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Abstract

The objective of this thesis is to conduct a comprehensive comparative analysis of corrosion rate as
determined by nordestrudive field-applicable techniques and corrosion rate as determined by
destructive gravimetric testing as per ASTML.GThis is accomplished by tao-part experimental
program: (1) laboratorystudy that monitorsthe corrosion of reinforcement ireinforcedconcrete slabs
subjected toanacceleraté deterioration in a controlled environmenand (2)a field study based orthe
condition assessmertf the deck otthe North Channel Bridge, an existing reinforced concrete structure
located in Cornwall, ONNon-destructive techniquesanalyzed includehalf-cell potential, linear
polarization resistarg; galvanostatic pulse technigueonnectionless eleobnic pulse response analysis
and fourpoint electrical resistivityGenerally, corrosion rate as determined bpTNmeasurementssin
agreemenj to the same order of magnitudeyith the average corrosion rate determined by destructive
means.Measurementaising the glvanostatic pulse techniquarein better agreementvith gravimetric
measurementshan those obtainedrom the connectionless electronic pulse response analysis and linear
polarization techniqueElectrical resistivitymeasurementsproved to be a reliable indicator dahe
concrete conditionthese are in agreement withalues reported inthe literature.From the results of this
research, it is concluded that the industry practice of using¢elifpotential measurements in the field
should be complemented with other NDT techniques, such as electrical resistivitynaectionless
electronic pulse responsanalysis to obtain a more accurate assessment of the corrosion activity in a

reinforced concrete structure undergoing reinforcement corrosion.
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1.0 Introduction

1.1.Motivation
Due to its versatile nature, reinforced concrete isvall-used construction materialFrom a global

perspective, concrete is the most widely used construction material, approximately 12 billion tornes ar
manufactured annuall{Broomfield J. , 2007Reinforcecconcretehas consistently mvento be adurable

and strongconstruction materiglresulting in reinforced concrete structures with an expected service life

typically geater than 50 years. However, if the reinforced cate structures are poorly designed, poorly
constructed, and/or subjected to a harsh environment with litdeno protective measures, deterioration

Aa fA1Sftes NBadzZ (A ymeesdagfepaik.2 NI SNI aSNBAOS tATFSQa +y

Corrosion of reinforcing steel within concrete is a significant global problem. Economically, the global cost
of corrosion is estimated to be $2.5 trillion USD, which is equivalent to 3.4% of the global Gross Domestic
Product, accordingat 2013 figuredNACE, 2016)The most common cause of deteriorateginforced
concrete structuresn Canadas deicing salts. In Canada alone, it has been estimated that on average 5
million tonnesof de-icing salts are used oBanadian roadwayannually(Environment Canada, 2012)
Reinforcement corrosigrby deicing saltsin such concrete structures on roadways leads to the falhgw
structural concerns, in sequential order: cross sectional lo$kd reinforcingsteel, debonding between

the reinforcement and concrete, cracking and spalling of concrete, and finally, reduction in strength and
integrity of the structure. This process is relatively slow and symptoms of reinforcement corr@esmn
easily noticeablghoroughcondition assessment surveys. This enables engineers to monitor the progress
of deterioration, maintain the integrity of the reinforced concrete structure throughout its usable service

life, and most importantly, ensure the healmd safety of thos occupying the structure.

There is an academic and industry wide interesthia prevention of reinforcementcorrosion either
through improved design criteria or use of improved reinforcing materials. While this is an important
endeava for the future of reinforced concrete, there is an urgent need now for reliable methods to
determine the severity of reinforcement corrosion within existing concrete structures and subsequently,
determine ther remaining service lifeThis is especialliyue in the congruction industry of the 2%
century, as the current environmentally friendly trend is to not build new concrete structures but to

extend the service life of existiranes

The main goal dhis study is to continue in this academic sdafor more reliable rathodsof measuring

the level ofreinforcement corrosion in concretén the hopes of improving upon current understandings



and subsequently providing practicing engineers with a method to accurately monitor and #ssess

condition d existing reinforced concrete structures.

1.1.0ODbjective and Scope of Research

The current industry standarih assess the condition of reinforced concrete structures typically includes
hammer sounding of the concrete and hedll potential insitu measurerants. To improve assessments
there is a need to aoplement halfcell potential measurements witin-situ electrical resistivity and

corrosion rate measurements.

The purpose of this thesis is to conduct a comprehensive comparative analysis of corrosi@s rat
determined by nordestructive fieldapplicabé techniques and corrosion rate as determined by
destructive gravimetric testing as per ASTML.G\dditionally, use of halell potential and electrical
resistivity measurements are useafurther the andysis.This is accomplishad two parts:(1)a candition
assessmenbn the North ChanneBridge an existing reinforced concrete structure, located in Cornwall,
ON and(2) a comprehensive assessmant reinforced concrete slabs that were constructed apsted

in a controlledaboratoryenvironment.lt should be notedhat partof the in-situ and inlab testingwere

executed in unison.

The research presented here utiliagsll-known technique$o measure the instantaneous corrosion rate
and one to measte the resistivity of concreteGalvanostatic Pulse Technique (GPT), as measured by
DSNXI Yy Ly aiNYzYy SigearQRolarization @échnidgie 3(ISPX), as measuredlames

Ly & i NHzY Sy (i QémeciibSld3® Rlactrical Pulse Response Analysis, as redasy Giatec

{ OA Sy (i A T A&y fodegointwlEctritalfdistivity, as measuredbyNR2 OSlj Q4 wS&A LR R

Meter. In addition, several laboratory testvere utilized to provide suppaing information on the
reinforced concrete: moistureantent and absorptionconcrete compressive strengtreinforcing steel

mass lossgoncretecarbonation, andoncretechloride content.

1.2.0utline of Thesis

Chapter 2 presents a comprehensive literatusview of themost relevanttopics on reinforcement

corosionin concreteand its detection in ifrservice structures

Chapter 3 presents the experimental program designed to provtgtensionrelated data obtained in a

laboratory-controlled environment ad correlate it to that obtained from an existings$ewice structure



Chapter 4 presents the data collected from thboratory study and field studgimultaneouslythe

experimentaldatais compared and trendare discussed in detail.

Chapter Ssummaizes theresearch findings anprovides suggestions fdature work



2.0 Literature Review

This chapter provides a background on the theory of reinforcement corrosion and methods used to
measure corrosion rate. It is important to note that this chapter does not provide a complete background
on all informatiorrelated to reinforcement corrosionnal measurement techniques. However, it attempts

to provide a comprehensive look of a few techniques and how these techniques perfaitn snd iR

lab.

2.1.Corrosion of Steel in Concrete
Concrete is an alkalinenvironment. It hasmicroscopic pores contaimg high concentrations of soluble

calcium, sodium, and potassiuions. In the presence of water, during the hydration of cement,
hydroxidesare formed raising the pH of the concrete to aroud@.513. This alkatie conditioncauses
the formation of a passiveand protectivelayer surrounding the steeleinforcement embeddedin
concrete. Along with other minor chemical protectors, this layer protects the sé@eforcementfrom
oxidation (corrosion). In an unintarpted environment, this passive layefll maintain and repair itself
(Broomfield, 2007)However due to the porous nature of concrete, unwanted gases, liquids, and
substances penetrate into the concrete. These unwanted and mostly aggressive agentetfmiral
within the environment, brel down this passive layer and corrosion is initiatéthile carbonation is

presented in this literature reviewhe focus of this thesis is on chlorid@uced reinforcement corrosion.

2.1.1. The Corrosion Proces&lectrothiemistry
It is important to understand corrosion of steel is an electrochemical processchigamical reactions

produce electricity. The electrocheéoal mechanism of corrosion can be broken down ifwtor partial
processes (1) oxidation of iron (anodiceaction) which releases electrons and corresponds to the
formation of ironions whose hydrolysis produces acidity, (2) reduction of oxygen (cathedction
which consumes those released electrons and produces alkaljBjtyransportation of electros within

the metals from the anodic areas (available to transport) to the cathodic areas (able to consuhc)
produces an electrical currefibw from the cathodic area to the anodic area, and finédlythe flow of
ions through the concrete pore adglon from the anodic areas to the cathodic areas, to complete the
electricalcircuit (Bertolini L. , 2013)This cycle of electrochemical partigtocessesan be seen ifigure
2.1
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Figure2.1: Electrochemical Mechanism of Corrosjaproduced fromPedeferri & Bertolini, 2000 as
cited inBertolini, 2013)
These four processes occur at the same rate, as stogure 2.1 The common value of these currents

(Icorr), in eletrochemical units, is the rate of the overall process of corrosion. The relationship between

the anodiccurrentandthe N2 a A 2y NJ S SELINBaasSR &4 f23a 2F YI &&

first law of electrochemical stoichiometertolini L. , 2013)This relationship is later discusse®grtion
2.4.1As these four processes are complementary, the corrosion rate will be determined by the slowest of

the four partial processes.
It is important to define thdollowing terms related to negligible corrosion rate:

1 Passive Control; the anodic process is tebdadue to passive reinforcement (either due
to concrete without chlorides or neoarbonated concrete)

1 Oxygen diffusion control; the cathodic process is ladoae the flow of oxygen to the
surface of the reinforcement is slow

1 Ohmic contral the electricakesistivity of the concrete is high (to be discusse8étion
2.3.5.3

The rate of the two electrochemical reactions (anodic and cathodic) depends onebtioehemical

potential. Polarization curves are used to relate potential to anodic or cathadiert density (corrosion



behavior). It is important to first discuss anodic and cath@diarizationcurves for an alkaline concrete

(non-carbonated and chkide free) so to establish the baseline polarization curves.

The anodic polarization curve fazinforcement in gpassive state is represented in Figur. A potential

of -800 to+600 mV SCE (standard calomel reference electrode) is known as theafgpagsivity The
typicalrange of passivity has a low anodic current of 0.1 n?dnd consequently the dissolution rate of

iron is negligible (0.1 um/year). This is due to the presence of a passive film which covers the
reinforcement. When the potentiak above passivity, +600ME, the reinforcement is brought to a
condition of transpassivity. In this condition, oxygen may be produced on the steel surface according to
the anodic reaction of oxygen evolutiomhich in turn produces acidiBertoliniL. , 2013)Asthe anodic
reaction is oxygen evolution, the passive layer is not destrdyagever, over time, the amount of acidity

can be sufficient to neutralize the alkalinity of the concrete in contact with the reiafoent and thus
destroy thepassive laye(Bertolini L. , 2013)it is important to note thathis only occurs during external

polarization.

Transpassivity zone
with oxygen evolution
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(=]
M
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corrosion rate

-500 )
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-1000
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Immunity zone

Y

k AR L | T IR L
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Current density (mA/m?2)

Figure2.2: Passive State Anodrolarization Curv@Bertolini L. , 2013)

The cathodic polarization curve to represent oxygen reduction is shown in E@imwhere curve a, b,

and c are represented by semiy concrete, submerged concrete, and oxygen abseoncrete,
respectively. As shown, the rate of the cathodic process is significant at potentials below 0 mV SCE and is
dependent on the availability of oxygen at the surface of the reinforcement. For a given potential, the
current density decreases by®orders of magnitude as the moisture content of the concrete transitions

from semidry (relative humidity of 70%) to saturated (oxygen abg@usjtolini L. , 2013)For potentials

6



below -900mV SCE, oxygen reduction is agoaned with hydrogen evolutiona process by which an

electron is produced, resulting in an additional increase in the cathodic current déBeitplini L. , 2013)
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Figure2.3: Cathodic Polarization Curves for Oxygen Redu¢Biertolini L. , 2013)

An overlay of the anodic and cathodic polarization curves addressed above can be seen R4igrom

the overlay, the conditions of corrosiasf reinforcement in passive state at various situations can be
determined. This overlay shows the intersection of the anodic and cathodic curves for the presented
conditions,semidry concrete, submerged concrete, andygenrabsent concretgignoring theohmic

drop effect). As can be seen, the decreas@xygen supply results in a decrease in potential. At all

conditions however, reinforcement is subjected to a negligible corrosion rate (R&\MM?).
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Figure2.4: Corrosion Conditions of Passive Steel in Con@ettolini L. , 2013)

The presence of chlorides in concrete alter the anodic behaviour of steel, thus modifying the anodic
polarization curve previously discussede$-igure2.5. The anodic polarization curve, in the presence of
chlorides, introduces an upper limit (denotegh)the pitting potentialor breakdown potentiglwhich
decreases as the chloride content increases. This upper limit defines this pittemgtipbtange from500

mV SCE for high chloride content to +600 mV SCE for uncontaminatedtedRaige & Treadaway, 1982)

A
Steel in alkaline concrete
without chloride
500 -
m i
Y i
g 0 T Steel in alkaline concrete
[ B with increasing chloride
%‘ by mass of cement
= i Increase in
§ 500 - chloride content
- Steelin carbonated concrete
p—
A o
-1000 —
L Iflill!l T II]III|| 1) |IIII|I| 1 |I||I||| I T :
0.1 1 10 100

Current density (mA/m2)

Figure2.5: Anodic Polarization Curve with Biihg Chloride Conten{8ertolini L. , 2013)

The breakdown potential provides a boundary at which chloride ions interact differently with the
reinforcement. The presence of chloride ions produces a localized breakdowe giatsive layer for
potentials more positive than the breakdown potential. dtertain point, the chloride content reaches
compatibility with the condition of passivity, this is defined as gnigical chloride contenor chloride
threshold(see Sectior2.2.1.4. This threshold is typical within the range of 0.4% to 1% of the cemen
content (Bertolini L. , 2013)The relationship between potential of reinforcement and critical chloride
02y Syl Aa SELNBRAZNIRY ®2 { SRSF FTENXMOQETBER OSNEA2Y
2.6. As sen, the areas of pitting corrosion (potential breakdown) and passivity are shown. The division
between pitting corrosion and passivity is considered to represent the chloridshbte for a given steel
potential or vis versa. It is important to note thdti$ correlation has not been perfected by experimental

research, as such variability exi@@ertolini L. , 2013)
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The pinciplesbehind polarization curvess they relate taorrosion of steel in concret&ill be seen later

in Section2.3when reviewingelectrochemical condition evaluation techniques.

2.1.2. Common Chemical Reaction of Corrosion
The most common chemical reactions thwan occur during this electrochemical press aredescribed

below. As steel in concrete corrodes,dissolvesin the pore water and gives up electrons as seen in the

anodic reacthn below:

"0Q "0Q cQ Equation2-1: Anodic Reaction
Thereleasedelectrons must be consumed elsewhere to preserve electrieatrality of the system. This

istransformed into thecathodic reaction:

¢Q Om -0 VO] Equation2-2: Cathodic Reaction

Hydroxides are produced with the consumption of water angigen. If this was the end of the chemical
process, then the resutig hydroxyl ions would strengthen the passive layer \aithincrease in local
alkalinity (Broomfield, 2007)However, the ferroudon from the anodic reaction combines with the

hydroxylion from the cathodic reaction to start a chain reaction that createst (iron oxide):

"0Q ¢v'0O "OQ) 'O  Equation2-3: Reaction which creates iron oxide, Part 1
TOQ 0 ¢Omn U 10Q) 'O Equation2-4: Reaction which creates iron oxide, Part 2
¢'OQ) O "OQ) Om  ¢Om(rust) Equation2-5: Reaction which creates iron oxide, Part 3



The resultingrust takes upsignificantly morevolume of the steel it replace¢Broomfield, 2007)This
volume increase exerts expansive stresea the surrounding concrete which gelts in cracking and
spalling of the concrete cove@nce these cracks reach the surfaitellowseasiertransport ofwater,
oxygen, and ldorides to the einforcementwithin, subgquently feeding the corrosion process. An

illustration of this phenonenom can be seenFigure?.7.

BEFORE CORROSION. BUILD-UP OF FURTHER CORROSION. EVENTUAL SPALLING.
CORROSION PRODUCTS. SURFACE CRACKS. CORRODED BAR.
STAINS. EXPOSED.

Figure2.7: Corrosion of Ste&einforcementni Concreteréproduced fronCarbonation of Concrete
(Corrosion)201Q websitg

It is important to note that theabove anodic and cathodic react®are the most commonThere are
many differentanodicand cathodic reactions combitian that depend on lhe pH of the cement paste
and the availability of oxygefAClI Committee 222, 20QThis is shown inhe Pourbaix diagram for iron
in an agueous solutioas seen in Figure2.8, which outlines the thermodynamic areas of statyilfor
various reactionsas a function of electrochemical potentiaince te rate of anodic and cathodic

procesgsdepends on theslectrochemical potentialas discussed previously

10
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Figure2.8: PourbaixDiagram(reproduced from Pourbaix, 1974 as cited\{tl Committee 222 2001)
The iron oxide$e0Osand FeO; shown above within the region of sound concrete, pH range efa3,
form as solid phases and may develop in the passive layer. A decreasdllimspted as a leftward shift
in the Pourbaix diagram, shifts the reactions from anodic to cathodic, lgadithe formation of corrosion
products. Two examples of this in the above Pourbaix diagrahe cathodicreaction,¢ (1T /

TA T/ ( , whichoccurs when the potential is below the upper dashed liaed the cathodic
reaction, ¢( cA "O, which occurs whenthe potential is below the lower dashed linéACI

Committee 222, 2001)

2.2.Causes of Corrm of Steel in Concrete
The main causes of corrosion of steel in reinforced concrete are carbonation of the concrete cover and

chloride attackAs chloride attack is the main corrosion mechanism looked at in this research, only an

overview of this process presented below.

2.2.1. Chbride Attack
Chloride affects reinforced structures by means of chlorides cast into the concrete, either through

contaminated aggregates, use of seawater, or accelerators, or by means of chlorides diffused into the
concrete from emnironmental factors, eitar through deicing salts, chemals, or contact with seawater
As the concrete is an initially alkalieavironment,these aggressive agents penetrate the concrete and

as the coxertration of the chloride ions reacaithreshold vdue, the passive laydsreaks dowr(Bertolini

11



L., 2008)lt is important to note that corrosion due to chloride attack is known as afeetfing process

which makesit more severe over time

2.2.1.1. Service Life of a Reinfordedncrete Structure Jebted to Corrosion
Since the first service life diagram idealized by Tuutti (1982), the corrosion of reinforcing steel has been

considered as a process withio main phases. Thaitiation phases when the reinforcement as a whole

is passive but environmental attacks can lead to some loss of passivity. At the end of this phase, corrosion
begins (steel becomes depassivated). When the passive layer bi@aksthepropagation phasbegins.

This hase continues until the effects of rosion can no longer be tolerated by the reinforced structure
(Bertolini L. , 2013An illustration of the periods in the service life of a reinforced structure can be seen

in Figure2.9.

Collapse —.

Cracking —\\\

Depassivation

Time
Initiation Propagation

” Semvice Iife of the structure >

Corrocsion penetration depth

.
L

Figure2.9 Service Life Periods¢difiedfrom Tuutti, 1982 as cited in Bertolini, 2013)

2.2.1.2.  ChloridePenetration
The initiation phasecorresponds to the periodvhen the reinforcement as avhole is passive but

environmental attacks can lead some loss of passivityhe initiation period for chloride attack depends
onthe rate ofchloridepenetration, the chloride threshold value, and the thickness of the concrete cover
(Bertolini L. , 2008)

As the aggressivagents penetrate through the concrete, it is common that the chlorides follow a
concentration profile similar to that seen in Figl2d 0. InFigure2.10, the classical diffusion curve is
shown, as a foction ofchloride depthby mass percent of cemernit shows that chloride concentration

is thehighest at the concrete surface and decreaggth depth(Broomfield, 2007)it is important to note

12



that most reinforced structures follow a more complicateddaerratic penetration curve due to a
combination ofother ingress mechanisms in addition to diffusibat the general concept of decreasing

chloride concentration with increased cover thickness remains the same

CI™ by mass % of cement
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Figure2.10: Classical Chloride Diffusionr@ (Broomfield J. P., 1992; noteaxisrepresentconcrete

depthin mm, while yaxis represents the chloride contgnt

The rate of chldde ingress is affected by mamgechanismsincluding diffusion,capillary suction,
permeation, migration mechanismand chemical reactions that occur within the concrete that hinders
the chloride movemen(Bertolini L. , 2008)Understanding the penetration of chloride ions is a matér
selecting the relevant mechanisms of chloride penetration, finding an appropriate value of the parameter
describing the ree of penetration and finally calculating the evolution of thelafide concentration in

time as it propagates through the conceetdepth. Unfortunately, determining the true chloride
penetrationprofile is more complicated than thabecause all transport mechanisms are dependent on
the complex concrete microstructurén addition, chloride transport usually involves a canaltion o

severaltransport mechanismgBertolini L. , 2008)

However, in general, the chloride profile can be reasopatdscrbed by an analytical closedorm
solution of Fick's 2 law of diffusion as seen in EQ-6:

6ad 6 p Qi — Equation2-6Y  C AQawdEDiffusion

where C(x,t)is the chloride concentration at depthand timet, Dappis the apparent diffusion coefficient
taken from experinental data, andG is the surface chloride contentvhich is dependant o the
composition of the concrete, the position of the structure, &hd orientation of its surface and micro

environment, the chloride carertration in the environment, andinally the general conditions of

13



exposure(Bertolini L. , 2008)This equation represents nonstationaiiffusion and several assumptions

are made:
1 the concentration of the diffusing substance on the concrete surfacenistant with time
1 the coefficient of diffusion does not vary with time
1 the coefficient of diffusion does not vary witlepth
9 there are no blorides initially

I OKf2NRARS LINRPFAES OFly 068 NBI &azyl odfte fittR@tie@hdh 6 SR 4 A
functionto experimental data to finduitable values fo€ and Dapp (Bertolini L. , 2008)t isimportant to
note that this reasonable description only applies solely with diffusidreapparentdiffusion coeffigent,
Dapp, is Often tsedas a durability indicator to determine the performance of concrete against chloride
ingresyLataste JF. , 2010)The rate of diffusion of chlorides from the environment is dependemnthe
following factors: thewater-to-cementitious materials ratio, type of cement, the temperature, the
maturity of the concrete sauration level,and the specific catih associated with the chloridéACI
Committee 222, 2001)
2.2.1.3. Chloride Bding
It is important to note that not all chlorides present in thencrete contribute to corrosion.he term
G G 2 dnleritles refers to all chlorides in the concret&rom the total chlorides, gortion of these
chlorides become bound to constituent$ the cement pastdi 2 F2 N do2dzyR OKf 2NA RS
chlorides react with calcium aluminates form calcium chlaraluminates(ACI Committee 222, 2001)
Anotherportion of the chlorideshecomes physical trapped by uno@cted pores or by absorptidiBentz,
Evans, & Thomas, 1996 as cited in ACI Committee 222,.20&L)inal portion othe chlorides available
in the pore solutiorthat contributeto the corrosion process N5 G SN SR a haBIBwingKf 2 NA R
factors dtribute to the amount of free chlorides presenpH, water-to-cementitious material ratio,
tricalcium aluminate andetracalcium aluminoferritte contents, and finallyhether the chlorides were

added to theoriginalmix or entered tle concrete from the evironment(ACI Committee 222, 2001)

There is an ongoing discussion on whetbbtorides that are dissolved in the pore solution are only
involved in corrosiopwhile chlorides bound to constituents of the cement paste are itat important
to note that in practice, total chloride content is easily measysedfor this reasorna chloride threshold
value is expressed as critical total chloride conteritere critical total chloride content is expressed as a

percentage of cldrides with respect to the mass of cemdBtertolini L. , 2013)

14



2.2.1.4. Threshold Vae
Chlorides can be present in the concrete while the passive layetact. With that said, at what point

does the percentage of chlorides Wi the concrete initiate pitting corrosionPhisconcentrationis the
chloride threshold, defined as the chide content required for depassivation (the transition from

corrosion initiation to corrosion propagatiofBertolni L. , 2013)

Severakorrelationshave been linked to thehloride thresholdthe concentration of hydroxyl ionghe
electrochemical potential of the steel, and the presence of voids at the interface o¢ithfercementand
concrete(Bertolini L. , 2013)in terms of chloride/hydroxyl ratio, the fdride threshold is defined when
the chloride concentration exceeds 0.6 of the hydroxyl concentratitdausmann, 1967)This
phenomenonis illugrated in Figure2.11, where experimental results are related to predictions by a

Monte Carlosimulation.
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Figure2.11: Chloride/hydroxyl ratio as Related to Probability of Corrosion (reproduced fronrmiéenss
1967 as cited in Broomfield, 2007)

A similar relationship is illustrad in kgure 2.12, which shows the general relationship between the
corrosion rate and the molar ratio of chloride and hydroxides. It is important to note that the hydroxyl ion
concentration dependson the type of cementnd admixture Therefore, it has been summarized that
threshold values based on chloride/hydroxyl ions shdiddlefined by statistical data and not bgiagle

valug as true for any threshold valdBertolini L. , 2013)
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Figure2.12: Corrosion Rate vs. [ZJOH-] (reproduced from Page, Lambert, & Vassie, 1991 as cited in
Bertolini L. , 2013)

The dectrochemicalpotential of steelis mainly related to the pH of the pore solution, availability of
oxygen at the surface of the steel, and thus to the moisture content of the concrete. It has been found
that the chloride threshold increases and the potential of the stisrreases, by merthan one order of
magnitude(Bertolini, et al., 2009Refer to Figure 2,6vhich illustrated this relations as it is expressed by

t SRSTSNNA QA RAIFINI YO

In addition, chloride threshold @dependenton the presence of voidss poor compaction of the concrete

may weaken a layer of cement hydration products at the steel surface leading to local acidification that
favours sustained propagatidage, 2009)Experimental resudthave found that deeasing the volume

of entrapped air at the interface of steel to concrete from 1.5% to 0.2% (by volume) results in an increase

of the chloride threshold from 0.2% to 2% (by mass of cem(@iss &Buenfeld, 1997)

2.2.1.5. Corrosion Pymagation
Once the chlorides have reached the reinforcement surfacifficient quantities, overpassingcatical

total chloride thresholdthe protective passive layeis broken down. The two most common results of
chloride attack aremicrocell and mawcell formation. Microcell formation, commonly referred to as
localized chloride attack or pitting, occurs when the high levels of chlorides are concentrated on a
reasonable small area of reinforcemdertolini L. , 2008 his area, no longer protected by the passive
layer, becomes the active zongr anode The unaffected surrounding arean the other handacts like

the passive zone or catle, refer to Figurd.13(Bertolini L. , 2013)
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Figure2.13: Schematic Representation of PittifRertolini L. , 2008)

Electrical currentflow from the anodic areas to theathodic areasnicreases the chloride content,
followed bya decrease irthe alkalinity. On the other endhe passivity later in the cathodic regias
strengthenedsince the chloridesbeing negatively charged, tend toove towards the anodic area
(Bertolini L. , 2013)his stabilization accelerates the corrosfmocess)eadingto drastic crossectional

loss of the reinforcement, anil may have dangerous consequences to the structure if left unattended.

When thereis a separation between the anodic and cathadgions seen when there are small corroded
areas followed with significantly larger areas of ramrodedreinforcement macrocell formation occurs.
For ions to transport between such large distances, hegbls of moisture within the pore structuif
the concretemust be presnt, as seen in chloride attagBroomfield, 2007)An overall increase in the
corrosion rate on the active steel is a strong indication thatrocell formation has occurrg@ertolini L.

, 2008)

2.3.Concete Condition Evaluation
Evaluation of any reinforcecbncretestructure usually involves two steps:

1. Preliminary survey to define the nature of the problem
2. Detailed survey which confirms the nature of the problemd determines the extenof the

problem.

Itis important to note that thisesearctclosely examines one possible deterioration mechantduoride
inducedcorrosion. However, there are far more mechanssiound, including but not limited to: alkali
silica reactivity, sulphate #dck, Thaumasite attack, freeze thaw, delayed ettringite formatibermal

movement and settlementBroomfield, 2007)
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There are various techniques used in practice tatiay provide valuable oite or in-lab information on
the condition of a reinforcg concrete structure. Figure2.14 provides a good summary of the most
commonly used methods, whaachmethod detects, and the approximate speed at which information
can be gatheredr-or the purpose of this review, an overviewnogasurements of haifell potential and

electrical resistivity follows.

Method Detects Use Approximate speed™
Visual Surface defects  General I m?s-!
Hammer/chain Delaminations ~ General 0.1 m?s™!
Cover meter Rebar depth General | reading in 2-5 min
and size 50-500 m’ per day
Phenclphthalein Carbonation General | reading in 5 min
dapth 80-250 per day
Chloride content Chloride General Core in 10 min 7-80 per
corrosion day (small or large
diameter) or drillings in
2min 100-250 per day +
lab or special site analysis
Reference Corrosion risk  General/ | reading in 5 5 after
electrode specialist connecting to steel
(half cell) survay 50-500 per day
Linear Corrosion rate  General/ | reading in 5 to
polarization specialist 30 min depending on
equipment used
Resistivity Caoncrete Generalispecialist | reading in 20 s
resistivity/ 10 to 20 per day.
corrosion risk
Parmeability Diffusion rate ~ General/specialist | reading in 5 min
(ISAT) or core + lab
6—12 per day
Impact/ Defects in Specialist | reading in 2 min
ultrasonics concrate 20-30 per day
Patrography Concrata General Core in 10 min
condition, etc. 7-80 per day (small or
large diameter) + lab
Radar/ Defects, steal Specialist =| m? per sec for
radiography location, vehicle system or
condition I m? in 20 s for hand

system + interprating

Figure2.14: Common Methods for Condition SurveyiBgoomfied J. , 2007)

2.3.1. Reference Electrode Potential
Also known as halfell potential mapping, reference electrode potential is the most widely accepted form
of nondestructive corrosion monitoring and condition assessment that can be used before symptoms of
corrosion are seen on the concrete surface. Tdihinique follows thC876, 2015)The concept of haif
cell potential stems from the understanding thabn-corrodingand corrodingreinforcementhave a
difference incorrosion potential, thus haltell testing measures thgotential distribution on the concrete
surfacen order to determine the location of corrodimginforcement a reference electrode is placed on
the concrete surfaceand an electric field coupledith the corrosion current between the passive and

activeareas of thereinforcementis measured, resulting in equipotential linéBertolini L. , 2013)The
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half-cell device follows the concept of a simple electrical Dao@ll A schematic of the hadkll on-site

test setup ca be seenn Figure2.15

High-impedence | - @

woltmeter | + O
Reference electrode
(eg Cwous0y)
Reinforcement

Concrete

Figure2.15: Schematic of Halfell Potential SetufBertolini L. , 2013)

The values acquired from the hatfell device depend on the reference ef®de used. The most
commony used reference electrode é@pper/copper sulfate (CSE). Regardless of the reference electrode
used, the potential difference to the standard hydrogen elede (SHE) is required so that the recorded
data takes into accounthk offset due to different reference electrodéBroomfield, 2007)it is important

to note that the condition of the concrete, e.g., saturation level, drastically alters thecaklpdential
readings. This must be taken into account when usingdalfpotential as a method for assessing the
condition of reinforced concrete. Tab®1 provides a broad summary of the typical ranges of-half

potentials of rebar in concrete.

Table2.1: Typical Ranges bfalf-Cell Potentials for Different Concrete ConditidfizsFEMC, 2003)

Condition Potential range (MV/CSE)
Humid, chloride free concrete 100 to-200
Wet, chloride contaminated concrete -400 to-600
Water saturated concret without oxygen -900 to-1000
Humid, carbonated concrete 100 to-400
Dry, carbonated concrete 200to O
Dry concrete 200to O
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In generallocations of corrodingeinforcementare found when the hal€ell device reads potentiablues
in the negativepotential range Broad summaries of the potential measuremewtduesalong with the
probability of corrosiorareseen Figur@.16 taken from the industry standard, ASTM C876, for reinforced

concrete structures exposed to the atmosphere.

Table2.2: Potential MeasurementASTM C876 , 2015)

Measured Potential E (mV CSE) Probability of Corrosion
E >-200 <10%

-200 > E >350 Unknown

E <350 > 90%

It is important to note that he potential ranges provided in ASTM C876 were derived empirically from a
set of specific structures. In addition, these potential ranges do not take into account all factors that
influence hakcell potential readings such amisture content, chloride agent, temperature during test,
carbonation of concrete, and cover thickne$kere in an inverse relationship between hedil potential

and concrete cover as the potential difference between the position above the anode atistant
cathode becomes snllar with increasing concrete covét54EMC, 2003Refer to Figure 2.1&-or these
reasons, experimental studideoking into the former mentioned factorhave shown that the ASM

ranges are ideed inaccuratéVerma, Bhadauria, & Akhtar, 2014)
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Figure2.16: Influence of Concrete Cover on Hadfll Potentia{Elsener & Bohni, 231 July 1997)

Measured potential E (mV CSE) Probability of corrosion
E=-200 <10%

-200 = E > -350 unknown

E =-350 =00%

Multiple studies have shown that a more comprehensive understanding of theckélpotential data is
needed to fully grasp the condition of the reinforced concrete. For exanfferGhazet. all 009)
showed that more realistic results could be ietred from a reiforced concrete structure if availability

of oxygen, resistivity, cover thickness, and the antideathode area ratio are considered. In addition, it
was observed that for the same corrosion rate, @l potential measurements can diffwith differert
resistivity values. More interesting, it was assessed that with an increase in cover thickness, the potential
distribution on the concrete surface will not provide accurate information about the potential distribution

at the concrete/steéinterface(PourGhaz, O. Burkan, & Ghods, 2009)

It is important to note that theASTM C8762015 requires data presentation to be in the form of
equipotential contour mapping or coulative frequency distributiofC876, 2015)Thelatter incorporates
statistics in the analysis of the corrosion data. Research into improving thedilaiést has shown that
these statistical analyses of potential mappinguks, which produce potential boundaries between

active aml passive steel,ra more accuratgBertolini L. , 2013)n addition to incorporating statistical
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analysis, a good applicatigracticefor this halfcell potentialtechnique is to develop a history for the
reinforced struture by performing the halfcell potential test at regular intervals. Thisllection of data
as it relatego time provides for a more detailed understding of the corrosion activitfACl Committee
222, 2001)

Halfcell potential measurements cannot be directly related to rate of corrosion but instead provide an
indicaion of the state of corrosioACI Committee 222, 200N ast amount®f studies have shown that
there are many factors that afé¢ the halfcell potential results, and that it is important to consider the
condition of the reinforced concrete at the time when the test is perform&tith all this statedijt is
commomfor engneers to expose sections of the reinforcslucture thatshow verynegative potential

measurementsso that the condition of the structure is defined with greatertainity.

2.3.1.1. Potential Sources of Error
It is possible for haitell potential drift to occur. This is defined as a ftall potential reading that®ws

systematic change in potential over tinfg@54EMC, 2003)This could be due to chang&smoisture
content wthin the concrete. It is important to monitor the concrete surface of wet patches. Any drift less
than 20 mV pr minute can be ignored154EMC, 2003)In addition, if halcell potential readings
experience random fluctuains, this is an error and is usually due to a loss of electrical contifi&ity
EMC, 2003)It is important to ensure that all contact areas are sufficiently wet, and that there is good
connection to the reinforcement. Isiimportant to note that fluctuating readings could also be due to the

presence of stray curren{d 54EMC, 2003)

2.3.2. Electrical Resistivity
wSaAalAGAGE A& RSTAYSR Fa al YS! awdthid matdrial,iefdS | 0 A f A
Aada (Kdza 'y AYyRAOI (2N 2 7F (LdtasterdF.4, 20M) In im&Remalickllteyids, ¥ S NJ  LIN
electricalresistivityis the ratio between applied voltage and resulting current in a ueiit (@54EMC,
2001) At its most basielectrical resistivityER is an indic&ion of the amount of moisture in the concrete
pore structure, and the tortuosity and size of that pore structure. The pore structure is reiattu
concrete mix properties like cement contentater/cementratio, curing, additives usednd degree of
hyrdration. As it relates to chlorides, chlorides encourage concrete to hold waner thereforeER can

also be anndication of chloride contenfBroomfield, 2007.)

It is important to note that there is a distinct difference between resistivity and ra@si&t. Reistivity, ",
in an inherent characteristic of a material, while resistai®, A& &0l GSR a4 @2t (il 3Sk O«

Law). In addition, both are related through tEe|. 27 for resistivity:
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" QY Equation2-7: Electrical Resistivity
wherekis a geometri¢actor (Layssi H. , Ghods, Alizadeh, & Salehi, 2Q)saretypically given as ohm
YS SN 6 ¥ndvighoh theé dvide used, the resistivity equation mayntodified to account for

electrode spacing on the device or the method the device takes a measurement.

Generally, electrical resistivity values on their own provide little information on the donddf the
reinforced concrete structure. However, eldctl resistivity can be correlated to an estimation of

corrosion rate severityrefer to Table2.2.

Table2.3: Resistivity Ranges for Electrical Rasgigt(Giatec Scientific IndCOR User Manual, 2016)

wSaradmo@drie oXK Corrosion Rate Severity
>200 Low
100¢ 200 Low to moderate
50¢ 100 High
<50 Very high

A more informative method is to compaedectrical resistivity data on the structure in questioretasting

data for a similar concrete typéPolder, 200Q)Hgure2.17 provides an example @iXxisting data

Global reference values at 20°C for the electrical resistivity of dense-aggregate concrete of mature structures (age > 10 years); conditions in
square brackets are corresponding laboratory climates [29]

Environment Concrete resistivity pugnerete (2 M)
Ordinary Portland Blast furnace slag cement
cement (CEM I) (> 65% slag) or fly ash (> 25%)
or silica fume (= 5%)
Very wet, submerged, 50-200 300-1000
splash zone, [fog room]
Outside, exposed 100-400 500-2000
Outside, sheltered, coated,
hydrophobised (not carbonated) 200-500 1000-4000
[20°C /80%RH]
Ditto, carbonated 1000 and higher 2000-6000 and higher
Indoor climate (carbonated)[20°C /509 RH] 3000 and higher 4000-10000 and higher

Figure2.17: Concrete Resistivity Reference Va(resdde, 2000)

2.3.2.1. FactorsAffecting Electrical Resistivity
Electrical resistivity is affected by a large variety of intrinsic and extrinsic factors. Intrinsic factors related

to concretemicrostructure include, but not limited to: porosity, water/cement ratiqygaegates, and
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supplementay cemenitious materials ECM3 The most prominent extrinsic factors affecting ER are
temperature and moisture content (and accompanying relative humidity). The most influencing factors
are porosity and moisture. For this purgmof this review, only the factors listed above are dised here.

It is important to note that while it is weltstablished thathe above noted factors influence electrical
resistivity, themechanism and extent of influence is not well understood amel focus ofon-going

research.

Porosity is the main intrinsic factor that affects ER. In general, the higher the porositipwhethe
resistivity is As a subset of porosity, correlations can also be made for pore distribution, pore volume,
pore radii,and the pore networkwhere poe network is defined bynterconnectivity and tortuosity
(Lataste JF. , 201Q)Porosity is a good indication of the microstructure and mechanical properties of the
concrete. Concrete with a viagore network of interconnectethrgevolume pores decreases the ability

to resist aggressive external conditions and agesubsequently more porous concrete allows for easier
flow of electrical currenprovided that the concrete is moist. If the coete is dry, resistance is highas

air conducts less electricity than a cement matAs. a result, the link between resistivity and porosity
providesa reasonable indication tiie level ofdeteriorationand can be used in the ewaltion of concrete

condition.

Electrical resistivity and w/c are inversely related: the higher the w/c rét@more porous the concrete,
and thus the lower the resistivifyfor a moist concrete conditiofLataste JF. , 2A.0). This relationship
was experimentally researched HProject SENSO, 200@here water saturated Ordinary Portland

Cement concrete was used, resulting in resistivity at porosity of 14.2 to 18.1%. Refer to Figure 2.18.
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Figure2.18: Resistivity vs. Water/CemeiiProject SENSO, 2009)
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Cement type is one of the more complex factdsecause there are many different cement types with
various chemidaconypositions available. tfa basic level, cement is the source of chemical elements and
ions that support the electrical flow, elements and ions such 8§ Qa, K, OH, and 2. It is for this
reason that studies relating electriaasistivity tocorrosion usually provide data in categories separated
by the cement typewhere such electrical resistivity ratios range from one to one hundred for multiple

cement types tested under the same conditions andmoes (Neville, 196).

For the most part, aggregates have been labeled to beawnucting particles surrounded bynigally
conducting cement pastécCarter, Ford, & Whittington, 1981 as cited in Lataste, 204@jregates can
be subdivided by the follsing properties aggregate mass/cement massiinerology, and aggregate
distribution. Studies have skwn that these properties havearious effects on ERut the generally
accepted correlation between electrical resistivity and aggregates is that the aggregate in aix, the

more the concrete is resistive.

Finally,supplementary cementing materiat@ve been found to play a critical rdleelectrical resistivity
measurements. Experimental studies have shown that, in general, ielctresistiviy increases
drastically with the presence of admixtures. This correlation has been shown experimentatre two
typical admixtures, fly astC{j and silica fumeRS are compared t®rdinary Portland Cement (OR@%
shown inFigure2.19(Lataste, Breysse, Sirieix, & Naar, 2006 concretestrengthin MPais provided in

each sample identifieii.e., M25 is a concrete with 25 MPa compressive strength
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Figure2.19: Electical Resistivity Ranges for Concrete Mixes with and without Admixiuatsste,

Breysse, Sirieix, & Naar, 2006)

As silica fume genetglconsists of particularly fine particle size and pozzolanicatheristics, the use of
silica fume results in a fine pore structure and low ionic concentration within the pore stru(Bamde,
Scali, Regan, & Shen, 199Esulting in a significant increase in resistance over concrete with fly ash and
OPC.

As anexternal factor affecting electrical resistivitthanges in temperature have been found to have
drastic effect on ER. For a constant humidigmperature (up to 400 and electrical resistivity are
inversely related. That is to say that as oimerea®s, the other decreasefolder, 200Q) At the

microstructure level, this is due to changes in the mobility of the ions and thedlih interactions in the

cement pastgBertolini L. , 2013)his relationship is seen in Figuze20.

-
Resistivity (k2 cm)
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Figure2.20: Electrical Resistivity vs. Temperat(villard, 1991)

Arrhenius equationEg. 28, is the basic equation used to descrilhe relationship between temperature
and ER:

.Y LY Qo —  — Equation2-8: Arrhenius Equation

where:" is conductivityinversely related to electrical resistivit)/m m, T, is the reference temperate
in K, Ti is the actual temperature in K, atds an empirical factor foundtbe between 1500 to 4500 K.
However, under steady state conditiorts/may ncreasewith decreasing relative humiditior a given

concrete cement paste, or mortafl54EMC, 2001)
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As electrical conduction through concretenminly electrolytic, concrete electrical resistivity is highly
influenced by the presence of water content, as dictated by relative humidity (RH) of the surrounding
envirorment. Research by Hunkel@r996) has shown that water in concrete is absorbed and-mobile

below 40% relative humidity (or saturation rate). For conditions above this 40% threshold, electrical
resistivity will decrease as there isiacrease is moist@ content andsubsequentlyanincrease in relative
humidity, approximately one ordeof magnitude(Hunkeler, , 1996)This relationship is illustrated in
Figure2.21, where saturation rate is related to resistivity for OPC wilying porosity percentages. It is
important to note that relative humidity is aom-steady state parameter, constantly fluctuating with
environmental conditions. This makes determining #féect of relative humidity on existing concrete

structures moreconvoluted.
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Figure2.21: Saturation Rate vs Resistivity for OPC with varying po(&sitject SENSO, 2009)

2.3.2.2.  Potential Sources of Error
As measuring electrical resistivity recps good contact between the surface of the concrete and the

electrode, it must be ensured that good electrical contact is made. For most devices, this is ensured by
either wetting the concrete surface, using websiges, using conductive gel, or a combioa of these.

The extent to which the contact is ensured will alter the electrical resistivity of the concrete. A thin film of
water on the concrete surface or extensive prewetting of the surface should be a\dig¢&MC, B01)

On the other hand, completely dry surface should be avoided as measuring may not be possible or

electrical resistivity values could be greatly skewed.

Good mechanical contact between concrete and probe khde maintained during testing to avoid

variability in measurement8BaragheBouny, 2004nd Newlands, JonesKandasami, & Harrison, 2008)
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of the measurements. Measurements close to edges limit the volume of cenameestigated as a
concentration of curent density leads to an overestimation of concrete resistiflitgtaste JF. , 201Q)

For onsite investigations, a correction should be made to measurements at edges. For laboeatory,t

if the samples are similar is gfeand size, this bias can be considered a constéhbut disruption of

any relative interpretationgLataste JF. , 2010)

The presence of conductive embedded meétatoncretehas an effect on electrical current flojvataste

J:-F., 2010)Electrical resistivity is used to assess the probalufitginforcement corrosion in concrete.
However, for the study of concrete exclusively, fresence of reinforcing steel must be taken into
account ad measurements corrected. Typically, this effect can be mitigated by taking ER measurements
far from any reinforcing bars. However, in the instance when this is not possible, measurements should
be taken perpendicular to the reinforcing bdtataste J3F. , 2010) Computation of the influence of
reinforcing bars on ER measurements is possible, however compliastaste, Sirieix, Breysse, &
Frappa, 2003)

2.4.Corrosion Measurements Techniques

QuantB Ay3d (GKS NIGS 2F RSIGSNA2NIGAZ2Y Ay | NBAYTF2N

RSGSNX¥AYS GKS aidNHOGdz2NBEQa tAFS aLlyzr FyR a2 RSGSI

repair (replacing of fixing parts) is needed. Thererarmerous techniques of measuring the corrosion
rate of reinforcement, but the three that are the focus of this research are linear polarization resistance

(LPR), galvanostatic pulse, and connedéiss electrical pulse response analysis (CEPRA).

At the nost basic level, the corrosion rate can be determined as a corrosion current by measuring the rate

at which electrons are removed from the metal in the anodic reaction. This corrosion currenterabeh

converted to a mass of steel consumed atthe anodeSd 12 NBAYF2NOSYSyid O2NNRBAA

Second Laywefer to Eq. .

G —0 o Equation29Y CI NI RF&Qa {SO2yR [ I &
where:mis the masgoss in gramayl is the metal molar mass (55.85 g/mol for irokyy is thecorrosion

currentin amperest is the ime elapsed since the start of corrosion in secords,thevalency of iron

formed as a result of iron oxidatiom{ 1 F 2 NJ+Qdj aldFAGS CF NI Rl 2 Q54852 y ail y

C/mol)( (Bertolini L. , 2008)

For the orrosion current density, irA/cn?, refer to Eq. 210.
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Q — Equation2-10: Corrosion Current Density

where g is the diameter of the reinforcement and L is the ldngf thereinforcement.

A NI RIFeQa {SO2yR [l g lFaadzySa GKIG G§KS OdzZNNByid 02y
Constant stems from the charge carried by one mole of electrons, labeled as 1 faraday (F). The faraday is
related to otherelectrical units since the charge on a single electron is equal to 1.6 XQ&lectron. By

multiplying the electronic change by the Avogadro number, 6.022Xel€ctrons/mole electrons, it is

found that 1 F is equal to 96,485 (€ely & John R. Scully, 2003NJ G KF G CIF N¥ RF&Qa /
approximately96,500 coulombs/equivalent magaCl Committee 222, 2001)

Unfortunately,the corrosion current densitficor) cannot be determined diregtl Therefoe, an external

potential must be imposed on the system to displace it from equilibrium, and the resultant net current

then measured by means of potentiostatic measuremenite difference between the original corrosion

potential Eorand the applied potential E is termed polarizatioh (Undhe absence of passivity, the current

density would decrease with cathodic polarization, resulting in the lower curve, and increase with anodic
polarization, resulting in the upper curve, as seen in Figg2 Usingthe following equation, it has been
RSGSNN¥AYSR GKFG TF2NJ @I f dzSdirectdyproportiodalditiie ddanthmepitten G2 H
current density(AClI Committee 222, 2001)

- O 0METW Equaion 2-11: Tafel Constant
where:ais a constant, ant) is the Tafel slope. The corrosion current density valde, is obtained by
extrapolating the linear part of the curves te.f£as shown in théqgure 2.22for an actively corroding

systemwithout limits fromoxygendiffusion
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Figure2.22: Polarization CurveACI Committee 222, 2001)

2.4.1. Gravimetriaviass Loss
As statedpreviously, during the corrosion process, there is a buildup of axdde content which over

time results in crossectional loss of the reinforcement. As means of determining the average corrosion

rate of reinforcing bas, gravimetric mass loss testingeds to be conducted. This test allows for the
determination of the total weight of corrosion producgsoduced.Following ASTM GA o &t NB LI NR y =
[ £tSEYAY3s YR 9@ f dzl G A30H), dorodeN BBai speiynens &é dubjefted300A YSy &
severalcycles in an acid bath in order to chemically remove the corrosion products. From the theoretical

initial weight of the reinforcement, the total mass loss can be used to calculate the average corrosion rate.

¢ 1Ay 3 sGecddd Rawkg 9, for the mass of steel consumed and substituting the corrosion

current density Eg. 210,the equation can be rearranged to express corrosion current deimsitg/cm?:
0 _— Equation2-12: CurrentDensit ¥ SELINB&&aSR Ay GSNyxa 27
where m is the total mass loss, in grams, of removed corrosion products as deteroyidesTM G1.

Taking thetotal masslossand dividing by the ehsity, the mas can be converted to thickness of the
dissolved layer. Commonly seen for iron or steeA/tm? = 11.6>m/yr (Broomfield J. , 2007 herefore,

the thickness of the dissolved layecan be determined from:

W T8Ip Py Equation2-13: Penetration Rate
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where:x is in units of mm/yeaand ior is inmA/cm? (Andrade & Alonso, 2004)

It is very important to note that a distinction needs to be made between the curign}, (the rate of a
reaction, and current densityc{), the areaspecific reaction rate. The current has unitsaaiperes and
represents arelectrical flux, whereas the current density has units of arepever unit area or A/cin
(Kelly & John R. Scully, 2003)

For the purpose of this review, it is important to highlight that this studyedatned the total mass l@s

of reinforcing bars subjected to corrosiemducing environment in both a controlled laboratory
environment and an weontrolled site environment. The total mass loss for the corroded reinforcing bars
from both environments wasletermined by means of HarR | & Q dhe §veraige corrosion current
density was calculated for the puaetermined (controlled) and estimated (site) time at which the
reinforcing bars were exposed to corrosidny RdzOAy 3 O2yYRAGAZ2Y & D askfy (SNY
fluctuations to the corrosion current, by means of temperaturejative humidity etc., that may or may

not have occurred during this timare accounted forin the measurement othe total mass loss.
Gravimetric data is the only reliable dataattprovidesan accurate masurement of the amount of steel
that has corrodedfor both controlled andhon-controlledexposure environmentHowever, care should

be taken to ensure that the time of depassivation is accurately determined for gravimetric da
calculations. For theatermination of service life for existing reinforced concrete structures, this can be
difficult.

It is important to highlight the differences betweewerage corrosion ratéor corrosion current density)
andinstantaneougorrosion rate As previously ated, average corrosion rate is measured by determining
the total mass loss, or loss of cresesction, over a preletermined period of timeas done using ASTM
G1. The instantaneous corrosion raig. is measuredsing éectrochemical techniques (disssed in the
following section) and providebe corrosion rate value at the time of measurement. The instantaneous
corrosion rate is typically taken at different points during the exposure tifrfeese values must be
correctad for the influence of factorshiat affect corrosion current densitBertolini L. , 2013)In a
controlled environment, such influences are rexistent. To comparethe average corrosion rate, as
determined by ASTM G1, withstantaneous corrosion ratefjese instantaneous corrosion rates need
be integrated over time to provide for an average corrosion rate and thus allow for compéfisomas
Frolund, 2002)
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2.4.2. Linear Polarization Resistance Teghe
Thelinear polarization reistance techniqueLPR, steadystate, technique is based on the observation

that the polarization curve close thé corrosion potential is linedBertolini L. , 2013)n order words,
theOKI y3S Ay , ) di@déd by thé changedmppliedcurrent densityd ipunits of A/nd), is

defined as the polarization resistand®,j which has a slope with a linear relatiétefer to Eq. 24.

Y — Equation2-14: Polarization Resistance

This réationship is seen in the Figue23

[

Corrosion potential
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Figure2.23: Linear Portion oPolarizationCurve(Bertolini L, 2013)

The LPR technique setup incorporates a working electrode réhtrdorcemen), a counter electrode
(nonreactive metal), and a reference electrode. An LPR device applies a voltage to the working electrode
via the counter electrodeand the correponding voltage response is measurBefer to Figure 2.24 he
reference electrode measures the initial corrosion potential and any shift in potential of the working
electrode.lt is recommended that the potential sweep should not go beyoh?l mV on eitbr side of the

opencircuit potential to ensure that the linear relationship is hé&habi, 2012)
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Figure2.24: Schematic Setup for LE@erolini L. , 2013)

It is important to note that the linear relationship between potential and current can be obtained using
two different approaches: potentiostatic sweep and galvanostatic sweep. Potentiostatic sweepsesr

the voltage with a constantveeep rate while recording the current. Galvanostatic sweep increases the

current with a constant sweep rate while recording the potenfiaW. Law, 2000)

The polarization resistanc®y) isinversely related to the corrosiocurrent density icor) as seen in the

SternGearyequationEq. 215 (Stern & Geary, 1957)

Q — Equation2-15: SternGeary

where: Kis the proportionalty constant which is a function of the anodic and cathodic Tafel slopes (i
the relationship between current and voltage levels outside the linear regiod)is representedy Eq.

2-16:

o — Equation2-16: Proportionality Constant

where:l and! are the anodét and cathodic Tafel constants, respectivi@C| Committee 222, 2Q).
Units for the above parameters are as follniko, is in units of>A/cn? (the instantaneous corrosion
current density) Kin units of mV, andR, in units ofm  f20N'Wo values foK are commonly usedfor

actively corroding steel, K=28V and for passive steelzB2mV (Andrade & Gonzalez, 1978)

Within the research community, the values for K are heavily disp{8edg G. , 2000¥Vhen considering

the anodic Tafel slope under a passive condition, this séggoachesnfinity, as seerin Figure2.25
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When assuming the cathodic Tafel slope for the rebar in the passive #tateslopeis abouti ¢ =230
mV/dec the value of K forde 2-16 becomes approximately 100 m¥ ( _s)' Therefore, corrosion rate

values calculated with K = 26 mV or K = 52 mV are an underestimation for rebars in the passive state
(Chabi2012)

4 Cathodic polarization K

Potential, V

leorr

N

Anodic polarization
of passive rebar

Current, [

Figure2.25: Cathodic and Anodic Polarization Curves of Rebar in the PassivEGsgge Scientific Inc.,
2008)

It has been found that the assumption for K= 26 foiactively corroding steel does stnbut mostly for
conditions when there is oxygen reducti@md not enough oxygen, as in the case when reinforced

concrete is in a highly saturated stgtelsener, 2005)

As can be infeed, using the widely accepted K vatughen calculating the corrosion rate will yield some
error. This is due to the fact that the Tafel slopes, which depend on the concrete pore solution and the
environmental effecs, are difficult to estimate(Ge & Isgor, 2007With that stated, to efficiently
determine the corrosion rate of reinforcing steel with linear polarization resistance techniques requires a

K value. The actual K value used should be carefully considered.
It is inportant to note severaadditionalitems:
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i to maintain a linear relation, the change in potential must be kept to less tham\2@r non
corroding steel and 50 mV for corroding sté&hdrade C. , 1973)

9 concrete resistance diween the reference electrode antthe working electrode, known as iR
drop, needto be accounted for

9 to avoid a large current spreaalit for more passive steel, guard rings, shouldibkzed

The polarization resistance, B the sum of the resistance siated with the actual corrosioprocess
and the resistance associated with the electrolyte resistance. For this reason, the use of LPR must
compensate for this resistance associated with the electrolyte resistance, or more commonly called ohmic
(iR) drg, R, (for concrete resistance).o@pensation can be made by two methods: positive feadk

and current interruption(Andrade & Alonso, 2004)

In order to determine the actual polarization resistance of the rebar, tlsistance associated with the
electrolyte resistance must be subtracted from the resistance associated with the actual corrosion process
Rr, as seen the EQ-17:

Y Y Y Equation2-17: Pdarization Resistance, Ohmic Drapcounted
The actual polarization resistance, B the total measured polarization resistance, RRinus the ohmic

resistance.
a2adl RSOAO0SA GKFIG dzaS [tw AYO2NLIR2NI (S eéemedtThizgh NR NA
confinement is achiew® by means of two twin reference electrodes, located between the central

electrode and the external guard ring in order to achieve the required counterbalancing electrical field, as

seen in Figur@.26.
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Figure2.26. Sensor Schematidllustration of Guard RinfChabi, 2012)

The two twin electrodes permanently control the external rings by way of detecting the current lines
coming from the ounter electrode in order to adjushem within a predetermined area. There are several
advantages behind using a guard ring. Since the guard ring delimitates the area of polarized steel, the
inherent error due to the relative area sizes is reduced. Intamhd using a guard ring minimig¢he effect

of macrocell§Andrade & Alonso, 2004lt is important to note that the effectiveness of guard rings is the

subject of much debatéFlis, Pickering, &sseeAsare, 1995jGepraegs & Hansson, 2004)

2.4.2.1. Typical Corrosion Rates
Typical corrosion range classifications along with the corresponding corrosion current density and

corrosion penetration rate from LPR measurements devican be seen in Talde.

Table2.4: LPR Typical Cosion Rate¢Sadowski L. , 2010)
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Corrosion Classification Corrosion Current Densitﬁfq}u »| Corrosion Penetration Rat
Passive/Very Low Up to 0.2— Up to 2—
Low/Moderate 0.2—1t00.5— 2—to6—
Moderate/High 0.5—1t01.0— 6— to 12—
Very High Greater than 1.0— Greater than 12—

2.4.2.2. Advantages and Disadvantages
The result from orsite LPR testingysually in conjunction with hatfell potential readings, can provide

the reasonable precise location$ bigh corrosion activity and thus allows engineers to predict future

deterioration and the overakervice life of the structuréBertolini L. , 2013)

As previously stated, the assumed K values used in the-Searny eqation are not accurate for all the
different conditions of reinforced concrete structures and will therefore provide erroneous corrosion rate

values.

Use of guard rings is required to ensure current confinement to a specified length of steel reinforcement

However, care should be taken to ensure effective confinement.

Any device that uses this techniqgue must connect to the reinforcement. In additierdiimeter of the

reinforcement must be known. This can be problematic fesiio testing.

2.4.3. Galvanostat Pulse Technique
The Galvanostatic Pulse Technique (GPT) is quite similar to the LPR technique in the determination of the

polarization resistance; lweever, instead of waiting for an electrochemical potential equilibrium (as in the
case of LPR), the traient response perpetrated by a galvanostatic pulse is measured. The technique
works as follows. An anodic current pulse is galvanostatically appli¢detoebar from the counter
electrode, which is placed on the surface of the concrete. This anodimteiranges the potential of the
rebar, relative to the reference electrode placed on the surface of the concrete, with respect to time. The
rebar is padrized in the anodic direction starting from the opeincuit potential. This transient response

potential is shown in Figurés27and2.28
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Figure2.27: Galvanostatic Pulse Technigu&ypical Current Pse(Chabi, 2012)
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Figure2.28: Galvanostatic Pulse Techniglgpical Potential Respon@&habi, 2012)
Typical ranges for the magnitude of the applied current is from 2 to'40@nd for the duration of the

pulse, typically 10 seconds or less.

Under the assumption that this transient, or ngtationary, behaviour follows a Randles Circrgter to
Figure2.29 the potential of the rebar at any given time, V(t), can be exmeds Eq2-18 (Newton &
Sykes, 1988)

38



WO O Y p Qwir— Y Equation2-18: Potential, function of Time

where: kpp is the caistant current applied to the system and {S the double layer capacitance (double
layer of charge ions on the surface of the steel bar formed as ions from the pot@®sape absorbed

onto the reinforcing steel surface).

(]
[}
I_I
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3]
—+
1]

Charge Transfer Resistance

Figure2.29: Representation of Steel Polarization in Concrete by Randles @iaditied fromChabi

2012)

In order to obtain the values for,RGi, and R, several different methods have been proposed in the
literature: linearity, &ponential curve fitting, and nonlinear regression analysis (galvanostatic pulse uses
linearization technique). Using the linearity method, &9 can be transformed inta linear form

(Elsener, et al., 1997)

a & WO a €0 Y —— Equation2-19: Potential, expressed in linear form

where: \haxis the final steady potential value reached after long polarization. Extrapaolafithis straight
line to t = 0, using least square linear regression analysis, yields an intercept corresponding toR)(l
with a slope of 1/(R x Gi). The remaining ovepotential corresponds to {, x R), which is the ohmic
drop (Elsener, et al., 199:AVith the determination of the polarization resistance, Re corrosion current

is then calculated frorthe Stern Geary equatiogiven byEq.2-15.

Similar to the LPR technique, the galvanostatic pulse techmigiieiment generally consists of a portable
device that generates a galvanostatic pulse and a disc probe that is apptieel toncrete surface over

the rebar.
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2.4.3.1. Typical Corrosion Rates
Typical corrosion range classifications along with the correspomaingsion current density frora GPT

measurements device can be seen in Tabde

Table2.5: Corrosion Rate Ranges for GB&rmann Instruments, 2011)

Corrosion Activity CorrosionRate { A/cm?)
Passive area <05
Negligible 0.5¢2
Low corrosion 2¢5
Moderate 5¢15
high > 15

2.4.3.2. Advantages andisadvantages
Generally speaking, this technique is fast, with testing times close to one minute. Most devices are quite

portable and asy to use for large scale testing projects.

As previously stated, the assumed K values used in the-Siearny equatiorare not accurate for all the
different conditions of reinforced concrete structures and will therefore provide erroneous corrosien rat

values.

Any device that uses this techniqgue must connect to the reinforcement. In addition, the diameter of the

reinforcement must be known. This can be problematic fesitn testing.

2.4.4. Connectionless Electrical Pulse Response Analysis
In an attempt ® move corrosion measurement techniques away from the need to connect to the

reinforcement, the study of connectionless mon-destructive techniques has flourished.

Electrochemical impedance spectroscopy (EIS) consists of the measurement of eleaipesligs of

concrete at varying frequencies of the applied AC current with the objective to describe the electrical
conciete behaviour, including its resistive and capacitive respoflsasiste JF. , 201Q0) The impedance

OAa GKS NIYGAZ2 2F FLIWIXEASR LRGSYGA22D0 op9uv (G2 YSI &dzN

O — Equation2-20: Impedance
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Measurements are carried out at different AC frequencies and as a resglecérum of impedance as a

function of frequency is obtained. The impedance is a complex number which acdecbmposed into

imaginary and real parts at each frequency. Results of this technique are typically represented by Nyquist

or Bode diagrams wherdn¢ imaginary part of impedance (Zi) is a function of the real part of impedance

(Zr) at each excitation fregucy (Lataste JF. , 2010) The Bode diagram examines the absolute
AYLISRIFYOSs 6 % 0z I a (Qal f Gdz21F0 SIK Sk AR LISKRS y1OKSIzZa S5 | 30KKA
(Poursaee, 2011) The electrochemical system is represented by a simple Randircuit, as seen

previously in Figur@.29. This circuit includes a resistas KA OK NBLINBaSyida (GKS St SO
towards the polarized currentin parallel, a capacitor, which is the wue-layer capacitance, and the

resistor, which is the g@arization resistance. These two paths indicate that a portion of the current will

pass in each, depending on the resistance or impedance values of each and depending on the frequency

of the appliedcurrent. At higher frequencies, the impedance causedHhsy doublelayer capacitance

reaches zero, resulting in a shaitcuit elementand leading to all current flow through the concrete
resistance, allowing for an estimation of the concrete resistat¢dower frequencies, the impedance

caused by the doublayer capacitance reaches high values, leading to all current flow through the
concrete resistance and polarization resistance, thus allowing for the sum of the concrete resistance and
polarization b be estimated. The difference between these two estimat determines the polarization

resistance of the reinforcement. See FigAr&0for a representation of aypical Nyquisplot for aRandles

circuit
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Figure2.30: Typical Nyquist Plot for Randles cir¢Bibursaee, 2011)

Steaming from the concept of electrochemical impedance spectroscopy and electrical resistivity, it was
seen that the presence of reinforcing bars amcrete distorts the applied current as current is dravwo

the path of lowresistivity or the reinforcemen{Layssi H. , Ghods, Alizadeh, & Salehi, 208%)»uch,
impedance characteristics of the reinforcement can be quantified. By imposing a current at a wide range
of frequences and measuring the potential differences, the interface between the reinforcement and

concrete can be distinguishable.

Connecionless Electrical Pulse Response AnalysifRiiERased onhe concept that a corroding rebar
has a different response to sweeping frequency of an AC current than a {oomroding rebar, as

illustrated in Figure.31
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Figure2.31: AC Current Voltagérequency ResponfBiatec Scientific Inc., 26)L
Using varying frequency changes allows the locations of corroding reinforcement to be determined along

with the extent of corosion rate.

CEPRA employs a more detailed simple Randles circuit model to illustrate the interaction between

concrete and stel properties subjected to varying frequencies, see Figs2

Figure2.32: Circuit ModelGiatec Scientific Inc., 2016)

In the above circuit, JRrepresents the contactesistance of the probe where all current is faced by the
resistance of the concrete. Two current flow paths are identified & ¢bncrete throughR:; and R,

where the magnitude of the passing current in each resistdeendenton the following: magitude of

each resistance, the impedance caused by the capacitance and subsequently the extent of charging of this

capacitance, the magnitude of the polarization resistance, the concrete coverthanginforcement
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diameter.ResistanesR, R3 and R are all defined as concrete material properties relateditdrinsic
electrical resistivityFor the application of a harrow and timmestricted AC current pulse or voltage step,
the measured voltage response as a factor of timenidlai to a charging R&rcuit under the assumption

that the electrolyte capacitance is negligible, as seen i224;:

W o w6 060Q Equation2-21: Potential Difference CEPRA Circuit Model

where Ve is the constant voltage applied through the external electrodes apdsVthe potential
difference between the inneglectrodes Variables A, B, and D are solved using the Circuit Model in Figure
2.23by measuring the voltage response over time as deedrinEq.2-11 and fitting an exponential curve

to the measured data. Only when the cover deptrnswn can the circuit be sobd. This is due to the

fact that the cover depth provides an indirect measure of the ratio of current flow througto Rhat
flowing through R (Ghods, Fahim, Alizadeh, Decarufel, & Salehi, 2019)

24.4.1. Typical Corrosion Rates
Carosion activity along with the corresponding corrosion ridethe CEPRA technigue are seen in

Table2.5.

Table2.6: Corrosion Rate Ranges for CEfR#étec Scientific Inc., 26)L

Corrosion Activity Corrosion Rate‘(A/cm?)
Passive/Low <0.1
Moderate 0.1¢0.3
High 0.3¢1
Severe >1

2.4.4.2. Advantages and Disadvantages
The main advantage to this electrochemical device that makes it stand out from the rest istthieatac

the technique does not require connection tioet rebar for corrosion rate measurements.

Similar to previous corrosion measurement techniques, the diameter of the reinforcement must be

known. This can be problematic forsitu testing.

2.4.5. Factors thatffect Corrosion Rate
At a basic chemical level, cosion is fed by oxygen and wat@rathodic reaction) Thus both of these

environmental factors must be present to feed the corrosion procksaddition,the following primary

44



factors affect the rate of corrésn of steel reinforcementpH of the concrie pore water, electrical

resistivity, relative humidityand temperature(ACI Committee 222, 20Q1)

It is also important to be aware of corrosion during the design and construofidine structure Care
should be taken to esure that water runoff removes the water from the reinfoccstructure and avoids
splashing of water. In addition, a few ways to reducephesibilityof reinforcementcorrosion would be
to ensure adequate concrete cover is provided, cremitrol measues are established, and corrosion

protection systems are ilcporated.

More discussion on how temperature, relative humidly, and electrical resistivity influence corrosion rate

can be seen below.

2.4.5.1. Temperature
Temperature has a remarkable influence on tberasion rate within reinforced concrete structures. The

oxidation reaction rate is influenced by the amount of heat energy available to push the reaction forward
(Broomfield J. , 2007)As temperature is increased, the ionscbene more mobile and the aggressive
agents become more solidd As temperature decreases, the opposite occurs where the pore water
freezes and corrosion stops as the ions are no longer mobile. This phenomenon can be seen2i33gure

where the data wasollected during an osite research experiment (Tuutti, 128
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Figure2.33: Correlation between Temperature and Corrosion Redetti, 1982)

2.45.2. Relative Humidity
Since the movernt of water within the concrete pore structure is a key element in the reinforcement

corrosion process, relative humidity has a key effect on the corrosion rate. Even though there is a delicate

interaction between the amount of water and yren within thepore structure of the concrete and how
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those two elements contribute to the corrosion rate of the reinforcement, as a general rule, as relative

humidity increases, so does corrosion rate. This phenomenon can be seen inZFgure
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Figure2.34: Correlation between Relative Humidity and Corrosion Rate in Chloride Contaminated
ConcretgTuultti, 1982)

The maximum value of corrosion rate can be found for a relativmidlity in the amosphere of
approximately 95%, seen as the upper limit of the curve in Figu34 Relative humidity above this limit
is characterized by high water content and thus a deficient oxygen siBplyolini L. , 2008 If the

concrete becomes saturated, the corrosion rate will decrease until it nearly becomes zero.

2.4.5.3. Electrical Bsistivity
As it relates to reinforcement corrosion within concrete, electrical resistivity (ER) has a bearing on the

corrosion rate since during the orrosion mechanism, ionic current passes from the anodicatthodc
areas (Broomfield, 2007). In terno$ electrochemistry terms, resistivitselatesto the resistance ofon

transport between the athode and anode in a corrosion cell cito{YillagranZaccardi & Di Maio, 2014).

Generally speaking, low electrical resistivity iated to high risk of corrosiofiPolder, 200Q)This general
relationship is universally accepted throughout the literatueeen with variations iexperimental studies
and studied parameter_ayssi H. , Ghods, Alizadeh, & Salehi, 20dybostel, Larsen, & Geiker, 2013)
(Polder, 2000}Lataste JF. , 2010) Thedifferent parameters found in these include, but not limited to,
cement type, corrosion cause, specimen geometry, foggement type, cover depth, measurement
technique, and exposure conditions. In addition, the analystbis relationship between resistivity and
corrosion rate vary by properties,aes, scatter, and correlatiorfslornbostel, Lesen, & Geiker, 20137
comparison of the regression lines for the relationship between eledtresistivity in concrete and the

corrosion ratecan be seen in Figu&35.
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Figure2.35: Relationbetween Resistivity and Corrosion R@ternbostel, Larsen, & Geiker, 2013)
It is important to note that the most important parameteaffecting the relationship between electrical
redstivity and corrosion rate, as outlined the referencediterature review,are thedegree of saturation

of the pore structure andemperature(Hornbostel, Larsen, & Geiker, 2013)

Equationsrelating electrichresistivity to corrosion ratare many As stated before, there is a generally
accepted inverse relationship between the two but not a univeysaticepted equation. With that said, a
sampling of empirically determined equations establishing a relatiprisétween the electrical resistivity
and the intensity of the current of corras can be seen below in Tabk7. These equations are
superimposeé onto the graph of resistivity and corrosion rate in Fig@r85 As it can be seen, the
empirical equationdy Andrade & Alonso (2004) and Ahmad (2C4gee with the trends exhibited by
the experimental resultsGhods, Isgor, & Powhaz (2007)epartfrom the generalize trenébr resistivity

values greater thad 000K Y.
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Table2.7: Comparison of Equations Relating Electrical Resistivity and Corrosion Rate

(Andrade & Alonso,
(Ahmad,2014)
2004)
B . a8t .
. Q pR apmnm — oRpdp Tl I
. oop T . p & w
0 ,, S () T —
| 1o g
T 06——
Units:A/m?T  KY
5 3 Where: G, =0.00075 (average) Units:> | K2OY
Units:>! KDY KO .
Go2is ddined as the oxygen concentration Y KOY

The relationship between electrical resistivity and corrosion ratguires further explorationEach of the
above equatios aredependent on many factors surrounding how the experimentaldestre done.
From this fact, caution needs to be taken when applying these equations to existing reinforced concrete

structures for the purpose of condition evaluation.

In addition to the uiversally accepted inverse relationship between electrical resist@rity corrosion
rate, several resistivity ranges corresponding to risk of corrosiga baen publishefLataste JF. , 201Q)

Figure 2.36resents these raltionship values.

Risk of corrosion Resistivity (ohm m)
Feliu et al., 1996; RILEM Langford and
TC154EMC, 2004 Broomfield, 1987
MNegligible =1000 =200
Low 500-1000 100-200
Moderate 100-500 50-100
High =100 <50

Figure2.36: Resistivity Range as it related to Risk of Corrqtimiaste JF. , 2010)
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2.4.6. Corrosion Rate Range
No matter the electrochemicaéchnique used to measure the corrosion rate, a broad criterion has been

established beveen the corrosion current densityr corrosion rate and the significance of the corrosion
level within the reinforced concrete structuras seen ifmable2.8 for vauesassociated with Ordinary

Portland Cement.

Table2.8: Corrosion Rate Ranges as they relate to Corrosion (Lexvdrhde & Alonso, 2004)

L., gﬂf% o .D.D+ > Corrosion Level
X nowm KX nodnnwm Negligible
0.1¢0.5 0.001-0.005 Low
0.5-1.0 0.005 0.010 Moderate
>1.0 > 0.010 High

2.5.Studies on Determination of Corrosion Rate
As this thesis strives to show the effectiveness of several electrochemical techniques in the assessment of

reinforced concrete structures esite and inlab, a presentation of experimental studies and case studies
is given. A common underlying theme falim most current studies involving nalestructive corrosion
determination methods shows that it is recommended to utilize several-aestructive technique

during an assessment to avoid misrepresenta(iBjegovic, Mikulic, & Sakc, 2000)

2.5.1. Onsite
An experimental study that assessed the condition of several reinforced concretaatatrged from a

deteriorating bridge in Hawdsbury, Ontariousingdifferent electrochemical techniques was conducted

by Qian & Chagno(2001) This study focused on four slabs measuring 315 cm x 115 cm xré#htorced

with five 15mm diameterlongitudinalbars spaced at 23 cm, and six-frin transverse bars, spaced at

45 cm. These slabs were subjected to repairs at some point during their life. In order to simulate the
environmental conditiongo which the slabsvere subjected, wetlry birweekly cycles with tapvater

were used. Three electroch@cal techniques were used: haléll potential, linear polarization by use of
Gecor 6, and concrete resistivity, also by Gecor 6. A plot of the corrosion pote@tials, versus the
corrosion current,Q , as determined by the Gecor 6 showed a poor correlation between these two
values for the slabs. The study attributes this poor correlation to current fluctuation at the active corrosion

areas and difts in potential due to changes in the oxygen concentraabithe reinforcing surface. The
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study does support the notion that considering both kadfl porential data and corrosion rate
measurements can faciliate better intrepretation of potential resudnd provide a more reliable
condition evaluationln addtion to the electrochemical techniques, compressive tests were conducted

and chloride content was determined to provide additional informatiorthe condition assessment.

A case study bBjegovcet al.(2002)shows the use of GPT in a marine environméarnreinforced concrete
marina located in Croatia was investigated daéts visually deteriorating state. Destructive testing was
conducted, compressive strength and chloride content, to asgessondition. It was establised that a
new structure waseaquired. After the construction of the new marina with migrating corrosion inhibitors,
the structure was monitored with GPT. It was noted that the GPT was suitable-8iteomeasurements

as it was rapid and simple. However, it was noted that corrosida values are vergependenton the
changing temperature and humidity conditions. Therefore, it was conclused that a combination of several

NDT methods should be utilized to more reliably assessainforced concrete structure.

2.5.2. Onsite and Idab
A criical evaluation of devices used to measure corrosion rate in reinforced concrete structures was

conducted byGulikers & Polder (2003). As part of the critical evaluation, experimental réguttson

site and laboratory measuremengfiowed the there wee noticable differences in corrosion rate with the
use of LPR and GR#ith GPT frequently showing values larger than one order of magnitude or more. In
addition, GPT was unable to make a cleatimtigion between passive and active corroding reinforcemne
areas. It was found that regions with passive steglbdgid corrosion rates that were unrealistically high,
frequently exceeding 1§ A/m?. In contrast, LPR provided more reliable information on the actual
corrosion rate. In conclusion, Gulikers & Pol(®003) found that corrosion rate measurements should be
used to confirm haitell potential measurements for areas where potentidlea suspect areas of active

corrosion.

A more comprehensive experimental studynducted bywedalakshmet al. 010)compared corrosion

rate values measured by the GPT with the GalvaPulse device with tled¢adfochemical impedance
spectroscopyEISkechniqgue andgravimetricmass loss testing. In the laboratory, reinforced concrete
slabs were constructed with 1.2éhloride by weight of cement and were allowed to cure for a period of
90 days, during which GPT and EIS measurements were performedth&fisompletion of the testing,
mass loss testing on the reinforcement was conducted according to the 2000 ASTr@ard. In the

field, three separate reinforced concrete slabs, all with different exposure condidtions, periods of

exposure, and gradef@oncrete, were subjected to corrosion rate testing. Condition assessment of the
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reinforced concrete slabs involved v&al measurementshalf-cell potential, corrosion rate and
resistivity. It was concluded that for field measurements, potential and red@aesistivity values can
provide a misleading assessment of the actual condition of the reinforcentewas also found that
corrosion rate detemination by GPT compared well with that of mass loss testing when compared to
corrosion rate values by EEKge Figur®.37. In addition, GPT used with an anodic pulse oftl@Qvith a

pulse duration of 10 seconds was able to properly discriminate thev@aaad active areas of the rebar.

This is in direct contrast to Gulikers & Polder (2003) as stated previously. It is also important to note that
Vedalakshmi et al. (2010) conded that GPT was unable to predict corrosion rate values less that 1

t m/year,whereas EIS was successful.
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Figure2.37: Comparison of Corrosion Rate by GPT, EIS, andldssd estinfVedalakshmi,
Balamurugan, Saraswathy, Kim, & Ann, 2010)

Frolundet al. (2002)used theGPTequiptment produced by FORCE Ing&tuor the GalvaPulse, for a
experimental study that looked at corrosion rate data for a deteriorating bridge in Gagem, Denmark,
and corrosion rate data for laboratory reinforced concrete testcks.Frolundet al. 002)determined
that results from the laboratory showed very good correlation between corrosion rates determined by
mass loss and corrosion rates asetmined by the GPT. In addition, corrosion rates obtainesios by
GPT compartto the average corrosion rate from actual cr@gxtion loss, where the actual corroding
area is the same as the confined area, were comparable. Use of the LPR methodobbyhes&ecor 6
was also used to compare with corrosion rate as determined byaBalse and mass lgg®wever, the
LPR method tended to grossly underestimate the average corrosion Rafer to Figure 2.381n

conclusion, it was recommended that moreaningful results could be obtained if knowledge of the daily
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and seasonal changes of corrosion ratesite are known, with the aid of mounted sensors on the

structure.
Weight loss GalvaPulse” Gecor 6
Avg, Avg, . Avg. .

Descrintion . mV vs. Resistance| mV wvs. Resistance

P Comrate | yoagcr [COTTAC I Ohm | agragen | COTTAR T G

pA/em pAem? nA/cm?

bar A 4.6 2345 311 0.50 355 | 0.21 0.47

bar B 4.8 334 | 247 | 090 | 437 | 023 0.93

bar A and B 4.7 -345 5.24 0.50 343 | 0.54 0.35

connected

Figure2.38: Average Corrosion RaValues Compared to GalvaPulse and Gecor 6 Values

2.5.3. In-Lab
Sadowski2013) proposed a methodology that combines ha#ll potential data with that of concrete

resistivity to assess the probabability of msion in concrete structures. The-lab experimatal study
focused on a 750 mm x 750 mm concrete shath 10-mm diameter reinforcement spaced at 150 mm
anda cover thickness of 50 mm. A corrosive environment was established withdwospraywetting

wih a sodium chloride solution cycle followed a tyefour hour drying cycle. Measurements were taken
after ninety days of concrete curing. Three distint types of areas were establisted based on ASTM C876
probabilities of corrosion and resistivitanges. Sadowsk2013)was able to establish that usingth

half-cell potential data and electrical resistivty data in conjuction provides maximum information about

the probability of corrosion within a reinforced concrete strucutre.

As the current stadard for use of hal€ell potential data in condition assement of reinforced concrete
structures is based on the probability of corrosion, the interpretation of thesedadilimeasurements can

be very subjectivePourGhaz et al. (2009) showed quantitee relationships that related potential
readings on the @ncrete surfaceto the corrosion rate through the use of data from concrete resistivity,
cover thickness, oxygen demand, and the antmleathode area (A/C) . These quanititative relationships
attemp to relate the potential distribution at the concrete $ace with that of the steel/concrete
interface. The parameters of these relationships were investigated and several key conclusions were
made: (1) potential readings should be intrepreted in aceo® with the resistivity of the concrete, for

the same camosion rate, different potentls can be read corresponding to different resistivities; (2) as

cover thickness increases, the potential at the concrete surface differs from that of the poteriti@ at
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concrete/steel interface; (3) oxygen availability doed greatly affect haltell potential measurements

in an environment where concrete is hot completely deprived of oxyen; and, (4) larger A/C ratio shows
smaller potential differences between trsirface and interface at the anodic site, this implies thef-

cell potential is not suitable for the detection of localized corrosion. R&haz et al. (2009) also put forth

a model that attempts to establish a relationship between {tall potentialsand the rate of localized
corrosion. Data from an experimt study carried out by Luping (2002) was used to compare with the
model. It was observed that this model predicts corrosion current densities higher than that of the non
destructive deviced useby Luping. It is noted that the model predicts localizedasion rates and the

non-destructive tecnicques used by Luping (2002) might have underestimated them.

Sadowski (2010) pposed a new method for reinforced concrete assessment by taking advanitaige
short-circuit effect of the reinforcement on the ristivity measurements. This study looks at the effect of
using the conventional AC fopoint resistivity device and a DC galvanostatic resistivity device (by way of
a modified electrode array), il tested directly over and parallel to the reinforcementmaximize the
reduction effect of the shortircuiting bar on theresistivity measurementsThe AC signal will pass
through the capacitance layer regardless of the reinfocement corrasitey while the DC signal cannot
pass through the capacitance laydter a suitable equilibrium period. The use of DC galvanostatic current
allows the effect of the reinforcement on the resistivity measurements to be influenced by the rate of
corrosion on the ebar surface. During this experimental study, reinforced ostec slabs were
constructed, and corrosion activity was establised in the specimens using the LPR technique. Experimental
results showed that for rebars with active corrosion current densitiesdlatively small charge transfer
resistance), DC measments of resistivity over the rebagave an resistivity much closer to that of AC

resistivity measurements than that of actual concrete resistivigyer to Figure 2.39.
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Figure2.39: Comparison of DC retbigty with AC resistivity of the bar and resistivity of the concrete on
actively corroding reinforcemef®adowski L. , 2010)

In the case of lower corrosion current densities, the presence of the reinforcement had smdllogffec

the DC resistivity measurementSadowski Z010)was able to show that shodircuit influence of an
embedded reinforcement within concrete can be udecevaluate the rate of ongoing corrosion on the
rebar surface. The new method presented does shimat the DC resistivity approach in conjuction with

the conventional AC resistivity approach can provide for a way to assess the instantaneous corrosion rate

easily.

In a more focused look at the galvanostatic pulse transient technique, So and Millaif) (#9trmed

an experimental study that compared both the LPR and GPT techniques. The focus of this study was on
the evaluation of separate components: thapacitance values and the associated resistances. In the
analysis of these components, it was detemed that the corrosion rates calculated from the

galvanostatic pulse transient data were generally highan the rates determined by LPR, with a factor
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of 3.0.The results shows that the galvanostatic pulse transient method has the advantage of nieking
separation of resistance componenep@ssibleand it enable those resistances not associated with
corrosion to be discounted. As such, ttiata showed that the galvanostatic pulse transient technique

provided more reliable corrosion rates time reinforcing bars than that of the LPR technigue

In an experimental study lyou et al. (2014), GPT was used by means of the GalvaPulse devieestoene

the corrosion rate of standard specimens with different concrete cover thickness (10, 30d500 axm)

and different amounts of NaCl content (0, 0.5, 1.0, 1.5, 2.5% NaCl by weight of cement). Testing was
conducted with the GalvaPulse on days 5, dfij 30. Several relationships were shown: (1) corrosion
current will generally decrease with incréag cover thicknessut the rate of reduction will decay with

the increasing of the cover thickness, as illustrated in FiQu4€& (2) in general, corrasn current
increased with the addition of NaCl, although the relation is not linear, as showig.ire 2.40, there

existed a NaCl threshold, were the addition of more NaCl did not greatly affect the corrosion current, as
seen in Figur@.40, where a covethickness of 10 mm has a NaCl threshold of 1&6% a cover thickness

of 50 mm has a NaCl thresdadf 1%.

= =y
? 0. 5% NeTl = — -]
-, - == Na_l :'-1 {1}
1 - . = = B =50
* * —~—c=10
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Figure2.40: Corrosion Rate vs Cover Thickness & Corrosion Rate vs NaCl ©anteet al., 2014)
In contrast toVedalakshmet al. 010) Dou et al. (2014) documead the change in corrosion rate with
changes in the pulse magnitudedanoncluded that an anodic pulse of A with a pulse duration of 10

seconds is suitable for passive and active areas of the reinforcement.

Luping(2002)embedded reinforcement within concrete specimens of 0, 1.5, 3, and 6 % chloride content
(by mass otement) and monitored the corrosion for a year. Measurements techniques LPR by use

of the Gecor 6 and GPT by use of the GalvaPulse were evaluated. At the end of the year, gravimetric
testing according to ASTM G1 was conducted, and the results compihetthose by the electrochemical

tecnhigues. The study concluded that corrosion rates by the Gecor 6 were comparable to the true mean
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corrosion rate (mass loss divided by the whole exposed area of the steel), while the GalvaPulse provides
an overestimatbn, mostly in passive areas. For the shaccurate results, use of a calibration factor of
approximately 6 (pitting factor) for the LPR technique can be used. The study also concluded that the gap

within the LPR and GPT polarization resistance measureraentiue to the polarization time.

In contrast with Luping (2002), Sathiyanarayanan et al. (2d66id thatthe anodic galvanostatic pulse
technique gave more reliable results about the state of the reinforcement and the rate of corrosion for
reinforced oncrete specimens with varying NaCl tamt. On the other hand, results obtained by LPR
were found to provide lower values than that of the actual corrosion rate due to the inclusitre of

resistance of concrete in the LPR measurements. These resulbe caen irFigure 2.41
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Figure2.41: GPT, LPR, and Gravimetric Method Compa(Bathiyanarayanan et al. 2006)

In another experimental studyoursaee (2011) evaluated several electrochemical NDT dewvicdzef
purposeof determining the mostaccurate method for measuring corrosion rate. These devices were then
compared with mass loss results on the reinforcement extracted from the concrete specimens. This study
concluded that using applied potential (pottostatic LPR) is more reliable thathniques that are based

on applied current (galvanostatic LPR). Such results obtained from techniques based on applied potential
showed less variation. It was also noted that the use of potentiostatic LPR is meonabde orsite as

testing times are lver. The results are shown in Figrd2
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Figure2.42: Comparison of Resulfieproduced from Poursaee, 2011)

Gepraegand Hansso2005)determined that the main reason behind the varied results with @ecor

6 and the GalvaPulse devices is not the electrochemical tecrdiiljemselvesbut instead the results of
differing electrode configurations and maybe, the electrode material itSetis was concluded by
connecting the Gecor 6 electrode to the Gé&tutse device. The guard ring current/potential changes the
polarization of the reinforcement with respect to the central reference electrode. It is assumed that the
guard ring electrode isnable to apply a discrete current independent of the counter etete. It was
concluded that this electrode effect is more observed in the Gecor 6. When the corrosion rate data of
each device was anaysized independantly, it showed that both devicesomatstent results when the

guard ring was not used.
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As measured aqoosion rates are a function of both the confinement technique and the electrochemical
techniques usediNygaard and Geiker (2009) presented a quantitative assessment of these differences.

This study is aontinuation of the experimental work bgepraegs ath Hansson (2005), discussed
previously. This experimental work monitored the operation of two devices, the Gecor 6 and the
GalvaPulse, and the corresponding current distribution betweéhthRS A 0Sa Q St SOGNRRS |
concrete surface and the reinftement within. With this study, it was conclused that both the Gecor 6

and the GalvaPulse ovestimate the actual cossoion rate for passive reinforcement: Gecor 6 by a factor

of about 10and the GalvaPulse by a factor of 100. This overestimation walsuaéid to each device being

unable to effectively confine or compensate for the spread effect of the counter electrode current. In

addition, both devices polarize the reinforcement bey the linear potentiaturrent region, which yields

errors with the corrosion rate calculation. In the case of localized corrosion activity, it was conclused that
020K RSOAOSAE RAR y2i | O0OdzNY (iSte 20!l (8-0RKF AlYOWWAAES
where the current applied from the counter electrodad the guard ring flows into the reinforcement at

the location of active corrosion regardless of the location of the sensor on the concrete surface. This
occurs because the current folle the path of smallest resistance to the reinforcemenmeffer to Fyure
2.43.However, both devices underestimated the corrosion rates in these active areas; Gecor 6 by a factor

of 6 and GalvaPulse by a factor of 2. This underestimation was attributemthiacdevices using a constant
confinement length (seen to be largéhan the actively corroding region) and the final obtained

confinement.

Reference electrode

Counter electrode (/ck)
Guard ring (fcr)

———

Confinement area (/'cr)
Actively corroding area

Figure2.43: Concept of Se€onfinemen{Nygaard & Geiker, 2009)

2.5.4. Pitfalls of Electrochemical Techniques
The use of electrochemical techniques for the determination of corrosion rate cannot pick up on the

presence ommicro-cell action (Gulikers & Polder, 2003This is of concern because the local dissolution
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rate is accelerata greatly due to this large cathode to anode surface area ratio. When reinforcement is
subjected to localized corrosion attack, a aamiform distribution will occur, which will shift the potential
over the surface area of the working electro@eulikers & Polder, 2003)s a result, an erroneous value
of polarization resistance will be determined that may not reflect the local corrosion rate. In addition, by

definition, potential readings are measured not on the reinforcemaritdn the concrete surface itself.

Verma et al. (2014) laid out several limitations with the use of-¢ellf potential measurements on
reinforced concrete structures. Haldéll data only provides a probability of corrosion and no assessment
of the corroson rate. Intrepretation of haltell data requires careful consideration as variations in

moisture content, chloride content, and concrete electrical resistance can influence the measurements.

So and Millard (2007) discussed sources of error within titedhnique: (1) as polarization resistance

is not measured from the surface of the reinforcement but from the concrete surface, the concrete
resistance must be independently measured and subtracted from the overall polarization resistance
measured; (2) its difficult to choose a suitable equilibrium time for the current response to the applied
potiental shift at which measurements are taken; and, (3) it is difficult to compensate for all resistance

components not directly associated with the corrosiorerat

Gulikers and Polder (2003) provide valuable information on the concerns with GPT. In the application of
GPT orsite, the magnitude of the perturbing electrical signal that is applied can be of concern. If low
currents are used, it becomes difficult distinguish the potential response from background noise. In
opposition, high currents are better for the pulse transient definition, but are not suitable for the
corrosion rate determination. In addition, for larger perturbations, it is less likley tlageiquate linearity

of the currentpotential relationship can be established for the use of the S@eary equation, causing
errors in the calculation of the corrosion rate. In conclusion, the magnitude of the applied current should
be used to provide foa larger potential shift but remain within the linear region. It is important to note

that unrealistically high corrosion rates have been measured with GPT in passive steel.

As far aexperimental setup, Poursaeeand Hansson (2009%pund that there areseveral factors that
should be considered with chlorides mixed in the concrete. Most importantly, this is not an accurate
representation of the realife senario for deteriorating reinforced concrete structures, as the steel does
not have time to passivateefore encountering chlorides, and thus the concept of localized passive film
breakdownasthe first step in corrosion initation must be considered. In addition the following adverse

effects due to the presence of chloride ions can be noted: (1) accelarat cement hydration which
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increases the concrete porosity; (2) increase in the conductivity of the pore solution; (3) changes in the
pH of the pore solution; and, (4) changes in the amount of chemically bound chlorides. All of these

considerations mudbe taken into account when evaluating corrosion rate in laboratory settings.

2.6.Gaps in the State of the Art
The information presented in this literature rew has shown the following:

9 Although use of halfell potential, as per ASTM C876, is wiitlely uised in practice,
half-cell potential data alone cannot be used for condition assessment of reinforced
concrete structures.

1 Several different condition assessment techniques should be used for a more complete
assessment of deteriorating reinforcedncretestructures.

1 There is significant research to show that the use of electrical resistivity has gmven
be a useful tool in condition assessment.

1 The use of LPR and GPT in laboratory esittnexperimental studies has shown varying
results.

1 Thereis a ne&d for a more reliable and constant electrochemical technique.

1 Onsite studies are rare and dated. More importantly, experimental studies that
compare condition assessment results for both laboratory testing ansitertesting are

scarce.

Labordory studies on corrosion of steel in concrete employ regulated conditions and accelerated
corrosion measures to allow for a controllstlidy. Where this type of study is required to precisely
analyze all aspects of the experiment, corrosion measuremeriguesfor field application require a
practical and efficient strategyAs it can be inferred, there is a strong need for experimental programs
that assess both laboratory and @ite condition assessment data for the purpose of evaluating non
destrucive devces to provide more confidence with measurements of corrosion rate in actual

structures. This is the motivation behind this program of study. .
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3.0 Experimental Program

This chapter presents a detailed description of the experimental progranedawsut inthis research to
make an independent assessment of the accuracy of the Connectionless Electrical Pulse Response Analysis
(CEPRAgchnique. This experimental program is conducted in two parts, both parts incorporating non

destructive and destructive testj of:

9 Portions of existing reinforced concrete slabs, extracted from the Noh&nneBridge,Ontario,
constructedin 1957, herceforth referred to as thd-ield Study
1 Multiple, smaltscale reinforced concrete slabs, constructed and monitored in a coréwl

environment henceforth referred to as theaboratory Study

For both Field and Laboratory Studygrrosion rate, haHcell mptential, and resistance or electrical

resistivity are determined by the following methods:

| Linear Polarization ResistanceWl®> | & YSI adzZNBR o6& WIFYSa LyadidNyzy

T DIft@ly2aiGdliGA0 tdzZ &S ¢SOKyYyAljdzS oDt ¢oX & YSI adzn

1 /2yySOlGA2yftSaa 9t SOGNROI tdzf aS wSalLkRyasS !yl f
iCOR

f Fourpointelectricalresi i A @A (&> & YSIF&Adz2NBER o6& t NPOSI|Qa wSa

In addition, severadddition nondestruction anddestructivetests were conducted on concrete and rebar
specimens to provide supporting information on the condition of the reinforced concrete elyam
moisture content and absorption, compressive strength, steel mass loss, and concrete carbonation and

chloride content.

3.1.Evaluation of Deterioration by NDT Devices
3.1.1. Linear Polarization Resistance
The Linear Polarization Resistance technique was emplbyetie Gecor 6 device, manufactured by
James Instruments, to measure the corrosion rate, -belf potentia] and resistance of reinforced
concrete slabs. An idepth explanation of the theory behind the technique and the equations used by
the Gecor 6 iprovided in Sectio2.4.2 The Gecor 6 measures the polarization resistangewkh the
dza § 2 F I3éa 3id2 NFR YNBAY S GKS | LILIXE ASR OdNNByld FTNRBY {(K:

two circular stainless steel rings. The inner ring acts asdbater electrode with an inner diameter of 11
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mm and an outer diameter of 70 mm. The outer ring acts asitfiedzZl NR NA Yy 3Ié Yy R KI &

of 140 mm and an outer diameter of 180 mm. The diameter of the entire sensor is 180 mm.

The device utilize a Cu/CuSOreference electrode and CU/Cu&©onfinement sensor electrode or
G 3 dz- NR N y 3 kquidssalitih tolbe filled{n lthe three reservoif3ames Instruments, n.dn
order to take a measurement, the device wksdo be connected to the reinforcement within the concrete.
For best contact to ensure a good electrical mwection, wetted sponges should be placed in between the
sensor and the concrete while a constant pressure is applied. In addition, the concreteessinould be

prewetted and conductive gel should be used. This setup can be seen inFigure

Figure3.1: Setup for Gecor 6
Once the device is setup, the Gecor 6 requires that the user inputs tHimedrarea of the reinforcement

in cn?, as seen in E§-1:

0 op WOwp B Equation3-1: Confined AredJames Instruments, n.d.)

where D is the diameter of the reinforcement in cm.

Once the polarization area has been inputtede Becor 6 begins the test byeasuring the corrosion
potential, Eor, through the reference electrodes until the difference between the corrosion potential
readings become stabilized. After stabilization, an initial current pulse is applied to the dygtdme

counter electrode, and the potential response is recordedrst the magnitude of the optimum current,
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lce, can be calculated and used to acquire the polarization resistapddel, a constant current is applied

for a duration of 50 seconds thugh the counter electrode. This current alters the potential of the
reinforcement with respect to time. During this polarization time, a secondary current is applied through
the guard ring to ensure that the potential difference between the auxiliary ezfee electrodes is equal

to those potential values recorded in a piews step.

The polarization resistance acquired is corrected for the ohmic potential drop, and then the corrosion rate

is calculated according to E2, i.e.,

Q —_— Equation3-2: Coriosion RatdJames Instruments, n.d.)

where ior iS the corrosion rate expressed:n! k DAYis the polarization area as detemad inEq.3-2,

and K is a constant value equal to 26 mV.

Several issues were noted while testing with the Gecor 6: (i) measurements werediraaming, taking

up to five minutes per measurement; (ii) it requires the user to know the diameter ofeiindorcement

in consideration, which is not always the case fordidh G dz G SadAy3IT YR O0AAALD |
I OKAS@PSRE SNNRBN) yYSaal3aS | LIISFNBR FTNBldSyiatezr | Oz2y
sensor and the concrete or between thate meter and he reinforcement or the result of high concrete

resistvity (James Instruments, n.d.)

Typical corrosion rate values accompanied with corrosion classification for LPR can be found in Section
2.4.2.1, Table 2.3.

3.1.2. Galvanostati®ulse Technique
The Galvanostatic Pulse techniqgue was employed by the GalvaPulse device, manufactured by Germann

Instruments, to measure the corrosion rate, ha#fil potential, and resistance of the reinforced concrete
slabs. An irdepth explanation of the theory behindhe technique and the equations used by the

GalvaPulse is provided in Sectid.3.

The GalvaPulse is a portable device which consists of a sensor connected to a power source/data recorder.

The sensor consists of an Ag/Ag€lerence electrode, a countetf f SOGNRP RS FyR | & 3dz
measurement works as follows: a current pulse is imposed on the reinforcement from the counter

St SOGNRRSS 4gKAOK Aa LI FOSR 2y GKS O2y ONB@fA & dzNJF | C
(length of 7 cm) of the lieforcement below the central counter electrode. This applied current is typical

in the range of 5 to 40@A, and the typical pulse duration is 5 to 10 seconds. This polarizes the

63



reinforcement in the anodic direction and tken compared to its free corgion potential, k&« This
results in a change of the electrochemical potential of the reinforcement, which is recorded by the device,
as a function of the time used by the reference electrode. As the current is apptieel sgstem, an ohmic
potential dop and a change in potential due to the polarization of the reinforcement occur. These factors
are taken into account during the determination of the corrosion rate, which is determined by means of

the SternGeary equationkEqg 2-5. The constant K is eguto 26 mV.

The GalvaPulse recommends that the applied current range be from 80 tbA@@d the duration be
from 5 to 10 seconds for active areas. For very active areas, the current can be increased £t400
obtain reasonable polarization. Howeweét is always recommended to use as low a current and time as
possible to minimize the polarization of the reinforcemé@ermann Instruments, 2011for all testing
conducted in this workvith the GalvaPulse device, a curtesf 100eA was applied for a period of 10

seconds.

Similar to the Gecor 6 device, the GalvaPulse needs to be connected to the reinforcement within the
concrete. Prewetting of the concrete surface should be done. In addition, wetted sponges and conductive

gel shold be used to ensure a good electrical cocti@n between the sensor and the concrete surface.

A depiction of the setup for the GalvaPulse device is seen in Bdlre
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Figure3.2: Setup for GalvaPulse
Seeral issues were noted while testing withetiGalvaPulse: (i) calibration of the device was difficult and
required several attempts, and (ii) it requires the user to know the diameter of the reinforcement in

consideration, which is not always the caseifesitu testing.
Several corrosion rate rges are provided by the GalvaPulse ManRafer to Section 2.4.3.2, Table 2.4.

3.1.3. Connectionless Electrical Pulse Response Analysis
The Connectionless Electrical Pulse Response AngDERRAEchnique is utilied in the iICOR device,

manufactured by Giat Scientific to measure the corrosion rate, hatkll potential, and electrical
resistivity of the reinforced concrete slabs. Andiepth explanation of the theory behind the CEPRA
technique used by the iICORpi®vided in Sectio2.4.4.

Using the CEPR&chnique, a DC/AC current pulse is applied to the reinforced concrete for a brief time
period, while the voltage response of the system is recorded concurr@ityec Scientific IndCOR User

Manual, 2016) Using the vale of current and voltage applied, along with the recorded-fogguency
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impedance response of the reinforcement, the iCOR device provides a corrosion rate value. The electrical
circuit model used to predict theiffierent properties of the concrete materimland steel reinforcement
can be seen iBection 2.4.4Figure2.32 In the figure, R is the contact resistance fs the bulk electrical
resistance of the concrete cks the electrical resistance of themzrete cover, R (Ry) is the polarization

resistance of the rebar, andy@ the double layer capacitance.

The iCOR device employs a mathematical algorithm that incorporates the parameters from the equivalent
electrical circuit model to provide a conidibh assessment of the reinforcement concrsteucture (Giatec
Scientific Inc., ICOR User Manual, 2016 nddition, the device provides hakll potential and electrical
resistivity results. Electrical resistivity is detémed from the surface electrical resistivitgchnique,

where the equation used by the iCOR is modified fronB3Ej.i.e.,

¢ @Y Equation3-3: Surface Electrical Resistivity
where ais a constant parameter determined from the geometry of the sensor electrodesRamthe

equivalent resistance of the concrete calculatesm R, Rs, and Ra.

From the equivalent electrical circuit modéligure 2.3.2the ICOR determines paramet@y, using the

SternGeary equationEq. 25, the polarization resistance WORs calculated, as seen in Equatiod:3

Y 0Y Equation3-4: Polarization Resistance by CEPRA
where A, is the polarized area of the reinforcementcRs the charge transfer resistance of the

reinforcement, and the constarKis equal to 26 mV.

Unlike the previously mentioned devices, the iCOR device comes with a tablet that has a data monitoring
applicaion installed. This application allows for a more u@Endly interface and the exportation of
results as contour maps or Excel files. At stert of the project, the application allows for the user to
create projects with grids of uselecided specifigtions. In addition, the application requires the user to
input the diameter of both the vertical and horizontal reinforcements. For eachpgiiat, the user can

alter the measurement duration, measurement direction, and cover thickness. Outputs arsioarrate,
concrete resistivity, corrosion potential, temperature, and relative humidity. The majority of tests in this
research were conductedith 6-second measurement duration. The setup of the iCOR device is seen in

Figure3.4.
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Figure3.3: Setup of iCOR

Unlike the previously mentioned devices, the iCOR device does not need to have a gbysieation to

the reinforcement within the concrete. Corrosion rate and electrical resistivity assessment ciaimée
without a connection. However, hatell potential assessment needs an electrical connection to the

reinforcement.

Similar to the previos devices, prewetting of the concrete surface should be done. In addition, the
sensors should be wettednd condictive gel should be applied. It has been the experience of the author
that if the concrete surface is not sufficiently wet, the iCOR devioedble to take a measurement. In
addition, there are times when the device is unable to take measurements diegarof adequate testing

conditions.

Several issues were noted while testing with the iICOR: (i) sensors were highly sensitive to moisture
condtions on the concrete surface; (ii) it requires the user to know the diameter of the reinforcement in
consideration, which is not alwayssailablefor in-situ testing; and, (iii) the device is sensitive to the

battery status of the sensors even when thensors are considered fully charged.

Several corrosion rate ranges are provided by the iCOR Manual and can be Seetidn 2.4.4.1, Table
25
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3.1.4. Electical Resistivity
Two different forms of electrical resistivity were employed in this experimental progsarface electrical

resistivity and bulk electrical resistivity.

3.1.4.1Surface Electrical Resistivity
The surface electrical resistivity was measiliusingt N2 OSlj Qa wS a A LJ2 &fousptolieh a G A DA {

system. The Resipod, following the requiremseat ASTM G57 (2012) for the feamobe system, which is
also known as the Wenner probe, impresssesurrent though the concrete using the outer propesile
simultaneously measuring the voltagdfdrence with the inner probeASTM G57, 2012 he electrodes
touch the concrete surface through wet sponges at the tip of each electidydgeneral schematic of a

Wenner tetinology setup can be seen in Fig3té.

Figure3.4: Schemat of Wenner Techhagy (Lataste JF. , 2010)
Modified from Eq.2-1, the surface electrical resistivity is expresded a semiinfinite, homogenous

materialas seen in E@-5:

S G ¢ Equation3-5: Surface Electrical Resistivity

where: " represents thesurfaceresistivity of the concrete a is the electrode spacings illustrated in

Figure3.6, Vis the voltage measutkbetween the inner probes, ankis the currem applied across the
outer probes. The term-is known as the resistance (R) or the impedance (Z) value. Modifications to the

above equation are needed in situations where the outside psalre not spaced at the same interval as

the inner probegASTM G57, 2012)uring the design of the reinforced concrete slabs for the Laboratory
Study, it was ensured that the maximum aggregate size of the concrete was not larger than the probe
spacinga, as this would record the electetresistivity of a single aggregate pig@&oomfield, 2007)
Additionally, it is important to note that reinforcemeiaictually condudt current better than concrete.

For this reason, measurements taken ndélae reinforcementwill yield resits that are ot ideal and
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erroneous(Polder, 200Q)Therefore, the surface electrical resistivity measurements were taken parallel

to and inbetween the rebars.

Typical ranges for concrete surface resistivity provided by the Resipod Ze@ip& R-m Acgh b&seen in
Table3.4.

Talde 3.1: Corrosion Rate Ranges for iQGRitec Scientific Inc., iCOR User Manual, 2016)

wSaradmg@gAarie oXK Corrosion Rate Severity
>200 Low
100¢ 200 Low to moderate
50¢ 100 High
<50 Very high

3.1.4.2Bulk Electrical Resistivity

¢CKS o6dzZ 1 StSOGNROIEt NBaradAgGgAGE gl a YSIada2NBER dzaAy
alternating current to the concrete, which allows tgloesof ions in the pore solution to direct the
electric current (Layssi et al., 2015). Tieisults in a nofresistive opposition to the current in the circuit

know as reactance, an imaginary component (Giatec Scientific, 2016). This poses a prokiem
determination of the electrical resistivity of the concrete, as there is now two oppasitio the current:

the normal resistance of the concrete (R) and the reactance (X). This joint opposition to the current is the
concept of impedance (Z), whiehconsidered a complex number and is considered the vector sum of the
normal resistance (R) dhe real axis and the reactance (X) on the orthogonal imaginary axis (Layssi et al.,
2015). The impedance is represented as a magnitude |Z|, fargpresents the phase angle, as shown in
Figure3.7. It is important to note that changing the frequency impdson the system will change the
magnitudeof the reactancend phase angle (Giatec Scientific, 2016). It has been recommended that using
a phag angle from 0° to 3° allows for a reactance value close to the resistance value. This enables an

easier andnore precise calculation of the resistivity.
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Figure3.5: Graphical Representation or ImpedanGiafec Scientific, 2016)
Using thealternating current technique discussed above to acquire values of impedance for a concrete

specimen, the bulk electrical resistivity can be determined fronBHy.

S ) Equation3-6: BulkElectrical Resistivity
where:” represents thebulk resistivty, Ais the crossectional area of the specimehis the length of

the specimen, andis theimpedance (resitance). The RCON device used in this research is shown in

Figure3.7.

Figure3.6: Setup for RCON

3.2.Laboratory Study
The Laboratory Study involved the construction of multiple sstle reinforced concretslabs that
were cast and tested using the devices previously mentioned over adpefinine months, to monitor
the progress of reinforcement corrosion. These reinforced concrete slabs vary in cover thickness, rebar

diameter, and initial chloride contentsso that various degrees of corrosion activity on the steel

reinforcement could bechieved.
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This section presents a detailed description of the slab specifications, concrete mix design and material

properties, material testing, and deconstruction of tslab specimens for destructive measurements.

3.2.1. Slab Specifications
Eighteen (18¥mallsizedreinforced concrete slabs were built and testfed the Laboratory StudyThe

slabs are rectangular with dimensions of 300 mm x 300 mm x 100 mm (see3F-&f@eand (b)). All slabs

have twoindustry standardribbed reinforcing barsTodetermine the effect of rebar diameter,@n the
measurements, two rebar sizes are used: 10 M or 20 M. These rebars are located at two different cover
thickness: 30 mm and 60 mrithe 60 mm cover thicknessspecified inCSA A23:14, which requires
concrde slabs exposed to chlorides (ClasXlg to have a minimum cover of 60 n(AR3.114/A23.214,

2014) Two different concrete mixes are used,eowith awater-to-cement ratio(w/c) of 0.62 and the

other with awater-to-cementitious material (w/cm) ratio dd.47. The0.47 w/cm ratio is in agreement

with CSA A23:14 Table 2 requirement for concrete in &C or AXI exposure class, or concretepesed

to chlorides(A23.114/A23.214, 014) In addition, the spacing of the reinforcement is in agreement with
CSA A23:14 clause 6.6.5.2, which requires that the clear distance between parallel bars shall not be less
thanl1.4 d,, 1.4 x nominal maximum size of coarse aggregate, andh3(A83.1214/A23.214, 2014) The

clear distance between parallel bars is 88.7 mm for the slabs with 10M rebars and 80.5 mm for the slabs
with 20 M. Ceorosion was induced by mixing sodium chloride into the concrete mireeTHifferent

chloride contents are used: 0% & the control specimen, 1.5% &id 3% Cby weight of cement.

100 mm
caver (mm)

< 100 mm -*4— 100 mm —>4— 100mm —»

| - |

| 300 |

(a) 3D view
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300 mm

_ Epoxy coated

(a) Top view

Figure3.7: Reinforced Concrete Slab Dimensions
In order to ensure that corrosion of the rebar ends did not occur, Performix Plasti Dip@Miytise

Rubber Coating was applied to the rebar ends, as illustrat&ibires3.8 (b) and3.9.

Figure3.8: Precasting formwork
A summary of the varying parameters sép this experimental setup, with the corresponding identifier,
can be found in Tablés5and3.6.
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Table3.2: Mix #1 Experimental Testing Grid

Mix #1

Chloride content

(by weight of cement)

cover thicknesgmm)

A*

30 mm

BU

30 mm

a

60 mm

Control (0% ClI)

10M-MIX1-A-30-0%

20M-MIX1-B-30-0%

20M-MIX1-G60-0%

1.5% ClI

10M-MIX1-A-30-1.5%

20M-MIX1-B-30-1.5%

20M-MIX1-G60-1.5%

3.0% CI

10M-MIX1-A-30-3%

20M-MIX1-B-30-3%

20M-MIX1-G60-3%

* Aseries are made with 10M bars

UB andC series are made with 20M bars

Table3.3: Mix #2 Experimental Testing Grid

Mix #2
Chloride content Cover thicknesgmm)
(byweight of A* BU aJ
cementitious materia) 30 mm 30 mm 60 mm

Control (0% CI)

10M-MIX2A-30-0%

20M-MIX2B-30-0%

20M-MIX2G60-0%

1.5% ClI

10M-MIX2A-30-1.5%

20M-MIX2B-30-1.5%

20M-MIX2G60-1.5%

3.0% CI

10M-MIX2A-30-3%

20M-MIX2B-30-3%

20M-MIX2G60-3%

* Aseries are made with 10M bars

UB andC series are made with 20M bars

3.2.2. Concrete Mix Design and Materials

Two concrete mix designs with normal density concrete were used. Mix #1 was provided by the industry

partner and has av/c of 0.62. Mix #2 was produced at the University of Ottawa and has awafc0.47.
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Essentially a w/@f 0.6 provides for a poorer concrete and enables an environment where the
reinforcement corrosion can thrive. On the opposing eactording to CSA A23L4, reinforced concrete
exposed to a chloride environment should have a w/c with a maximum value dB@hlconcrete mix

designs can be found in Talder.

Table3.4: Mix Designs (@ nt of concrete)

Mix #1¢ Industry Partner

GU/Type 10 Cement 265 kg/m3
20-mm Aggregate 1055 kg/m3
Sand 940 kg/m?3
Water 165 kg/m?®

Mix #2 ¢ University of Ottawa

GU/Type 1@Cement 183 kg/m?3
Slag 138 kg/m?®
Fly Ashtype unknown 69 kg/m?3
20-mm Aggregate 1047 kg/m3
Sand 824 kg/m?
Water 183 kg/m3
Plasticizer 280 ml / 100 kg of cement

The water content of the mix was adjusted to account for the moisture state of the aggregates. To do so,
the fineness modulus, relative density and absorption, lidksity, and moisture content for both fine

and coarse aggregates were tested accordingC®A A23:24 2A, 6A, 10A, and 12A procedures. Full
details of the concrete mix design, material properties, and laboratory test results can be found in

Appendix A.
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3.2.3. Casting and Curing
In order to meet the specifications needed for the slabs, the formwaak wonstructed, by hand, with

standard plywood and screws. The constructed formwork with the epoxy coated rebars placed inside the

formwork are seen in Figuf&10.

Figure3.9: Completed formwork ready fapncretepouring

Concrete mixing and pouring took place over a period of two days. Mix #2 was mixed and poured first.
This was done in three batches, as themrethree concentrations of NaCl. The NaCl was mixed into the
water. In addition, three cylindsrwere poured from each batch for compression testing. The slabd cure
for 24 hours, while covered in burlap. On the second day, the formwork was taken apartabse sl
removed, and the formwork reonstructed. Mix #1 was then mixed and poured into theoastructed
formwork and new cylinders were cast. Again, three batches were mixed to reflect the three NacCl

concentrations. These slabs were also allowed to cur@4dmrs under a burlap.

As expected, the slabs were not constructed exactly as specififtelexperimental plariJpon removal

from the forms, it was determined thatvo slabs from Mix #110M-MIX1-A-30-0%and 20M-MIX1-G-60-

0% were poorly cast, unsuitdé for testing, andvere recast the following weeRefer to Appendix A for
details andphotos. In addition, a few slabs from Mix #1 and #2re poorly vibrated as voids were
discovered at the underside of the sldfor these slabs, a standard 2:1 saedientitious material mortar

was used to fill the voids. In addition, the concrete cover was found to slightly deviate from the one
specified. However, the exact cover thickness was inputted into thedestructive avices when

applicable.
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The temperaturein the laboratory stayed around 2€, and the relative humidity stayed aroub0%

Please see Appendix A for further detaifthe concrete mix production.

After removal, the slabs were placed in sealable plastic containers. The slabs rested @mwopgorts

to prevent contact with the pool of tap water at the bottom of the sealable plastic container. Water was
placed under the slabs to simulate 100% refathumidity. The slabs were removed from the sealed
environment at week 28, so that the effeof a drier environment could be monitored as well. It is
important to note that the confined environmenwas broken during weekly testing. Tap water was

occasiomlly added to the sealable container to maintain 100% relative humidity.

3.2.4. Material Testing

3.2.4.1. Campression Test
Concrete cylinders were cast along with the slabs to test the concrete compressive strength at 28 days.

Following CSA A233C, the nine concrete tigderscorresponding to each mix desigrere placed inside

a concrete grinder and subjected several cycles to ensure that the ends were flat and smooth. For a
good portion of the cylinders, poor mixing was seen. To ensure that the load applied dbeng t
compression testing was evenly distributed, rubber caps were placed on the ends ofititkeics/during
testing. The average compression strength of Mix #1 8&4 MPa and for Mix #2 46MPa. As the
concrete mix design for Mix #2 has a wof 0.47 while Mix #1 has 0B the compressiorstrength
averages reflect th expectation that mix #&istronger than mix #1All results can be seen in Appendix
C

3.2.4.2. NDT Testing
For a period of nine months, nedestructive testing was conducted on the laboratotgsspecimens.

For a detailed explanation of how each NDT test was performed, see Sédtiids all devices required

a connection to the reinforcement to acquire all information relevant to this study, stainless steel self
tapping screws were drilled iatthe epoxy coated ends. Half way though the testing period, the screws
were replaced. To ense that the polarization of the reinforcement from a previous test would not affect
the polarization of a future test, the testing schedule in T&b&was folbwed. The grid points specified

in Table3.8are shown in Figure3.11 and3.12.
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Table3.5: NDT Testing Schedaled Grid

Day(out of 7 day Test Grid Point
schedule)
1 Resipod C&D&E
1 iCOR A&B
2 GalvaPulse A&B
3 Gecor A&B

Corrosion rate, hal€ell potential, and resistance or eledai resistivity were measured using different
methods: linear polarization resistance (as measured by the Gecor 6), galvanostatic pulse technique (as
measured iy the GalvaPulse), connectionless electrical pulse response analysis (as measured by the iCOR),
and finally fourpoint electrical resistivity (as measured by the Resipod). All corrosion rate assessment
techniques require that the sensors be placed direothgr both rebars within the concrete. This can be

seen in Figur@.11. As previously stated, éhfour-point probe provides best electrical resistivity results

with the sensor placegarallelto and inbetween the reinforcement, as illustrated in Figigé2.

Reinforcement

J \

‘( Concrete

Figure3.10: LaboratoryNDT Testing Gri@vertop of Reinforcement
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Reinforcement
L \

‘( Concrete

Figure3.11: LaboratoryNDT Testing Grid: dmetween Reinforcement.

3.2.4.3.  Gravimetric mass loss
After the ninemonth nondestructive testing period, the rebars within the concrete slpbecimens were

removed. This was accomplished by subjecting the slabsrtodified split cylinder testsee Figure8.14

and 3.15. This modified split cylinder test subjected the reinforced concrete slabs to a concentrated
compressive force paralleltosh NBAYF2NOAY 3 o6F NE NBadzZ GAy3I-mdy GKS
reinforcing.This allowed for the rebars to be easily r@med from the concrete. Rebar specimens were

labelled and photographed. Tlepoxycoated ends were cut off, so that just theea of the reinforcement

exposed to the corrosive environment was tested. Gravimetric mass loss testing was conducted according

to ASTM GD3 (2011). Corroded rebar specimens wsubjected to several cycles in an acid bath in order

to remove the rust poducts. Several control rebars were subjected to the acid bath as well (see Figure
3.16). For a more detailed explanation of ttteeory behindgravimetric mass loss see Sectibd.1 For a
step-by-step detailedtesting procedure and accompanyirexplanaton of how to use the raw results

seen in ASTM G1, see Appendix D.
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Figure3.12: Modified Split Cylinder Test floaboratoryRebar Removal

=%

Figure3.13: LaboratoryRebars Within Split Concrete

79



————— |

Figure3.14: Gravimetric Mass Loss Testiaccording to ASTM @GB.

As stated previously, the corroded rebarere photographed prior to gravimetric mass loss testinthe

acid bath. Two photos for each rebar were taken, top and bottom. These photos were run through an
image analysis softwardmagel, a Javebased image processing program developed by the National
Institute of Health and the Laboratory for Opticaba@omputational InstrumentationThis photo analysis
allowed for a rough estimate of the percentage of the rebar that was corroded and the percentage of the
rebar covered with mortar products. An image of one of the original rebars is seen in Fdi#.dsigure
3.17is a snapshot of #aimageBpplication showing the percentage of mortar on the surface of the rebar.
Note that the percentage of mortar content on the surfacelé&termined as a percentage of the total
threshold of the imageFigure3.18 is a snap shot of thémageJapplicdion showing the percentage of

corroded products calculated on the opposite threshold range for the image

Figure3.15: ImageJ lllustration, original image
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Figure3.17: ImageJ lllustration, corrosion products

3.3.Field Study
The Field Study consisted of one trip to Cornwalta®a to retrieve a comprehensive collection of data
from four slabsS11, S12, S13, and $Siaken fromrandom locations alonthe North ChannelBridgeas
seen in Figur&.19. This collection of data included: data on corrosion rate by GPT and GtfRAll

potential, and resistance or electrical resistivity by use of CEPRA, GPT, apdifivetectrical resistivity.
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In addition, concrete core samples and the corrodedfa@itement were retrieved from the slabs, taken
back to the laboratory and &jected to testing that included: compression testing, carbonation and
chloride penetration depth, chloride concentration, and finally, the level of corrosion by gravimetric mass

loss.

Figure3.18: NorthChannelBridge Slabs

3.3.1. Background Information
The North Channel Bridge, more commonly referred to as the Seaway International Bridge, crossed the

St. Lawrence Rivand North CornwalChannelproviding an international crossing from Canada to the
United Stats.Completed in July of 1962he& North Channel Bridgeas constructed with an arched truss
superstructure and concrete substructure to support long continuous spans. Additiotiedly\orth
Channel Bridge was construction high off the ground to allowldoge shipping barges to cross
underneath.The concrete deck was typically 200 mm in thickness and 8.2 metres wide. The top reinforcing
consisted of 20M reinforcing bars spaced3@mm each way with an averagesitu cover of 50 mm.
Overtime the superstrcture fared well against the elements, however, the concrete deck deteriorated.
The cost to replace the deck wasbstantialand it was decided to demolition and replace the bddg

Demolition was completed July 2015.
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3.3.2. NorthChanneBridge Slabs
NondesNHzOG A @S G(SaldAy3d o1& LISNF2N¥YSR 2y GKS &afloa
data on corrosion rate, hatfell potential, and electrical resistivity. In additjozorrosion rate, haitell
potential, and resistance were determined witlPT by use of the GalvaPulse device. Surface electrical
resistivity was determined with the fotpoint Resipod probe. As most devices require that the sensor be
placed on top of irgrsections of reinforcement, the top level of vertical and horizontal relvéese
locatedto establisha grid for measurement, as seen in FiguBe&l to 3.24 Thesegrids are in units of
centimetres. Two rebar sizes were discovered, 15M (illustratedlim ¢jrey) and 20M (illustrated in dark
grey). In addition, it was discoverddat these slab specimens were subjected to patch work repair at
some point during the life of the bridge, or it was observed that-noncrete deck material was left on
the slabsurface. As these surface materials do not allow for NDT devices to magasaiement, these
surface areas needed to be recorded and are illustrated as blue hatching in Fjbewm 3.23.
Moreover, the location of attempted retrieved core samples lmeated as green markers in the figare

It is important to note that not dlattempts were successful as several cores broke during retrieval.
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Figure3.19: NorthChanneBridge Slab S11 Grid
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Figure3.20: NorthChanneBridge Slab® Grid
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Figure3.21: NorthChanneBridge Slab S13 Grid
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Figure3.22: NorthChanneBridge Slab S14 Grid

The NorthChanneBridge slabs were cut from largsections of the bridge deck. As a result of this, the

locations of the reinforcement and the cover thickness could be seen from the cut sections. Utilizing this,

the concrete cover of the vertical reinforcing bars wasedetined as an average of the con@eover

seen from the North and South cut ends. The results of this are tabulated inFadad 3.10

Table3.6: NorthChanneBridge Slabs S11 and S12 Concrete CoieknElss

Slab S11 Slab S12
Lo?aii[i)arl‘: X South Depth gg;tt?] Average | South Depth| North Depth | Average
Direction (cm) (cm) Depth (cm) (cm) (cm) Depth (cm)
0 52 50 51 49 45 47
15 52 46 49 52 53 53
30 47 45 46 42 46 44
45 49 46 48 44 50 47
60 48 42 45 40 47 44
75 48 41 45 48 49 49
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90 49 40 45 50 52 51
105 59 49 54 41 50 46
120 48 33 41 52 46 49
135 51 37 44 55 47 51
150 42 35 39 62 49 56
165 49 15 32 67 46 57
180 50 20 35 65 50 58
195 83 53 68
210 64 50 57
225 61 58 60
Table3.7: NorthChanneBridge Slabs S13 and S14 Concrete Cover Thickness
Slab S13 Slab S14
Lolz:t?:,: x | South Depth gggg} Average | South Depth| North Depth | Average

Direction (cm) (cm) Depth (cm) (cm) (cm) Depth (cm)
0 50 45 48 51 51 51

15 48 47 48 49 45 17
30 47 45 46 51 49 50
45 45 49 47 44 38 a1
60 45 45 45 50 44 47
75 41 43 42 46 40 43
90 51 51 51 45 40 43
105 50 46 48 42 32 37
120 55 48 52 44 39 10
135 49 42 46 46 37 42
150 48 46 47 42 40 41
165 43 41 42 35 35 35
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180 49 39 44 41 41 41
195 40 33 37 41 37 39
210 42 37 40 51 50 51

At the conclusion of the nedestructive testing, concrete core samples were retrieved from the slabs
refer to Figure3.25, so that compressive strength, carbonation front, moisture content ahsorption

could be determined ithe laboratory. The concte cores measured approximately 95 mm in diameter.

At the conclusion of the NDT and core retrieval, the top layer of 20 M rebars were removed mechanically,

tagged, photographed, and brought backthe laboratory for gravimetric mass loss testing

It is inportant to note that as the NortfChannelBridge Slab S11 was considerably compromised by
surface patch work and leftover concrete deck material, it was decided thatastiuctive testing woul

be performed on reinforcement locations that were not commigsed. However, as the number of
measurement points were few, core samples were not taken and rebars were not removed for Slab S11,
as there would be too few NDT data points to use for comparigalditional photos of the Field Study

testing in Cornwall cabe found in Appendix B.

Figure3.23: Field Studg Cornwall NDT Testing

87



Figure3.24: Feld Study Cornwall Destructive Testing

3.3.3. Testing of NorttChanneBridge Specimens

3.3.3.1.  Absorption and Moisture Content
In order to determine the density, absorption, and voids in hardened concrete, cylindrical specimens

with diameter of 95 mm and length of $50m were cut from the core samples takeor the North
Channebridge slabsrefer toFigure3.26. Samples were sealed so the condition of the concrete during
in-situ measurements could be determindebllowing(ASTM C642013) several concrete properties

were determined: absorption, bulk density, apparent density, and volume of permeable pore space. The

procedure is outlined in Appendix E.

Figure3.25: Specimens for ABI642 Esting
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3.3.3.2.  Compression Strength, Carbonation Front and Chloride Penetration Depth
From the core samples retrieved from the No@hanneBridge slabs, one specimen from slabs S12, S13,

and Sl4vasused for compression testingll specimens were alterei hawe a diameter of 95+5 mm

and a length of 200+5 mm. Once the compression test was performed, and the specimen was split in two,
freshly exposing the interior of the concrete specimen, the carbonation depth was determined with a
spray of phenolphthalei indicator. This indicator is made with a mix of 1 gram of phenolphthalein and
100 ml of alcohol/water (50:50 mix). The phenolphthalein indicator will remain clear where concrete is
carbonated and turn pink when the concrete is still alkaliBeoomfield J. , 20075ince the concrete

surface was extremely dry, a spray of tap water was applied prior to carbonation testing.

Using the second half of the split specimen, the chloride penetration depth was determined using the
colourimetric method. This methods is a fast and easy way to roughly determine the average penetration
depth of free chlorides present in the concrete samffle Andrade, 1999 he presence of chlorides is
determined by applying 8.1N (ole/L) silver nitrate spray on the fresHiyoken concrete surface. The
silver nitrate reacts with the free chlorides present in the concrete to form a white gray precipitate (silver

chloride) as seen in the chemical reaction be(élaram, 2014)

00 O 0 OO6WN° 0O W d U wn Equation3-7: Silver Nitrate Spray

This colourimetric methods was used to determine the average chloride penetration depth, so that
concrete pavder samples could be retrieved within the penetration depth and later used for chloride
concentration using titration. Figur@.27 shows the splicore samples aftephenolphthaleinand silver

nitrate were sprayed on the concrete.

Figure3.26: Split Cylinders Tested for Carbonation Front (left) and Chloride Penetration Depth (right)
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For the carbonon and chloride penetration depth tests, it was determined that concrete is still alkaline
and that thereis not clear indication of chlorides within the concrete. However, concrete samples were

removed for chloride content determination by titration.

3.3.3.3.  (hloride Content
From the core samples, powder samples were retrieved for chemical analysis to determifreghe

chloride concentration of the concrete. FollowiAGTM C1152/C1152[2012), see Appendix F for the
complete procedure, a-§ sample size is remimended. Using the silver nitrate spray as an indication of
the chloride penetration depth, powder samplegre retrieved to a minimum of 50 mm from the
concrete deck surface and 40 mm from the bottom of the concrete core sample. Using an adjustable
rotary impact drill, powder samples were retrieved at 4 or 5 mm intervals. With each interval, penetrating
further into the concrete specimen, the drilled area was decreased so to ensure that the drill would not
remove concrete from the wall sides of the prevadnterval see Figur&.28. In between drilling intervals,

the drilling equipment and drilled hole was aleed with compressed air to ensure that cross
contaminated between intervals would not occur. Retrieved samples were placed in sealable bags and

labelled for transportatiorand further testing

Figure3.27: Profile Grinding Process
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3.3.3.4.  GravimetridVlass Loss
The 20M vertical reinforcement retrieved from the Noi@hannelBridge Slabs S12, S13, and S14 was

brought back to the laboratory for gravimetric mass loss testing according to ASTDE @Q11), similar

to that conducted in the Laboratory Study of this experimental program. At the locationssifiinon
destructivetesting, the reinforcement was inspected, and locations with visible deterioration were cut in
segments of approximately 10 cm in length asrs&@ure3.29. These specimens were photographed,
from both the top and bottom of each rebar, and run througte timage analysis softwarénageJ to

extract a rough estimate of the percentage of the rebar that was corroded and a percentage obdine re
that was covered with mortar products. After the completion of this, the cut specimens were subjected
to gravimetic mass loss testing. See Appendix D for a complete list of steps and equations for gravimetric
testing according to ASTM @B (2011).

Figue 3.28: NorthChanneBridge Reinforcement Specimens
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4.0 Experimental Resulgd Discussion

As the quantity of tests performed arie resulting volume of data is extensive, this chapter presents the
experimental results and corresponding discussion within the same sectioseé&s previously, this
chapter is broken into two major components, the results from the Laboratory Study and the results from

the Field Study.

4.1.Laboratory Study

4.1.1. NDT Testing
Over the couse of nine months, the deterioration of the 18 reinforced concreadsivasmonitored with

four different nordestructive devices, each recording results for four different parameters. The following
sections present thdrend results of this ninenonth process. These plots show thieend results for
corrosion rate (UA/crf), electrical resistivity (ohm*m) or electrical resistandetl{m), and halcell
potential (mV) plotted against the concrete age (weeks) for each individual slab. The results are presente
in order of technique: CEPRA, GPT, andRé&f8r to Figure 4.1, fdhe coloured legend which is consistent

for all trends presented.

s 10M-MIX2-
A-30-0%
10M-MIX2-
A-30-1.5%
10M-MIX2-
A-30-3%
20M-MIX2-
B-30-0%

el ) OM-MIX2-
B-30-1.5%
20M-MIX2-
B-30-3%

=l 7 OM-M X2 -
C-60-0%

= ) OM-M IX2-
C-60-1.5%

=l 2 0M-MIX2-
C-60-3%

Figured.1: Coloured Legend for Laboratory Trend Graphs

4111 HaltCellPotential
For each techniquehe haltcell potentialmeasurements are graphically represented against the concrete

age in weeks. Refer to Figure& tb 4.7 for half-cell potential trends for CEPRA Mix 2, CEPRANBPT
Mix 2, GPT Mix 1, LPR Mix 2, &R Mix1, respectivelResults from GPT were adjustedmV/CSE for

comparison.
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Halfcell potential measured over a period of weeks starting from the concrete pour is expected to
increase from a more negative potential to a more positive potenfiaisis a result of concrete hydration

and curing processyhere water present in the concrete microstructure slowly hydrates to foahcium
silicate hydrateAs expected, this is the general treabserved in the labAll three technigues measured
potentialsstarting as negative a650 mV to-200 mV at the starof testing. During concrete curing and
under saturatedcondition, the potential steadily increased to potentials ranging fr@s0 mV to-100

mV at 28 weeks. At 28 weeks, the concrete was $atarai SR a4 dzZNF I OS RNE O NB FTSNNEB|
figures)condition until 38 weekdn a saturatedsurfacedry condition, it is expected that hatell potential

to be between 0 mv to 200 m{A54EMC, 2003)As expected, durinthe 28 to 38week period, all
techniquesmeasureda potential that increasedto approximately 0 mVAs the haklcell potential
measurements moved closer to a positive potential, the probability of corrosion decreased ASPEI
C8761t is important to nae that the slabs with the highs corrogon ratesalso generally measured half

cell potentials values greater thaB50mV, corresponding to smaller probability of corrosion activity.

It is expected that haltell potential measummentsfor concrete witha larger concrete cover would have
less regative halcell potential valueqElsener & Bohni, 231 July 1997)This trend is seen for all

techniques and all slabs with60-mm concrete cover.

The useof supplementarycementitious materials (SCMs)may drasticdy alter halfcell potential
measurements, witlthe change in hal€ell potentialdependng on the SCMaused. Generally, electrical
resistivity increasewith the presence o65CMgProjectSENSO, 200H)alfcell potential measurements
in this experimental study follow a similar trend.iXV#2 with a w/cm of 0.@ produced potential
measurementgenerally more negativet similar concrete agihan the potential measurements for mix

#1with a w/c of 0.47.
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Mix #2: Series A, B, andZ%
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Saturated Dry
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Figured.2: Laborabry Trend Results: Halfell Potential CEPRA Mix 2

In three instancesthe halfcell potential measurements faCEPRA Mix (Figure 4.3 and GPT Mix 1
(Figure 4.%illustrate a few abnormaltalues with halfcell results drastically greater than results of similar
concrek age for the same specimen. These anomalies can be attritaedlfunctionof the deviceat

the time of measurement or poor electrical contact lvitihe concrete surface.
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Figure4.3: Laborabry Trend Results: Halfell Potential CEPRA Mix 1
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Mix #2: Series A, B andz(g3
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Figure4.4: Laborabry Trend Results: Halfell Potential GPWix 2

Figure4.5: Laborabry Trend Results: Halfell Potential GPT Mix 1
At week 7, the Gecor device malfunctioned. As the malfunctiasbeyond the repair capabilities tifie

user, the device was sent battkthe manufacture for repairs and calibration. The functimig device was
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