques is highly doubtfui these cases

and is highly dependent on the amount of current reaching the cathodic portion of the
reinforcement.

Figure4.13 shows the current distributiam the surface of the reinforcement for the
case of passive reinforcements, as a factor of resistivigse results were obtained for

a cover depth of 40 mnit is clear that resistivity, which was found to be a substant

factor of influence in the case of uniform corrosion and cases with A/C ratios, is not of a

great influence in the passive cases. The same was observed for the effect of the cover

depth or reinforcement diameter and is, therefore, not presented hixexplains the
experimental finding in which it was noted that the obtained corrosion rate for the
passive case was approximately the same regardless of the cover depth or the
reinforcement diameter. It is clear that up to 1000 ohm.m, little to no chaage
observed in the current distribution. Even in cases where the concrete resistivity reaches
extremely high values, the full reinforcement receives substantial amounts of polarized
current. The current generally seemed to be uniformly distributed for fuh

reinforcement in the range of resistivities used in the experimental study. This is,
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primarily, because the working electrode in the passive cases has a very low exchange
current density and a very high anodic tafel slope. This leads to a verapaility for

the electrode to consume the anodic polarizing current. Subsequently, the polarizing
current is obligated to flow to areas away from the counter electrode to become
consumed. This only accounts for an overestimation of the corrosion cusresitycof a

factor of 2 for a case in which the reinforcement is 30 cm long. In cases where the
reinforcement is much longer, in which the current uniformly distributes over the full
area, the overestimation of passive corrosion rate will be substahigtigr. Although

this is a major source of error, its influence is marginal compared to that previously

mentioned for the measurement time as shown later.
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Figure4.13 - Current distribution at the surfaoéa passive reinforcement for a wide
range of resistivities, in ohm.m.
As noted in part 1, the device used to study the galvanostatic technique uses a
measurement time of 10 seconds. Fd4, shows results obtained from the time
transient model for a sa of passive reinforcement with a wide range of varying double

layer capacitance3hese results were obtained for a resistivity of 40 ohm.m and a cover
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depth of 40 mmThe results clearly indicate that the passive reinforcements require
much longer timdo reach quassteadystate conditions, which explains the significant
overestimation obtained when a technique uses a measurement time of only 10 seconds.
It is clear that acceptable potential shifts can not be measured after 10 seconds in the
passive cas unless the double layer capacitance is in the range of 0.08wRich is

much lower than the range that is typically reported in the literature (Martinez and
Andrade, 2011). This is simply due to the very high time constant associated with
passive eletrodes, which is a result of the very high polarization resistance of these
el ectrodes (recall that the time coppstant
and the double layer capacitanceC

Another observation that was found througbd®ling is that the beta coefficie(the

anodic one in this cassince the technique uses an anodic paion) highly affects

the time to steadgtate conditions in the passive case as shown in Figlige This

figure shows results from the tirtansient model for a passive reinforcementith a

cover depth of 40 mm and resistivity of 40 ohmwith a wide range of beta
coefficients for a doublelayer capacitance of 1 Ffim Thi s f act or i s,
knowledge, almost never acknowledged inlitezature. In the galvanotactic technique,

the potential of the electrode is not controlled. Therefore, when currents in the range of
5 to 25 YA are applied to an electrode with an exchange current density of°IAki%)

the potential shift is nevenithe linear region. Hence, the assumption of the electrode
acting as a perfect resistor is never followed, as the linearity between the current and
potential response is lost. In these cases, the beta coefficient seems to have a substantial

effect on theobserved response.
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Figure4.14 - Effect of the doubldayer capacitance, in FAyon the timedependent

response obtained after a galvanostatic polarization
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obtained after a galvanostatic polarization

Figure 416 shows results from the tirtensient model for the case of active

reinforcements with a wide range dbublelayer capacitances and beta coefficients.
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These results were obtained for a case of resistivity of 40 ohm.m and a cover depth of
40 mm.The effect of doubkayer capacitance was evaluated for a beta coefficient of
0.12 and the effect of beta coefénts was evaluated for a case of doudjer
capacitance of 1 F/mIn the active cases, it seemed that the 10 second period may be
sufficient in cases where the double layer capacitance is up to?Svitioh is relatively

high compared to the range wported results (Martinez and Andrade, 2011). In this
case, the potential response measured at 10 seconds was approximately 90% of the
steadystate response. The beta coefficient did not seem to affect this substantially since
in the active cases the patial shift was usually observed to be in the range of 10 to 15
mV, which leads to the validity of the assumption of linear between current and

potential response, and therefore the assumption of a perfect resistor can be followed.
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Figure4.16 - Effect of the doubldayer capacitance, in FAin(left) andthe anodic beta
coefficient, in \, (right) on the timedependent response following the application of a

galvanostatic pulse
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4.4.2 Potentiodynamic Technique

Figure4.17 showscurrent distribution at the surface of the reinforcenadatained from
modeling the potentiodynamic technique for the case of uniform microcell corrosion for
varying cover depths and concrete resistivities. The cover depth results weneadbtai

for a case of resistivity of 40 ohm.m and the resistivity results were obtained for a case
of cover depth of 40 mm. The results show the same trend observed from the
galvanostatic technique, where higher resistivities and lower cover depths lead to a
much better confinement of the current under the counter electrode. However, there is
an evident difference observed for the current distribution for the potentiodynamic
technique compared to the galvanostatic one. The controlled potential at the cédntroid o
the counter electrode (the point where the reference electrode meets the concrete
surface) leads to the current at the center of the rebar being the same for all of the cases.
The applied current is, therefore, the uncontrolled variable in this casé, \arges in

order to achieve the same potential shift (10 mV in this case) at the reference electrode.
It is clear that as the resistivity decreases or as the coverases, the current has a
greaterability to disperse in the concrete cover and flovateas away from the counter
electrode leading to overestimation of the corrosion rate. This is, again, in agreement
with the hypothesis shown in part 1 of this study and the results from the galvanostatic

technique.
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(right) on the current received by the reinforcement after the application of a

galvanostatic pulse

Figure4.18 illustrates the current distrithon a the reinforcement surface for the case

of macrocell corrosion with 5 evenly distributed anodes at the reinforcement surface

with different A/C ratiosThese results were obtained for a cover depth of 40 mm and a

resistivity of 40 ohm.m. The resulése similar to thosebserved for the galvanostatic

technique, although the currents received by different regions of the electrode are

noticeably lower than that observed for the galvanostatic technique. This difference is

due to the potential being coolied in this technique leading to potential shifts of 10

mV and due to not using an auxilliary electrode. This leads to the applied currents being,

typically, in a range lower than the 100 pA used for the galvanostatic technique, which

agrees with expamental observations found during performing potentiodynamic

measurements.
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The change in quantity of current flowing under the counter electrode as a factor of A/C
ratio is presented in Figuré.19 for the case of macrocell corrosion with 5 evenly
distributed anodes at the reinforcement sutféicehould be noted that the resulre
presented in terms of current received/current applied, since the applied current is
different for each case, due to the potential being the controlled input for the
potentiodynamic technique. These results were obtained for a resistivity of 40 ohm.m
and a cover depth of 40 mm. It is clear that as the atmdathode ratio increases, the
current flowing directly under the counter electrode increases, which is in agreement
with the hypothesis outlined in part 1 of this paper. It is worth notingithagntrary to
the results of the galvanostatic technique, the potentiodynamic technique shows that
more current flows to the cathode instead of the anode for low A/C ratios lower than 1.
However, if the amount of current flowing to the anode and cattoodepresented per

area, the current received will be much higher for the anodic areas. The primary reason
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for cathodes receiving currentsgher orclose to those received by the anodes is that
when the polarization is limited to only 10 mV, the apphbedrents are in ranges much
smaller than those in the galvanostatic technique. For instance, the currents applied by
the potentiodyamic technique in order to reach a shift of 10 mV were in the range of 29
WA for the lowest A/C and 37 pA for the highest A/These are much lower than the
constantly applied 100 pA for the galvanostatic one. In these cases, the cathode has an
ability to consume the polarizing current that is comparable to the anode. This can be
demonstrated byeferringto Fig. 4.7 which illustrate that the potential of the cathode

after the application of the potential shift is the governing factor in determining the
amount of current this cathode can receive. When the shift is limited to potentials
around 10 mV from the polarized potentiabtto the anode and cathode can have a high
ability to consume the current. However, as this shift increases, the ability of the cathode
to consume the polarizing current decreases dramatically. The governing factor is,
therefore, their areas, which leadghe catlode receiving much more currahie to its

larger higher area. This can be also demonstrated by lookihg atirrenteceived by
anodes or cathodes at an A/C ratio of 1. In these cases, the anodes receive a slightly
higher current although it Baan equal area to that of the cathodes. It should be noted
that cathodic polarizations are not presented in this paper. However, results from
cathodic polarizations ofl0 mV have shown that the cathode receives more current
than that shown for +10 mV. Mertheless, the same trends of change of current
received under the counter electrode (e.g. increases in current received under counter

electrode as A/C increases) is the same as that shown.
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Figure4.19 - Effect of A/C ratio on currents received under the counter electrode
Figure4.20 illustrates the depearce of current received under the counter electrode as
a factor of resistivityfor the case of macrocell corrosion with 5 evenly distributed
anodes at # reinforcement surfac&hese results were all obtained for an A/C ratio of
0.2 and a cover depth of 40 mm. It is clear that as the resistivity increases, the current
flowing directly under the counter electrode increases, which also supports the
experimetally-noted hypothesis. The results show that the current flowing to the
cathode increases significantly until a resistivity of 500 ohm.m, after which no
significant increases are observed. For the anodes, the current seems to marginally
decrease initiayl, in the range of low resistivities, and then further increase. This
increase in the capacity of anodes to receive current was demonstrated previously in the
galvanostatic technique section and is mainly attributed to the easier polarization of the
anode,compared to the cathode, when highdi®ps, between anodic and cathodic

sites, are found. This can be attributed to the polarized potential of the cathode reaching
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very high valuessuchthat anodic polarizations become limited. When the cathodes
resist aodic current consumption while the resistivity is high enough to not allow
lateral current dispersion, the anodes become the primary current sink and receive
current comparable to those of the cathodes, although the anodes have a much lower

area in this ase.
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Figure4.20 - Effect of resistivity on currents received under the counter electoode
the case of microcell corrosion

Figure4.21lillustrates the depemedce of current received under the oterelectrode as
a factor of cover depth for the case of macrocell corrosion with 5 evenly distributed
anodes at the reinforcement surface. These results were olftairedA/C ratio of 0.2
and a resistivity of 40 onm.m. It is clear that, as expected andrasrated earlier, the
current flowing to anodes or cathodes under the counter electrode seems to decrease as
the cover depth increases, due to the higher area of concrete available in the cover depth

for the current to disperse and polarize areas away tine counter electrode.
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Figure4.22 shows the current received, by the anéalethe case of having one anodic

site on the reinforcement surface a s

a

f act distance fromtthe e¢er @fn o d e 6 s

the counter electroddt is clear that the anode receives substantial amount of current

regardless of its location. It can be seen that as the A/C ratio increases orateptve

decreases, more current is received by the anode when its under the counter elecrode.

Higher resistivities led to less current being received by the anode. However, in these

cases, as demonstrated earlier in Fig. 19, more current is still receigedthe counter

electrode by the cathode due to the high resistance of the concrete domain to lateral

current propagation. Again, as demonstrated for the galvanostatic technique, results

from Figures 18 to 21 show that a wide range of feasible curreats (.35 to 0.9 of

the applied current) can be received under the counter electrode dependent on the

number of aforementioned factors.
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4.4.3 CEPRA Technique

Due to the interest in this newly developed technique and the very limited understanding
of the associated current propagation and its malctipplication for field usage, this
section will deal with finite element modeling for its laboratory performance as well as
the field performance. This will be done for the case of a specimen representing that
used for the laboratory study and will beended for cases of larger specimens (1 m

long, 30 cm wide and 20 cm deep).

4.4.3.1 Laboratory -scale Specimens

Figure 4.23 shows the effect of cover depth, resistivity and reinforcement diameter on
the current distribution on the reinforcement surface forGB®RA technique for the

case of uniform corrosionResistivity results were obtained for a case of 10 mm
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diameter rebar and 40 mm cover depth. It is clear that as the resistivity increases, more
current flows to the reinforcemeand subsequentlyless curent flows between the two
polarizing probes (in the flow path parallel to the reinforcement). As illustrated in part 1
of this paper, this is simply due tthe availability of two curreatonsumption
boundaries in such a system: one associated wittetiee and another associated with
one of the current applying/receiving probes. The amount of cul@ming to this
reinforcements not challenging to predict and can be found through the model outlined;
as evidenced by the accuracy of the technique.evew it is rather challenging to find

the percent of current influencing the area directly sensed by the two inner electrodes, as
a percentage of the total current reaching the reinforcement. It is clear that as the
resistivity increases, more currentderto localize near the probes area as compared to
areas away from the probes. For instance, for 1000 ohm.m of resistivity, 0.66 A/m
flows to the end of the specimen, while 0.23 A/flows to the region under the
polarizing probe. When the resistivity deases to 20 ohm.m, 0.055 A/ffows to the

end of the specimen and 0.1 A/for the area under the probe. Therefore, it can be
concluded that the portion of polarizing current flowing to the area sensed by the central
electrodes increases as the resistiiicreases, which is in line with the observations
noted for other techniques. This may also explain the reason behind the net
overestimation found for theeries with 6% admixed chlorides when compared with the
series with 3% or 1.5% chloride.

Results 6 the dependence of polarizing current on the cover depth clearly indicates a
similar behavior to that shown for the other techniques. The cover depth results were

obtained for a case of 10 mm diameter rebar with 40 mm of cover. The overall current
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reachimg the reinforcement was found to decrease asdkier depth increases. This is
since larger concrete covers allow for a larger area for the polarizing current to flow
between the two curresaipplying probes instead of polarizing the reinforcement. Again,
the portion of current flowing to thesinforcement area between the polarizing probes
increases as the cover depth decreajdss may explain the reason for the
underestimation of the corrosion rate for the 20 mm cover depth when assuming that the
full reinforcement is polarizedn these cases, the polarized area may have been less
than that assumed in the experimental study.

The reinforcement diameter influence waxsluated for a case of 40 mm of cover and

40 ohm.m of resistivity. Again, the same issebved for the effect of the reinforcement
diameter. As the reinforcement diameter increases, more current can reach the
reinforcement due to a higher area available to consume this current. It seems that the
area polarized by the technique tends to deereas the reinforcement diameter
increases. Furthermore, the current typically causes a localized polarization near the
current applying probes as the reinforcement diameter increases. This is, perhaps, the
reason for the underestimation found experiméntalthe 20M rebar compared to the

10M ones when assuming that the full reinforcement is polarized in both cases.

These results clearly indicate that the assumption that the full area of the specimen was
polarized in this technique, for the case of laborn:scale specimenshows numerical

merit. However, the distribution of this current is not uniform and depends on the
aforementioned factors. In general, the technique shows higher polarized area as the
cover depth increasesgsistivity decreases oriameter decreases. This will be further

extended through modeling of cases with larger specimens (larger reinforcement area to
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consume the current) in order to test the applicability of this technique for field

measurements.
03 -0.8
..... 0.02
0.2 £ \ -0.6 )
| [\ 0.04 )
\ 041 i
011 / \ - «=0.07 L)
g \ . | ; 3
g /..',' “"'-.:.T (g 0.2 .: ..
: 0 /_'-"' ?: . ".‘ -
5] 4 c YT —
G’C) .. .,~‘./ ......... 20 q:) - o C
3 _\-. - = .. A
O . 4 50 3 o2 ) J
014 \u& / 20 .
\ /. 100 0.4 '.. :-
0.2 N 200 e
' v/ 500 0.6 - "
— . -1000
0.3 08
' : : 1 2 )
° %1 Length (m)? 03 0 01 ength (m) 03
-0.25
0.2
/
\
-0.15 )
‘.o.‘\
0.1 !‘ *‘.
€-0.05 .,J N
< 7 <
I= V4
5 Ok Py
3005 [+ ¥ £
o..\ ,,
0.1 : [
\ {, ..... 0.01
045 \* 0.02
0.2 ‘v - —0.03
0.25
0 03

1 Length (m)o'2
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diameterin m, for the case of a uniformly corroding reinforcement
Figure4.24 pesens the current distribution on the reinforcement surface farmaber

of different A/C ratiosfor a case of 5 evenly distributed anodékese results were
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obtained for a case of resistivity of 40 ohm.m and a cover depth of 4G-onrall of the
results, the cathodic probe was near the side showing positive (catholdiggation

and the anodic probe was near the side showing negative (anodic) polarization. In all of
these cases, it was found that the cathodic portions of the reinforcement are the primary
polarized areas near the cathodic probes and the anodes prenidugy polarized areas

near the anodic probes. This was discussed theoreticallyshawih schematically in

Fig. 4.7, and is due to the increase of current density of the cathode when cathodically
polarized and vice versa for the anode. However, therasrper area received by the
anodes are substantially higher than those for the caththdteaghout the full

reinforcement surface
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Figure4.24 - Distribution of polarizing current for a case of macrocelrasion
Figures 4.25 to 4.28 show the effect of A/C ratio, resistivity, cover depth and
reinforcement diameter for the case of a reinforcementébvenly distributed anodes.

It might be premature to studych cases for the CEPRA technique since it was shown
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that the mode of application of other we#tablished corrosiemonitoring techniques

are not understood for macrocell corrosiblevertheless, this provides insights about

the general comparison bewvethis technique and other welitablished onedll of

these results were obtained for a case in which resistivity was 40 ohm.m, A/C ratio was
0.2, cover depth was 40 mm arebardiameter was 10 mm. Each of these parameters
was swept on its own as show the results. The A/C ratio showed to not influence the
polarization of the cathodes, whether it is anodically or cathodically polarized, with the
difference in current received by the anodes in the lowest and highest A/C ratios being
rather marginalThe anodes were, however, influenced by A/C ratio. It was found that
higher anodic areas lead to more current received by the anodes near both the anodic or
the cathodic probes. Higher resistivities generally led to cathodes in the cathodic side
receivingmore current on the expense of the anodes while anodes in the anodic side
received more current on the expense of the cathodes. This is expected since, as
demonstrated earlier, cathodic polarization of cathodes and anodic polarization of the
anodes are thiavored behavior for these areas since such polarizations lead to increase
in their net current density. The cathode:
resistivity increases due to the higherdRp leading to cathodes approaching their
equilibrium potential, in which their anodic polarization is not favored as demonstrated
earlier. The reinforcement diameter and the cover ddpthot influence the current
distribution. However, as shown earjiéswer cover depths and higher reinforcement
diameters lead to more current reaching the reinforcement. These results revealed that
the full reinforcement was polarized in this case regardless the cover depth, resistivity,

A/C ratio or rebar diameter. The distribution of the polarizing current over the
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reinforcement is very similar for all of the cases. The issues with the inhomogenous
distribution of the current for the case of macrocell corrosion is, in this technique,
similar to that observed for all of the other techniques and uncertainties iratesgim
macrocell corrosion for these cases and difficulties to determine the exact distribution of
the polarizing current still exists. It should be noted that for this technique, the
polarization of any of the anodes or cathodes, will affect the measaspdnse.
Although the response is measured as the difference in potential difference between the
inner two electrodes, this potential difference is highly related to the flow of the

polarizing current which is affected by all of the anodes and cathodes.
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Figure 429 presents the distribution of polarizing curratt the surface of the
reinforcementfor the case of a passive reinforcement for a wide range of resistivities at
a cover depth of 40 mm and a reinforcement diameter of 10 mm. It is clear that
resistivity influences the amount of current received by the reinforcement substantially.
Confinement wa found to occur in the cathodically polarized portion of the
reinforcement in a facilitated way compared to the anodic side. This can, certainly,
cause errors due to the lack of symmetry in such a system. For low resistivity systems,
the anodically polaried portion of the reinforcement seemed to receive the same current
throughout the reinforcement. As the resistivity increased, however, it seemed that a
more localized current distribution occurs near the anodic polarizing probe. This
localization in casef very high resistivitymay explain the reason behind the better
estimate of passive corrosion rates in caseddrgf concrete This is due to the

applicability of the model increasing as the symmetry in the system increases.
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Furthermore, as demonstraiadpart 1, in low resistivity systems (Figs. 20 to 23 in part

1), the high and low frequency responses have dramatically different flow paths. As the
resistivity increases and a more localized polarization occurs, such as that shown for the
case of a rediwity of 5000 ohm.m(a very high resistivity that only exists for dry
concrete) the high and low frequency responses start to converge and display some
similarities. The similarity in low and high frequency responses generally leads to a

higher applicabity of the model.

0.1 -0.0001
-0.05 - (O m—
=
—~ 0 0.0001 -
€ <
< g
= o
§0.05 1 5 0.0002 -
=} ' .
O \ v / wo | | Ll eeeee 20
0.1 A \ ] w200 0.0003 1 \-
“ " e 500 e 200
0.15 ) 1000 0.0004 1
— — 3000 1000
— = =5000
0.2 0.0005
0 0.3 0 0.1 0.3

-1 ength (mj-2 Length (P
Figure4.29 - Distribution of polarizing current as a factor of resistiviy, in ohm.m, for
the case of a passive electrode
Figures4.30 and4.31 illustrates theime-dependent potentiaésponsdor the CEPRA
technique for a wide range of doublayer capacitance$or a case of resistivity of 40
ohm.m, a cover depth of 40 mm and a reinforcement diameter of 10 mm for a passive

and active rebar, respectively. Comparing these results gath@nostatic technique, it

is clear that the technique substantially reduces the time to reachinegstpaabistate
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conditions. This has been proven previously proven experimentally (Zhang et al., 2001;
Lim et al., 2009), theoretically (Lim et al., 200&d numerically by the current study.
The primary reason for this is that the polarizing current is very low in the area found in
the middle of the reinforcement for this resistivity as shqgweviously These low
currents are due to the se#fgulatingcurrent reaching the reinforcement due to the
availability of the two current drains. It is clear that a measurement time of 10 seconds
can provide adequate information about the polarization behavior of the reinforcement
up to capacitance values in thega of 1 F/m for the passive case (88% of the steady
state polarization was achieved in 10 second) and 5iR/the active case (91% of the
steadystate polarization was achieved in 10 second). This, however, changes if the
resistivity reaches very highalues, due to the much higher current received by the
reinforcement. In resistivities approaching 5000 ohm.m the response becomes rather

similar to that for the galvanostatic technique.
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Figure4.30 - Effect of the doubldayer capacitance, in FAyon the obtained time

transient for the case of a passive rebar
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Figure4.31 - Effect of the doubldayer capacitance on the obtained titransient for

the casef an active rebar

4.4.3.2 Field-scale specimens

Figure 4.32 shows the effect of resistivity, cover depth and reinforcement diaoreter

the current distributiomn the reinforcement surfader a case of a specimen of 1 m in
length for a case of actively corrodinginforcement The base case was for a cover
depth of 40 mm, resistivity of 40 ohm.m and a reinforcement diameter of 10 mm. Each
of the parameters was swept, from the base case, as shown. It is clear that resistivity
influences the polarized area of tleehnique in a way that is different than that shown

for other techniques. Keems that a polarized lengththe range ohpproxmately 40

cm applies for all of the resistivities. The resistivity, however, influences the maximum
current under the curreapplying probes where higher resistivity leads to more current
flowing to this area. The effect of the cover depth also shows that lowearsdead to

lower polarized areas and more localized polarization under the probe, while higher
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covers lead to more dispersion of the applied current in the concrete cover, which is in
agreement with the effect observed for other techniques. The samens &itothe

effect of reinforcement diameter in which higher diameters lead to more current
localizing under the probes due to the higher current consumption area available for
higher reinforcement areaNevertheéss, it seems that tlwwver depth, reinf@ement
diameter and resistivity have Bwer influence on the polarized arefor the
connectionless technique than that observed forother commonlyused techniques;

due to the currentegulating nature of this techniguke.can be concluded from these
results that polarized length of 35 to 4%ncapplies for all of the cases of seimiinite
memberswith uniform corrosion. This may shothat additional current confinement
techhiguesmay not be essential producingreliable results for this techniquiar the

case of actively corroding reinforcements; due to the curesntlating nature of the

technique.
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Figure4.32 - Effect of resistivity, in ohm.m, cover depth, in mm, and rebar diameter, in
mm, on the distribution of polarizing current for a uniformly corroding rebar

Figure 4.33 shows the effect of resistivity on current distribution for the case of a

passive electie. These results were obtained for a cover depth of 40 mm and a

diameter of 10 mm. As demonstrated previously, higher resistivities generally lead to
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higher amounts of current reaching the reinforcement and a lower polarized area. For
low resistivities itwas found that confinement occurs only in the branch of the
reinforcement near the cathodic probe while the full reinforcement area near the anodic
probe is polarized; up to 0.5 m in this case. This is very similar to what was noted in the
galvanostaticdchnique (in cases where an anodic polarization is applied to a passive
electrode). This is simply due to the el e
the very high tafel slope leading to the reinforcement having a very limited ability to
drain the anodic polarizing current. Again, the primary reason for the overestimation
found in passive cases for saturated (low resistivity) systems is: (1) the lack of
symmetry between the anodically polarized and cathodically polarized portions of the
electrodeand (2) the difference in flow path of low and high frequency responses. Both

factors lead to a low applicability of the shown model.
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Figure4.33 - Effect of resistivity on current distribution for the case of a passive rebar
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Figure4.34 shows the effect of anode locatimm the current received by this anode for

the case of aeinforcementvith one anode. This is presentied a range of resistivigis,

cover depths, A/C ratios anelrar diameters. It is cledhat the anode will receive

current i f Il nputted 1in

t

he

speci menos

location and distance from the curreqplying probe. When this anode is lwzhnear

ar

the cathodic branch, however, it receives negligible amounts of current, due to all of the

current being received by the cathodic area, due to the ability of the cathodic areas to

consume cathodic polarizationg he only exception is when the i&srity is extremely

high (5000 ohm.m). In this case, the anode becomes anodically polarized regardless of

its location. This is since in these cases the cathodes have a very limited ability to

receive polarizing currentss demonstrated earlier
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Figure4.34 - Effect of anode location on the current received by the afovdke

CEPRA technique
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4.5 Conclusions

A finite element model was developed and hasnshown to predict the polarization
behavior of the stel electrode embedded in concrete closely. This model was used to
analyze the effect of resistivity, cover depth, A/C ratio and location of anodes on the
polarizingcurrent distribution. Results from this study have yielded the following
conclusions:

1 Resstivity and cover depth highly impact the flow of current for the
galvanostatic and potentiodynamic polarizations, where higher resistivities and
lower cover depths generally lead to more current being received under the
counter electrode. This was the eder uniform corrosion as well as macrocell
corrosion cases.

1 The A/C ratio influences the distribution of the polarizing current where the
current received under the counter electrode for the galvanostatic and
potentiodynamic techniques increases as ti@2ratio increases.

1 The current received by the anodes or cathodes in cases of macrocell corrosion
varies considerably depending on the resistivity, wheredes receive more
currents, due to galvanostatic polarizations, rasistivity increases, athe
expense of cathodes.

1 The time required to readfuasisteadystateis much higher than 10 secorfds
passive reinforcements when a galvanostatic pulse is Uibesl time was also

found to be influenced by the beta coefficient.
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1 The concept of the polarizeatea has a weak applicability, especially in cases
where macrocell corrosion exists. This is due to this area being affected by the
factors shown in this study.

1 The CEPRA technique was found to decrease the time to st&stdyconditions
for passive reirdrcements considerably, especially in cases of low resistivites.

1 The polarized area for the CEPRA technique can be determined for the actively
corroding reinforcements and hagenshown to vary in lower magnitudes
compared to other techniques, due to #wdfregulating current for this
technique.

1 The lowfrequency and higifrequency responses follow different flow paths for
the passive reinforcements and the anodigadljarized and cathodicaHy
polarized portion of the reinforcement have different ppéion behaviors
which decreases the applicability of the model outlined. However, the

applicability of the model increases as the resistivity increases.
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