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Abstract 

Many concrete structures built in the 1960s and 1970s are now showing significant signs of 

deterioration. The Dickson Bridge, constructeci in 1959, was decommissioned by the City of 

Montreal in 1994 due to extensive deterioration of the bridge deck. A collaborative research 

investigation was carried out in 1997-8 on the bridge to: (a) assess the corrosion induced damage 

in the concrete deck, (b) identifL the causes of the observed deterioration, and (c) investigate 

suitable test techniques for predicting corrosion. The results of this collaborative research program 

between McGill University and The Queen's University of Belfast, Northern Ireland, and some 

industrial partners, are presented in this thesis. 

A range of test methods related to the mechanisms causing corrosion, or to the concrete propetties 

indicative of the probability of corrosion was used. Considering al1 the data available, it was 

concluded that the bridge deck was in a critical condition and the corrosion process of the 

reinforcing steel was mainly due to the high level of chloride content in the concrete. Both 

methods (measuring damage, and measuring material properties and exposure parameters) were 

used to predict the corrosion rate of the reinforcing steel. Overatl, the measurement of the 

corrosion potential was of important significance, however, to improve the assessment of the 

likelihood of corrosion, it was advantageous in combining this technique with a survey of the 

delamination, concrete cover thickness and chloride profiles. The in-situ chloride migration 

coefficients were the rnost significant in predicting the corrosion rate values especially for the east 

side of the bridge. The new in-situ chloride migration test, developed at The Queen's University 

of Belfast, is a useful tool to assess and predict the durability of a reinforced concrete stnicture. 

The results showed that the concrete compressive strength testing needs to be complemented by 

the evaluation of the difisivity, permeability, and resistivity of the concrete to provide an 

improved estimate of the durability of the system. 

The findings of the analysis afirm the fact that it is the material properties and the exposure 

parameters which control the susceptibility of the concrete to deterioration, and it is the damage 

that is measured with al! other methods. When a structure is at an earlier stage in the deterioration 

process, measuring the material properties and the exposure parmeters is more usehl in 

monitoring and maintaining the structure, while at a later stage the damage can only be assessed. 



Sommaire 

Plusieurs charpentes en béton construites dans les années 60 et 70 sont actuellement très 

détériorées. Par exemple, le viaduc Dickson, construit en 1959, a été déclaré désuet par la Ville de 

Montréal en 1994 à cause de la détérioration excessive de son tablier, principalement causée par 

la corrosion des armatures en acier. Un projet de recherche a été réalisé en 1997-8 sur cet ouvmge 

avec comme objectifs principaux de: (a) évaluer les dommages dus à la corrosion dans le tablier, 

(b) identifier les causes de ces dommages, et (c) explorer certaines techniques de mesures de 

prédiction de la corrosion. Cette thése résume les résultats de cette recherche menée à l'université 

McGiII en collaboration avec l'université Queen's de Belfast, Irlande du Nord. ainsi que certains 

partenaires industriels locauu. 

Plusieurs méthodes d'essais on été utilisées, lesquel les peuvent être classifiées en deux catégories. 

soit les techniques d'évaluation des mécanismes causant la corrosion et la mesure des propriétés 

du béton indicatives des risques de corrosion. L'ensemble des données recueillies permettent de 

confirmer la condition critique du tablier du viaduc due principalement à la concentration 

excessive d'ions chlomre dans le béton alimentant le processus de corrosion des annatures en 

acier. Les deux catégories de mesures utilisées (mesure des dommages et mesure des propriétés 

du béton et des paramètres d'exposition) ont servi à prédire le taux de corrosion de l'armature. La 

mesure du potentiel de corrosion est celle qui s'est avérée la plus concluante, mais il est possible 

d'améliorer sa fiabilité en la combinant avec une évaluation de la délamination des armatures, de 

la couverture de béton et des profils en ions chlorure. Les coefkients de migration des ions 

chlorures sont l'indicateur le plus significatif du taux de corrosion, surtout pour la partie est du 

tablier. Une nouvelle technique de mesure de migration des ions chlorure, développée à 

l'université Queen's de Belfast, s'est avérée utile et fiable pour prédite la durabilité du tablier 

détérioré par corrosion des armatures. Les résultats indiquent qu'ils est nécessaire de combiner les 

essais de résistance en compression du béton à des mesures de diffisibilité, perméabilité, et 

résistivité afin d'améliorer la fiabilité des prédictions de durabilité. 

L'étude confinne que les propriétés du béton et les paramètres d'exposition contrôlent sa 

susceptibilité à l'endommagement par corrosion, alors que les autres techniques de mesure 

évaluent directement l'endommagement comme tel. Ainsi, pour un ouvrage relativement jeune et 

peu détérioré en apparence, la mesure des propriétés du béton et des paramètres d'exposition est 



tout indiquée comme activité de maintenance préventive, alors que les dommages peuvent 

seulement être mesurés a posteriori. 

i i i  
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Introduction 

Infrastructure and Society 

In developed countries, steel reinforced concrete constitute a major versatile, economicai and 

successfiil constructional material and has contributed significantly to the society's in-cture, 

which is an umbrella of the society's public works. It creates the foundation for a healthy 

economy and high standard of living. It ensures modem-day conveniences and supports a climate 

favorable to jobs and employrnent growth. It is a public asset oRen taken for granted, yet what 

would life be iike without basic essentials such as bridges, highways and roads[". The bridge 

structure is one of the most integral components in any transportation network. Canada is a young 

nation, but its bridges and other infiastnicture are ageing, confionting the traveling public and the 

engineering community with problems and concems about maintenance and rehabiiitation. 

Maintenance and repair of bridges has becorne a constant and major concem of public works 

offkials['l. 

Brief History 

As a result of the inherent protective characteristics of the concrete, reinforcement corrosion does 

not normatly occur, provided that the surrounding concrete is of suitable quality and is properly 

designed for the intended environmental exposure. Nevertheless, corrosion can result if the above 

criteria are not fulfilled or if other factors are not as anticipated or have changed during the Iife of 

the structure. Design of concrete structures based on the material strength rather than on 

durability, the growing use of deicing salts, and the construction in increasing aggressive 

environrnents are some of the factors that have led to the surge of concrete structures experiencing 

reinforcement corrosion in recent decadesI3l. When salts penetrate the concrete and reaches the 

level of steel rebars, corrosion becomes active. Rust occupies a volume several times larger than 

that of the iron fiom which it is formed, developing pressures as large as 5000 psi within the 

concrete. This pressure causes cracking and spalling. Ultimately, failure occurs due to cracking 

and spalling of the concrete, and major repair or replacement of the system is needed. With 



concrete of suitable quality, corrosion of steel can be prevented, providing that the structure is 

properly designed for the intended environmental exposure. 

Structural collapses of reinforced concrete structures due to corrosion are rare. Two multistorey 

parking structures in North America have collapsed due to deicing salt induced corrosion. A post- 

tensioned concrete bridge collapsed in Wales because of corrosion due to deicing salt attack on 

the st~ands'~~, and so did one in Belgium. Concrete damage usually has to be well advanced before 

a reinforced concrete structure is at risk. The most cornmon problem caused by corrosion is the 

spalling of concrete cover, which can be very dangerous. For example, a piece of concrete cover 

can spall and fall off a bridge deck causing deaths or injuries of motorists or pedestrians on the 

roads under the bridges or the overpasses, as it happened at the Sources Interchange in Montreal 

in 1997. It is noteworthy that every level of governrnent has spent and will be spending an 

enonnous arnount of money to maintain the structures suffering fiom premature deterioration. 

Importance of Corrosion to Society 

Infrastructure must be planned, financed, constructed, operated, and maintained. Unless a11 of 

these engineering and management functions are fulfilled properly, either the systems will not 

fülly meet the intended need, or they will be too costlY['l. The problem of the concrete 

infiastructure degradation due to rebar corrosion is particularly serious with major economic 

implications. Within Europe and North America, it has been estimated that around 50% of the 

national wealth of most countries is invested in their infrastructure. Therefore, the degree and rate 

of degradation of the built environment is of enormous economic, technical and cornpetitive 

importance. As a matter of fact, 50% of the expenditure in the construction industry is incurred on 

repair, maintenance and remediation. Therefore, it is evident that even marginal swings could 

result in the release of substantial fûnds. It is becoming increasingly apparent that the steel 

reinforced concrete infrastructure of North America and many other regions is suffering 

premature degradation, and the economic implications of this problem are alarrning~? 

Deterioration of infrastnicture is occuming at a continually increasing rate around the world. The 

principal cause of the degradation of structures such as bridges and parking garages is corrosion 

damage to the reinforcing steel, which is embedded in the concrete. In tum, this corrosion darnage 

is largely related to the use of de-icing salts. 



In Canada, with the large scale use of de-icing salts dictated by the cold climate, the situation is 

serious. Canada's concrete infiasmicture, of which significant portion is near the end of its design 

life, has a replacement value of over half a trillion dollars"'. Lack of consideration of durability 

and performance in the initial design, and deficiencies and lack of maintenance have resulted in 

repair and rehabilitation costs for Canada's infiastnicture, estimated at well over $200 billion. The 

cost of rehabilitation due to corrosion of reinforcing steel alone is $30 billion per year for 

canadal6I. 

The deterioration of concrete bridges in the United States is a monumental problern. The 

seriousness of the deterioration was first noted in the early 1960s and since than it has grown. The 

financial consequences of the problem associated with the corrosion of the reinforcing steel in 

concrete bridges was recognized in the early 1970s. The Federal Highway Administration 

(FHWA) estimated the cost of bridge deck repairs at $70 million per year in 1973. By 1975, the 

estimate for bridge deck repairs was increased to $200 million per year. In 198 1, a report 

published by the US General Accounting ~ff ice[ '~  covering Mme 5 14,000 of the nation's 566,000 

bridges estimated the rehabilitation / replacement costs at $332 billion. About one-half was due 

to the corrosion of steel in concrete. The problem has been steadily growing in magnitude; more 

recent projections presen ted by the Strategic Highway Researc h Program Research Plans estimate 

the liability of corrosion-induced deterioration in bridges at $20 billion, increasing by a rate of 

9500 million annua11~~'~. 

In the United Kingdom alone, it is estimated that repairs to damaged concrete cost over ES00 

million (CNDSI trillion) each year'9'. The statistics for Europe, the Asian Pacific countries and 

Australia are similar. Hence, the corrosion of reinforcing steel in concrete is a major problem 

facing civil engineers today as they maintain an ageing infiastnicture. In summary, premature 

deterioration of concrete structures is a multibiilion dollar probiem in al1 countries around the 

world. Presently, more concrete structures are suffering fiom durability problems than was the 

case fi@ years ago. Consequently, the inherited problems of corrosion in existing concrete 

structures are likely to increase as the 21' cenhiry approaches. Hence, the ability to assess the 

severity of corrosion in existing structures for maintenance and inspection scheduling and the use 

of corrosion data for predicting the remaining service iife is becoming increasingly important. 



Loss of Performance with Time 

Concrete bridges are designed to provide satisfactory service over a long pefiod of time. The life 

of any bridge depends on the presewation of the physical integrity of its components. Whilst 

bridges are generally required to have a design life of over 75 years, a number are suffering 

durability problems at a fiaction of this age. The safety, the serviceability and the appearance of a 

structure determine the performance of the structure. The primary concem in practice is to ensure 

a satisfactov performance over a suficiently long petid of time. The performance over time, 

whether due to initial good quality, or to repeated repair of not-so-good structure, is termed the 

service life of the ~tnictureI'*~. 

The relationship between concrete performance and time has been described graphically by 

~ommerville~~ l1 (Figure 1 - 1 ). 

1 i Spread of performance 
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I - .  
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Figure 1-1 : Loss ofperformance wirh rimd1I1 

The performance depicted in curve 3 follows a high rate of deterioration and failure occurs 

suddenly and catastrophically. Negligible deterioration, indicated by curve 1, rnay not be 

achievable and requires high initial expenditure. Consequently, most concrete follows a pattern 

similar to curve 2 in which there is significant deterioration with time, but intermittent 

maintenance changes the performance Ievel, or alters the rate of deterioration. Hence, continuous 

monitoring of the condition of structures on site is necessary to determine the state of health of a 

structure upon cornpletion and regularly during its Iife by further routine tests. 



Impact of Corrosion 

Evaluation of corrosion activity of steel in reinforced concrete field structures is not an easy task 

because the steel is not visible, the concrete has a high resistivity and the structures are in use. 

There have been active efforts to determine the corrosion rates and other factors such as 

permeability to the ingress of chloride as well as other concrete properties that could affect 

performance. A monitoring system could be embedded in the concrete structure during 

construction, or afier a repair so that the condition could be assessed at any time during its usefiil 

service- However, most probably the monitoring system would be located where deterioration is 

not most severe and there is no guarantee that it would be durable as long as the structure, and that 

it wil1 continue to provide reliable readings throughout its life. For these reasons, intermittent 

monitoring, using appropriate in-situ tests, represents the only practicable way forward at 

presentl'2'. 

The primw cause for the deterioraiion of reinforced concrete bridge components is corrosion of 

reinforcing steel due to the presence of soluble chlorides fiom deicing chemicals. It is generally 

agreed that life-cycle cost analyses of viable alternatives are neces- in order to develop rational 

strategies for the repair, rehabilitation, and replacement of concrete bridge components. This, in 

tum, necessitates the acquisition of reliable information on the level and nite of deteri~ration'"~. 

Research centers al1 over the worfd have started addressing the issue of durability of reinforced 

concrete structures in codes with much emphasis on the protection pmvided to the reinforcing 

steel. Many approaches are intended to enhance the durability of concrete structures, however, 

little effort was made to incorporate regular inspections and condition surveys which could be 

used to rnonitor durability on sitel10 "I. When testing and evaluating the quality of concrete 

structural zlements, it is often presumed that the concrete within one member is unifonn in 

composition and properties. However, during placing and compacting of the fksh concrete, the 

surface layer ofien contains more water, fines and air than the core concrete. Hence the 

composition and prope~ies of the surface layer of the concrete (covercrete) differ considerably 

from those of the core (hea~tcrete)~"~. Furtherrnore, during the service life of the structure, the 

surface layer is usually subjected to more severe environmental attacks than the core concrete. 

Hence, serious misjudgments occur if the results h m  labotatory tests are used for linear 

extrapolations of the corrosion phenomenon for real s tni~tures~'~.~~' .  



1.4.1 Bridge Maintenance 

Structures will still continue to be built in corrosive envimnments. Therefore, the need for in-situ 

techniques to deal with the resulting problems is of considerable importance. Structures need to 

be monitored as it cannot be assumed that it is performing weIl by simply looking at the structure 

and taking precautions once the damage is visible. The damage needs to be predicted and suitable 

testing techniques need to be used to develop pmper maintenance techniques. Bridge maintenance 

is an especially important need since the safety of bridges is always of concern. A national bridge 

inspection program is essential. Many components of today's bridges have reached middle and 

old age. But over the years, with resources largely directed by economic and political forces 

toward expansion and growth, maintenance ofien shrunk to Iittle more than repairs on as needed 

basis. It was, and often stiIl is, difficult to argue the real need for maintenance for bridges whose 

very presence personifies strength and performance; in most cases, the bridges have been 

perfoming well for years. Too ofren, growing hazards went ~ndetectedl'~~. Bridge inspection is a 

key aspect to preventive maintenance and to proper mnning of any bridge management system, as 

this is the only means by which the condition of the bridge is deterrnined. In achieving this goal. 

assessments are made and records are kept of the physical condition of every bridge. The 

inspection process for each bridge should be scheduled such that no bridge is inspected later than 

a specified interval of time. 

Dickson Bridge Research Program 

Many concrete structures built in the 1960s and 1970s are now showing significant signs of 

deterioration. In order to understand the mechanisms at work in natural degradation of the 

concrete, it is essential to study existing structures. Selected structures must be those which have 

been exposed to a representative environment, over a period of time long enough to involve the 

development of any secondary mechanisms, which may not be obvious at early ages. On the other 

hand, selected structures must not have suffered from damage so severe, that it becomes 

impossible to identiQ the early mechanisms behind the onset of the degradation. The Dickson 

Bridge is a typical example. The background and the scope of the entire research program are 

discussed emphasizing the objectives of the present thesis. 



1.5.1 Background 

Construction of the Dickson bridge was completed in 1959 at a cost of under a million dollars in a 

heavily industrial zone as a grade s e p t i o n  over the CN (Canadian National) rail tracks in the 

east end of Montreal (Figure 1-2). 

The bridge consists of three sections, with the north and south sections consisting of reinforced 

concrete deck on concrete beams and girders on concrete column piers and the central section 

consisting of reinforced concrete deck on steel girders on steel column piers (Figure 1-3). The 

bridge superstructure, 366 m long by 27 m wide, consists basically of a 150 mm thick heavily 

reinforced concrete deck over continuous heavily reinforced concrete beams, 1500 mm x 1200 

mm in section, over spans of 12 to 18 meters (Figure 14), except for the central three spans over 

the CN railway tracks, where the deck is supported on steel girders["l. 

Figure 1-2: Dickson bridge over CN rail tracks 





Figure 1 4 :  Subsrrucrure of northern part of bridge 

In 1988, the City undertook a detailed program to inspect and evaluate its transportation 

infrastructure, including the deck of the Dickson Bridge, which was found to be severely 

delaminated, with chloride ion contents well above the permissible limits with deficient air 

content not suitable for the ambient exposure conditions. As a temporary solution, the bridge 

rating was reduced to 3 metric tons and the two outside lanes were thickened with a heavily 

reinforced concrete overlay to be used as controlled truck lanes. Consequently, because of safety 

concems, the bridge was decommissioned in 1994 by the City of Montreal and a detour was built 

to accommodate the Dickson Street and the railway traffic, however, the CN Rail reduced the 

number of trains to about one or two per day and then stopped the railway trafic c ~ m ~ l e t e l ~ ~ ~ ' ~ .  

Realizing that there was no longer the need for the bridge, the City decideâ to demolish the 

bridge, however, due to the lack of fiinds, the bridge continued to exist for some time. McGill 

University, along with some industrial parniers, and Le Centre des Études et Recherche en 

InFrastructure Urbaine (CERIU) approached the City to let them use the bridge for research and 

development purposes pmviding an excellent opportunity for a usefirl joint industry-university 

research program to he undertaken. The Queen's University of Belfast was invited to join the 



research team because of its expertise in the development of in-situ testing techniques such as the 

Autoclam Permeability System and the In-situ Chloride Migration Test. 

A surnmary of the proposed program determined among the various partners at meetings 

organized by McGill University and CERiU is as fo~lows~"~: 

Surface protection and repair techniques: 

- Repair and rehabilitation of deteriorated surfaces using fi bre-reinforced and normal. 

and high performance concretes, and shotcrete; 

- Encapsdation of structural elements and injection repair of cracks; 

Use and evaluation of composite materials as reinforcement and for deck repairs; 

Evaluation of structural capacity of the deck and the bridge through physical testing and 

non l inear corn puter analyses; 

Evaluation of permeability and carbonation of the deck and examination of desalination and 

real kanization techniques; 

General condition survey of the bridge utilizing existing and some selected new tests; 

Creation of a detailed data bank of the parameters which influence the corrosion process for 

development of probabilistic models for the various phenornena and the development of 

techniques for rel iability-based durability design methods to provide protection against 

corrosion and assessrnent of service life; 

Evaluation of membranes and other repair techniques (involving polymer concrete, etc.. .) for 

their ability to bridge cracks; and 

Laboratory and field investigations to determine the influence of the rate and extent of 

corrosion on bond characteristics between the reinforcing steel and concrete. 

1.5.3 Objectives and Scope of Thesis 

Given the substantial length and area of the overpass, it was decided to concentrate on the 

northern part of the bridge deck for this research program (Figure 1-3). It is noted that hereafier 

when the word 'entire' bridge deck is mentioned, it is understood that it is the norrhern part of the 

bridge (1 27 meters) and not the entire length (366 m) of the bridge deck. 



Corrosion in its initial stages, is not detrimental to the structure, however, afier initiation, the rate 

of progress is of importance, and it depends on the concrete properties. Researchers tend to study 

durability of reinforced concrete structures fiom two very disparate, standpoints: (a) using the 

results fkom permeability tests, difisivity and resistivity tests, and (b) by monitoring the state of 

the rebar surface using tests such as linear polarization or half-cell potential. Unfortunately, the 

latter techniques yield no information on the properties of the concrete in the vicinity of the 

reba*'9'. It is surprising that little concerted effort has been undertaken to link these two aspects of 

durability. Cover-zone properties (permeability, difisivity and resistivity), and the state of the 

rebar surface can only be determined by monitoring these parameters on site, al1 of which 

influence reinforced concrete durabitity. Taking this into account, the p r i m q  objectives of the 

present research program were as follows: 

To conduct an examination of the corrosion of the reinforcing steel in the Dickson Bridge 

deck by mesuring the corrosion rate; 

To assess the corrosion induced damage in the concrete deck to determine the existing "state 

of health" of the deck and to identiQ the causes of the observed deterioration: and 

To identim suitable test techniques for predicting corrosion by investigating those parameters 

of the cover-zone concrete which are instrumental in initiating and sustaining corrosion, with 

particular interest in the role played by the environment in the vicinity of the rebar. 

The organization of the thesis is illustrated by the flowchart in Figure 1-5. The following chapter 

explores the stages of the corrosion process of reinforcing steel in concrete. The first requirement. 

when addressing a deterioration problem is to quanti9 it. Chapter 3, therefore, discusses the 

testing procedures and the techniques available to assess the causes and extent of the corrosion 

damage in a structure. Chapter 4 is concemed with the test program undertaken on the north part 

of the Dickson Bridge deck where details of the test techniques and the caiculations of the 

appropriate parameters under investigation are outlined. Chapter 5 presents the experimental 

results and states the present condition of the bridge deck. Chapter 6 discusses the experimental 

results and details of the multivariate statistical analysis, that is the prediction of corrosion rate 

using "Assessment" and "Prediction" methods. In-situ tests that are able to detect the damage and 

the susceptibility to corrosion are investigated. The results are analyzed keeping in mind that it is 

important to monitor the damage of a structure to take action on a short-terrn basis, but most 

importantly it is essential to predict the corrosion rate to undertake preventive mesures which 

will be beneficial to the structure in the long nin. The results discussed in Chapters 4 to 6 are 

summarized in Chapter 7 and appropriate conclusions and recommendations are drawn. 

1 1  



THE ASSESSMENT AND PREDlCTlON OF REINFORCING 
STEEL CORROSION ON THE DICKSON BRIDGE 

Baikground ( Ob/criiver 

CHAPTER 1 

- Corrosion modcl: - Monitoring corrosion aciivity 
Initiation slagc 
Ihpgation slagc 

- Mcasurcmctit oîtrsistivity and 
ptmcation pmpcrlics 

* C d c J a r i d P i u ~  
CHAPTER 4 

- Test prograin: 
I lalf-ceIl potcntial survcy 
Covcrmctcr survey 
Iklamination survcy 
Kcsistivity of concrctc 
Lincar plarimtian tesisiancc tcst 
In-situ chloriâc migniion t c i  
Chloridc profiling 
Auioclam permcahility sy$Icm 
Watcr a h p i i o n  lest 
Concrctc comprcssivc strength 
Carbonition dcpih 

i 1 

CoridurioiiiÂd- 
CHAPTER 7 

I'mMahdE- 
* bh 

CHAPTER 5 

- Field tcsi icsulis: condition of 
hridg dcck 1 

1 
AnilyrbdRc(YbYityd 
kud ls toh /Pnd ic t  
CiwtdmdtheW 

w- 
CHAPTER 6 

- Varialion of tcst rcsulis - I'rccliction ofconosion nie using 
multipk lincu rcgrirssion anilysis 

Figure 1-5: Orguniruîion Jon~charr cfihesis ccmtents 



2 Corrosion of Reinforcing Steel 
Em bedded in Concrete 

2.1 Introduction 

Corrosion of reinforcing bars is one of the main causes which induces an early deterioration of 

concrete structures, reducing their service iife and consequently their midual life[201. Good quality 

concrete provides excellent protection for steel reinforcement. Steel does not corrode immediately 

afier embedment- Chernical protection is provided by the concrete's high alkalinity, and physical 

protection is afforded by the concrete acting as a barrier to the azcess of aggressive species. 

However, despite these inherent protective qualities, corrosion of steel reinforcement has become 

the most cornmon cause of failure in concrete structuresrx1. 

The service life of a concrete structure is defined fiom the time of erection of the structure until 

the maximum tolerated extent of deterioration, in this case corrosion, which obviously depends on 

the particular purpose of the structure. A model to describe this corrosion process was proposed 

by ~uutti'"] which is  i llustrated in Figure 2-1. 

Penetration towards 
reinforcernent - 

Initiation - Propaqation 
8 

Figure 2-1: Schematic sketch of steel corrosion seqrrence in concretkf2/ 



The service life of a concrete structure with regard to reinforcement comsion can be divided into 

an initiation stage and a propagation stage. It should be noted that this mode1 provides only an 

approximate overall picture of the service life. It does, however, give the probability of 

approximating the effects of various parameter values and of predicting an approximate service 

life and the remaining service of concrete structures'221. The ptocess is subdivided into the 

initiation and propagation stages because the controlling parameters and the rate deterrnining 

factors differ in the two stages[uJ. This chapter reviews the many factors affecting the time until 

corrosion initiates and the rate at which corrosion propagates. 

Initiation Stage 

The initiation period of the corrosion process consists of the time fiom the erection of the 

structure until the steel depassivates due to the extemal aggressive agents rieaching the 

reinforcement surface[24. The pore solution, which sumnds the embedded steel, is highly 

alkaline with a pH value between 13 and 14. An environment of this type causes the steel to be 

passivated, thereby allowing the formation and maintenance of a stable thin passive film on the 

steel surface[=I. The comsion rate is depressed to an insigificantly low level by the formation of 

the iron oxides on the steel surface. This state of passivation is maintained until the concrete in 

contact with the reinforcement becomes carbonated, or until a sufficient concentration of 

aggressive ions (normally chloride ions) reaches the steel surface, which implies lowering of the 

concrete pH to values near 8 or 9. The ions either move through the concrete pores or through the 

cracks. 

Corrosion of steel initiates if the concrete is not of adequate quality, that is the structure was not 

properly designed for the service environment, or the environment was not anticipated or it 

changed during the service life of the concrete s t r ~ c t u r d ~ ~ ~ .  The factors influencing the initiation 

period, namely the environmental conditions, the material properties and the design of the 

structure wi Il  be discussed, but first the transport mechanisms by which aggressive substances 

enter the concrete are reviewed. 



2.2.1 Transport Mechanisms in Concrete 

For the ingress of extemal agents, the continuous pore network, cracks and other defects provide 

the paths along which transport occurs into the cover concrete (~overcrete)''~~. The process of 

fluid flux is generally described in tenns of absorption, diffision and permeabili#27J. These will 

now be defined while in the following chapter the processes will be explained more in detail. 

2.2.1.1 Absorption 

Absorption is the process whereby the concrete takes in a liquid by capillary suction to fil1 the 

pore space available within the materia~l~~~. 

2.2.1.2 Diffusion 

Diffision is the process by which a liquid, gas or ion migrates through the concrete under the 

action of a concentration gradient. It is generally defined by a diffision coefficient or a 

difisivity value[271. 

2.2.1.3 Permeability 

Permeability is a flow property and is defined as that property of a porous medium which 

characterizes the ease with which a fluid will pass through it, under the action of a pressure 

differential. It is mictly related to the flow that occun under an applied pressure difTerential["l. 

The terms perrneability and porosity are oflen misinterpreted. Porosity is a measure of the 

proportion of the total volume occupied by pores. It is possible for a material to be porous, but 

impermeable, if it contains a series of disconnected air voids separated by impermeable 
material['', 281 

2.2.2 Influence of Environmental Conditions 

The deterioration of the nation's infiastructure is proceeding at an alarming rate. A major element 

of the problem involves chloride-induced corrosion of reinforcing steel in concrete bridge 

15 



components and parking Concrete in aggressive environment is strong, durable and 

long lasting building material. However, conctete sbuctures such as bridge decks are exposed to 

many severe environments, which promote the penetration of corrosion-inducing elements. The 

bridge deck environment constitutes a vew severe exposwe condition for the concrete where it is 

subjected to wetting and drying, fkezing and thawing, and application of deicing sahs'M1. 

2.2.2.1 Ingress of Chlorides 

Chloride ion contamination has been identified as a major culprit in the breakdown of the 

protection afforded by the passive film[" l. Hence, the major cause for the initiation of corrosion in 

reinforced concrete bridge decks is the pore solution, which surrounds the steel and contains 

excessively high chlonde concentrations. As a result of this, numerous researchers have studied 
" 29.311 the ingress of chloride into the concretern. 

Sources of Chlorides 

Chlorides may be present in the concrete during its manufacture, or they may have penetrated 

from some source during serviceO'l. Interna1 chlorides are contained in the mix constituents and 

could originate fiom13'. "1: 

Admixtures such as calcium chloide (çtrength gain accelerators widely used until the mid- 

1970s): 

Use of chloride-contaminated water (sea or brackish water); and 

Chloride bearing aggregates. 

It should be noted that adding materials containing chlondes when manufactunng concrete always 

increases the risk of corrosion and for this reason none of these materials should be permitted in 

reinforced concrete, and standards generally give guidance on the maximum total chloride ion 

content"''. For reinforced concrete exposed to chlorides in service, the maximum permissible 

water soluble chlonde ion in concrete is O. 15% by mas of cement according to both the AC1 3 18 

~ommitteel"~ and the CSA Standard ~ 2 3 . 1  r351. 

The most common source of chlorides in concrete is fiom the environrnent. Extemal sources of 

chlorides during the post-construction period include marine environment and road de-icing salts, 

although industrial environments may also provide a source. By far the most common source of 



destructive chloride levels for concrete structures on land (such as bridges and parking garages) is 

the de-icing salts. More than 9 . 1 ~ 1 0 ~  kg o f  mad sah is used in the United States each winter. A 

typical bridge in the snow belt will receive about 1.2 kglm2 during each winter Kason; some 

receive as much as 4.9 kg/m2(291. 

Chloride Transoort Throua h Concrete 

The time to the initiation of chloride-induced corrosion depends mainly on the rate at  which 

chloride ions enter the concrete. The continuous pore network, cracks and other defects provide 

the path along which the transport o f  extemal chlotides o o c u r ~ ~ ~ ~ ' .  As mentioned earlier, the mon 

common transport mechanisms are diffusion, absorption and penneationP61. The mechanisms of 

chloride ingress depend on the exposure conditions and the moisture condition of the concrete. 

Difision is a result of chloride gradients in the water in the pore system and can only occur 

through a saturated or partly sahirated ~oncrete[~". With capillary suction, the chloride- 

contaminating solution is absorbed through the pore system into the dry concrete. Water 

containing chloride ions could penneate through the concrete under a pressure head. Several 

rnechanisms may act simultaneously, o r  one mechanism may exclusively control the chloride 

~ a n s ~ o r t ' ~ ~ 1 .  

Chloride Attack Mechanism 

Concrete provides resistance to these processes by means o f  its physical pore structure, and the 

ability of  the hydrated cernent paste to  bind chloride ions1" 3'. "l . Chlorides can occur in the 

concrete in three forms. Some of the chlorides are chemically bound to the cernent hydrates, other 

chlorides are physically bound k i n g  adsorbed on the surface of the gel pores121. The remaining 

chloides are the k e  chIoride ions dissolved in the pore solution (Figure 2-2). 

Chernically 
bound ch fondes 

Physicaliy 

% Çree chloride ions 

e 
Figure 2-2: Three d~rerenr forms ofchloride in concretdZ2/ 



Chlode binding reduces the concentration of the fiee chloride ions in the pore solution. 

Consequently, this binding benefits the service life of a concrete stnicture as follows: 

The rate of chloride ingress into the concrete decreases["* 391; and 

Only the mobile chloride ions present in the pore solution (fiee chloride ions) are considered 

to be capable of initiating steel rein forcement corr~sion['~ '2* 
3'. 

it should be noted that the distribution of the chloride ions among the three forms is not 

permanent, as there is an equilibnum situation such that some free chlorides are always present in 

the pore water. It follows that only the chloride ions in excess of those needed for this equilibrium 

can becorne b~undI~'~. 

For corrosion to be initiated, there has to a certain minimum concentration of chloride ions at the 

surface of the steel, which is termed as the threshold value["311. The threshold can be presented as 

a total chloride content, a fiee chloride content or as the ratio of the fiee chloride ions to hydroxyl 

ions (CI- : OK). ~aussman['~~ determined that a Cï/OK ratio above 0.6 in the concrete pore 

solution can initiate corrosion. Lambert et al1"' found that the threshold of CI-/OH' ratio in 

concrete subjected to extemal chloride contamination was greater than 3, although lower for 

specirnens where the contamination was fiom within the concrete mix. There is considerable 

dificulty in determining the ratio of CI-/OH- ratio in the pore solution, hence it is more practical 

to speciQ the critical total (acid-soluble) chloride content with respect to the cernent mass or the 

critical water soluble chloride content with respect to the cernent mass. As the narne implies the 

water-soluble chlorides is that which can readily dissolve in watd3'I. In a review of literahtre. 

Glass and ~uenfeld"" suggested that the threshold levels are best expressed as the total chloride 

content. Because of the uncertainties connected with the threshold level, any recommendations 

tend to be conservative and no widely accepted chloride threshold concentration has been 

established and funher research is required in this arealul "I. The recommended maximum 

chloride contents specified by the various codes are presented in Table 2-1. These values are 

limits and not the tnie threshold values for the onset of corrosion. 



Tabk 2-1: Threshofd chforide content values reporred by various codes 

fhrestrold chloride (percent by weight of cernent) 

Source F ree (water-soluble) Total (ac id-so l u b le) 

AC 1 20 1 ['*] 0.10 to 0.15* - 
AC1 222lU1 - 0.20 

BS 8 1 1 0[431 - 0.40 

0.10% for moist environment exposed to chlorides; 0.15% for moist environments not 
exposed to chloride environment 

2.2.2.2 Carbonation 

Carbonation of concrete results in reduction of its alkalinity, thereby permitting corrosion of 

embedded steel. Carbonation, however, is a slow process in concrete and carbonation-induced 
77 44. 451 corrosion is not as common as the corrosion induced by chloride ionsf-. . In bridges, it is 

cornmon to see negligible carbonation after 20 years or rnoref"l. 

Carbonation Reactions 

Carbnation of concrete normally involves a chemical reaction between atmospheric a h o n  

dioxide and the products of cernent hydration. There are a variety of hydrates in the hydrated 

cernent paste matrix of the concrete, and it is agreed that virtually al1 of them can react with 

carbon dioxide at the normal atmospheric concentration of about 0.03% by volumelu'. 

Carbon dioxide fiom the air penetrates air-filled pores of the concrete and it reacts with the 

calcium hydroxide [Ca(OH)2] to form CaC03. The net effect is to reduce the alkalinity as 

f o l l o ~ s ~ ~ ~  'O]: 

The process is schematically represented in Figure 2-3. The reaction gives rise to neutralitation of 

the pore solution to pH values under 91221. The maintenance of passivation is conditional on an 

adequately high pH of the pore water in contact with the passivating layer. Thus, when the low 

pH front reaches the vicinity of the surface of the reinforcing steel, the protective oxide film is 

eliminated and corrosion is initiatedl3*]. 
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Figure 2-3: Schernutic represenration of the curbonution procesd*SJ 

The outer zone of concrete is affected first, but with the passage of time, carbonation proceeds 

deeper into the mass as carbon dioxide diffises inwards fiom the surface. It is common to think of 

a cahnation 'fiont' progressing inwards fiom the surface, the front king the dividing line 

between the wbonated and the uncarbonated concrete (Figure 2-3)''5- U.451- 

For the reinforcing steel in the alkaline environment of the concrete, the corrosion condition 

depends on both the pH and the potential. The Pourbaix diagram, a simplified form of which is 

show in Figure 2-4, demonstrates how carbonation is a threat as it lowers pH and therefore it 

may bring the steel fiom the passivation state to corrosion[451. 

Figure 2-4: Simpwed P o w b k  diagram for îrodZsi 



It can also be seen h m  the figure that reinforcement is in passive condition at the hi& pH likely 

to be found in fïeshly cast concrete, but could start to corrode if the pH were lowered. As noted 

earlier. carbon dioxide gtadually penetrates through the pores and cracks in concrete causing a 

reduction in the alkalinity. The reduction in alkalinity destroys the passive environment and 

leaves the reinfomement in a condition where it is susceptible to c o n ~ s i o n ' ~ * ~ * ~ .  

Rate of Cahonation 

Carbonation usually proceeds relatively slowly by diffision or perrneation of carbon dioxide fiom 

the atrnosphere into the concrete. The rate of carbonation has been widely studied and a parabolic 

mode1 is generally accepted to describe the depth of carbonation expected over a p e n d  of tirneIlo. 

"l. The rate of cerbonation can k predictedr3. Io- "I: 

where X = Carbonation depth; 

t = Exposure time; and 

k =  A constant which is a hnction of the material properties and the 

environmental conditions. 

Carbonation and Corrosion 

The rate of carbonation is decisively influenced by the permeability of the concrete which 

depends substantially on the moisture content of the concreteLul. It must be emphasized that 

conditions under which carbonation or corrosion may occur are not always ~oincident'~'~. The 

highest rate of carbonation occurs at a relative humidity between 50 and 70 ". '61 . On 

the other hand, the rate of corrosion will be significant only where the relative humidity values in 

the pores adjacent to the steel are higher than about 75%. The fact that corrosion increases with an 

increase in the relative humidity (at least up to 95%) suggests that at high relative humidity 
". 4 4 . q  values. the carbonation front does not penetrate to any significant depthi-- 

2.2.2.3 Freeze-Thaw Action 

One of the most important aspects of concrete durability in Canada and much of the northem 

United States is the resistance to various forms of deterioration associated with cycles of fieezing 

and thawingldq. The cyclic freezing and thawing process is commonly encountered in cold 



climates. Typical problem structures in the h s t  belt are parking garages and bridge decks. There 

are two possible sources of dilating pressud32"': 

Freezing of water results in an increase of volume of approximately 9 percent; and 

Diffusion of water Ieading to a growth of a relatively small nurnber of bodies of ice. 

Concrete in exterior, damp situations is fiequently in a condition where the pores in the outer zone 

are saturated with water. When exposed to fieezing, ice crystals develop in the pores. As the 

crystals grow, they exert pressure on the surrounding concrete, which may eventually exceed its 

tende strength causing cracks. Alternating freezing and thawing cycles cause progressive 

damageI3? Each cycle of k i n g  causes a migration of water to locations where it can freeze. 

These locations include thin cracks, which become enlarged by the pressure of the ice and remain 

enlarged dunng thawing when they become filled with water. Subsequent freezing repeats the 

development of pressure and the associated consequences. 

Amlication of Deicina Salts 

It is a tedious fact that most of the highly industrialized nations lie in the winter snow and ice 

regions of the northern hemisphere. These nations are very dependent on sophisticated highway 

networks which must be kept clear during winter, when the common remedy of spreading road 

salt for de-icing is applied. There is no difficulty in understanding why salt spreading has become 

the universal panacea. Salt is readily available, easily applied, highly efficient in ice and snow 

removal, and relatively cheap[? 

The combined action of fieeze-thaw cycles and the use of deicing salts has a more severe effect 

than the former aloneg21. The deicing salts lower the fieezing point and hence prevent the 

formation of ice. However, when the salts are used for deicing road or bridge surfaces, some of 

these salts become absorbed by the upper part of the concrete. This produces a high osmotic 

pressure, with a consequent movement of water toward the coldest zone where freezing takes 

place and hydraulic pressure is deve~o~ed"~'. The ice removal agents contribute to the 

deterioration of concrete causing cracking of the surface layer, but most importantly it is an 

important source of chlorides, increasing largely the possibility of a faster rate of corrosion of the 

reinforcement. 



2.2.3 Influence of Material Properties 

The corrosion protection of the reinforcing steel is influenced by the properties of the concrete. 

The factors affecting the concrete quaiitylcharacteristics necessary to pmvide suficient corrosion 

protection for the reinforcement and to ensure the predicted life under the actual environmental 

conditions, are the waterkement ratio, cement content, aggregates, cements, supplementary 

cementing materials, and admixtures. The success of the correct choice of the concrete 

composition adapting to al1 environmental conditions can only be guaranteed by an adequate 

placement, compaction and c ~ r i n ~ [ ~ l .  

The importance of the above factors affecting concrete quality rnay be directly or indirectly linked 

to the corrosion mechanism. While dealing with the corrosion mechanism, one of the fundamental 

properties that influence the initiation of corrosion and the extent of damage of concrete is its 
7 14.48.491 permeation characteristics~'-• . Such a mode1 relating permeability to corrosion is show in 

Figure 2-5. The constituent materials, mix proportioning, method of preparation and subsequent 

treatment decide the permeation characteristics at the inception of a structure. They also form the 

formation of microcrack, near the surface and the integrity of the cover zone['' ' I I .  In essence. 

the permeability of the concrete influences the primary mode of transport of moisture and 

aggressive ions into the concrete, and the subsequent increases in the permeation properties are 

responsible for an increased rate of corrosion. This mode1 shows that corrosion is reIated to the 

permeability of the concrete, and hence their interaction for assessing durability must be 

considered. It is obvious that permeability of hardened concrete is the key to control the various 

processes involved in the corrosion phenomena["l. The following subsections will investigate the 

material properties affecting both conosion and permeability. 

Attempts should be made to ensure that the composition of concrete guarantees a passive state of 

steel reinforcement commencing fiom the moment of fabrication of the structure and maintains it 

throughout the design service life. For this purpose, the permeability of concrete to the 

environment should be low and its thickness and reactivity adequate. 
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Figure 2-5: Corrosion-permeobility interaction rnodel'''. ''. 

2.2.3.1 Effect of WaterlCement Ratio (wlc) 

The waterkement ratio influences the pemeability and strength of the ~oncrete~'''~. The 

waterkement ratio has a dominant influence on the capillary pores and consequently on the 
pemeabi]ity[u. 3'. "1 . An increase in permeability results uitimately in an increase in chloride 

diffusivity, easier ingress of oxygen and lower resistance to corrosion. Consequently, with an 

increase in the chloride difisivity, depassivation of the reinforcement will occur initiating 

corrosion more rapidly, and with an increase of oxygen and a decrease in the resistance to 

corrosion, the corrosion rate will increase. For high quality concrete of low permeability, it is 

suggested to use a low waterkement ratioli81. The AC1 Building Code 31tirYJ specifies a 

maximum 0.4 wlc ratio for reinforced normal weight concrete exposed to deicing chemicals. 



2.2.3.2 The Effect of Cernent Content 

The most important constituent5 of the cernent with regard to steel corrosion are the tricalcium 

aluminate [CIA] and calcium allumino femte [C4AF] compound["'. The main fomi of binding of 

the chloride ions is by reaction with C3A to form an insoluble calcium chloroaluminate hydrate, 

sometimes referred to as Friedel's salt- Chlorides also react with CjAF to form calcium 

chloroferrite["- 321. 

Corrosion initiation time and threshold values were found to increase systematically whereas the 

initial loss fiom the reinforcement decreased as the C3A content of the cernent increased. It shouid 

be noted that for a aven C3A and chloride content, more chloride are bound, if they are present 

initially in the mix at the time of mixing concrete compared to chlorides that penetrate into 

concrete fiom extemal sources during the service life of the structure. A h ,  as the presence of 

chlotides increases, the benefits of the C3A characteristics become less perceptible~501. Rerearch 

has shown that increasing the cement factor with no reductions in the water-cement ratio causes 

no noticeable reduction in the reinforcement corrosionr321. 

2.2.3.3 Aggmgates 

The aggregates constitute approximately 70 percent of the total volume of the concrete, hence 

they play a major role in determining the perrneability of concrete and their effect on the 

resistivity of the concrete against environmental aggressots. Control of aggregate size and grading 

is needed to ensure low permeability. The permeability of the concrete can be decreased by 
[U. 481 selecting a more rounded and well-graded aggregates . 

Any aggregates supplying a source of chloride ions may have a serious effect on reinforcement 

corrosion. These include seadredged aggregates or porous aggregates. If the aggregates are too 

absorbent, during the wetting and drying cycle, the aggregate can retain a large quantity of water 

that helps the corrosion process. Some quantities of minerals might be present which contaminate 

the aggregates by becoming teactive. The most common example is the alkali-silica reactivity 

which generates disruptive expansive forces initiating the formation of cracks which provide an 

easier access for water and any environmental aggressors to reach the steel reinfor~ement'~~'''. 



2.2.3.4 The Ethct of Curing 

The curing process is the final and one of the most important elements in concrete construction, 

and it effectively promotes increasing hydraîion of the cernent. [nadequate curing can result in a 

weak, porous and permeable material near the surface of the concrete that is vulnerable to the 

ingress of various harmtùl substances fiom the environment. A short curing period is not 

suficient to allow a firlly protective passive film to be formed before the ingress of chloride ions. 

The time to the initiation of corrosion is substantially increased by prolonged curing. However, 

only fiesh water must be used for cunng because blackish water greatly increases the ingress of 

ch~or ides~~~~.  

2.2.3.5 Admixtures and Suppkmentary Cementing Materials 

Numerous chemical admixtures have been suggested as specifc inhibiton of steel corrosionr2s1. 

These inctude water reducers, plasticizers and air-entraining agents that reduce the waterkement 

ratio and are beneficial in retarding corrosion. Air-entrainment greatly enhances the resistance to 

reinforcement conosion when subjected to numerous fheze-thaw cycles. Most commonly used 

supplementary cementing materials are pozzolans, including fly ash, silica tùme, and ground- 

granulated blast-furnace slag have al1 been found to be beneficial in retarding reinforcement 

corrosion, This can be aitributed to significant improvements in the pore structure and the 

increase in binding capacity which retards the diffusion of chloride ions to the steel-concrete 
7 48.SOj interface, thereby delaying the onset of corrosionp-* 

2.2.4 Design Details 

Long term problems can be avoided if design details and adequate drainage are addressed dunng 

the design phase of a structure. Concrete cover and bar size have a significant effect on corrosion 

initiation and corrosion cracking. The structure provides higher resistance against environmental 

aggressors by providing an adequate cover and drainage, and by maintaining simplicity of the 

layout of the steel reinforcement. The effects of these parameters in providing corrosion 

protection to reinforcing steel are discussed in the following subsections. 



2.2.4.1 Concrede Cover 

Where the performance of structural reinforced concrete is in question, it is prïmarily that portion 

of concrete within 50 mm of the outside surface that is of interest, since the outer steel bars will 

almost invariably be located within this region. ~ c h i e s s l ~ ~ l  has identified the controlling 

parameters for the durability of reinforced concrete as the quality of the concrete and the 

thickness of the cover to reinforcement. If the concrete cover over the embedded steel is 

suficiently thick and dense, it will provide the steel with the petmanent protection against 

corrosion and will contribute to the production of good bond between the concrete and steel. The 

protecting effect of the concrete cover against corrosion can be summarized as f o l ~ o w s ~ ' ~ ~ ' ~ :  

Chemical protection due to the high alkalinity of the concrete in which steel is passivated by 

the formation of an oxide film on its surface; and 

A relatively impermeable physical barrier that hinders penetration of aggressive agents 

through the pore network. 

The quality of the concrete cover and the thickness of the cover are both important to achieve the 

above-mentioned protection. A thick, good quality cover helps to delay the carbonation and the 

ingress of chloride ions, thereby, preserving the passivity of the reinforcement and consequently 

delaying the initiation of corrosion. The less permeable and thicker the cover, the longer it will 

take to initiate corrosion, with an associated longer service life of the concrete s t r ~ c t u r e ~ ~ ' - ~ ~ -  "I. 

2.2.4.2 Steel Reinforcement 

Steel and concrete are compiementary in their properties. Steel is strong in tension, but in the 

form of reinforcing bars, it is not able to resist large compressive loads because of the risk of 

buckling instability. Concrete is weak in tension but strong in compression; its mass provides 

stability against buckling failure of embedded reinforcementr"l. Since the main objective of the 

steel reinforcing bars is to counteract tension in the concrete, suficient steel is necessary to ensure 

an adequate level of safety. 

The crack width is reduced with a decrease of the bar diameter and an increase in the number of 

bars. By decreasing the crack width, the transport of environmental aggressors will be controlled 

and the initiation of corrosion will be delayed. In addition, the steel reinforcement layout should 

be kept as simp!r zs pssibtc, tû permit plwrricnt and consolidation of the concrete. As a matter 



of fact, it has been found that the cover to bar diarneter ratio is a more definitive protection 

parameter against corrosion initiation and corrosion cracking than either cover or bar diameter 

separately. Clear cover specifications without consideration of the bar size leads to inadequate and 

misleading design for corrosion protection[n1. 

2.2.4.3 Drainage 

Poor drainage ofien increases the degree of saturation of the concrete and aggravates the 

consequences of fiost action. Provision of falls and drainage systems on slabs and on horizontal 

members will reduce the time during which the surface of the concrete is in contact with water 

and the dissolved aggressive substances, and results in a delay in the initiation of corrosion- 

However, often the drainage systems are installed at the wrong location or are not well 

maintained, hence, they cannot serve their purpose and play their role in influencing the service 

life of the structure. 

Propagation Stage 

The propagation period commences fiom the moment of depassivation at the face of the 

reinforcing steel and it includes the developrnent of corrosion at a perceptible rate until the 

limiting stage is attained when the structure loses its karing capacity, operational properties or 
extemal form[". '4.531 

This stage can be divided in three parts and is schematically represented in Figure 2-6[Y'. A 

higher emphasis is assigned to chloride-induced corrosion, as it is the most common cause of 

deterioration in bridge components. During this stage, the expansive corrosion products around 

the steel bar usually propagate to the concrete surface causing cracks. At this point, the supply of 

deleterious substances increases due to the presence of longitudinal cracks and thereby accelerates 

the rate of corrosion. Rust stains and spaIling follows resulting in the loss of serviceability of the 

concrete structure. After the end of functional service, the deterioration process continues with a 

decrease in the load bearing capacity of the member, which is related to the corrosion rate via a 

reduction in cross section of the reinforcing steel and the deterioration of bond at the steel- 

concrete interface, causing failure as s h o w  in Figure 2-dY1. 



The propagation period is clearly a function of the rate a which the steel cormdespl. Once 

corrosion is initiated, the progress of corrosion is influenced by the corrosion ratedetermining 

parameters, narnely water penetration, oxygen difision and electrical resistivity of the concreter" 
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2.3.1 Corrosion Process 

Corrosion of steel in conctete is an electrochemical process, that is, both chemical process and 

flow of electricity are involvedB5. 561. The basic principles of electrochemical corrosion cm be 

traced to the components of the electric ce11 (galvanic cell) which must be established for 



corrosion to ~ c c d ~ ' ~ .  Generally, there are four components: an anodic site, a cathodic site, 

electrical conductivity between the cathodic and anodic sites, and a path (electrolyte) that 

provides ionic continuity between the anodic and the cathodic sites['. The cormsion process is 

similar to the reaction of a battery cell where an anode, a cathode, a connection between the poles, 

and an electrolyte are needed[ul. 

2.3.1.1 Mechanism of Electmchemical Corrosion in Concrede 

The mechanism of the corrosion process of reinforcing steel bars in concrete is electrochemical in 

nature and it involves the loss of electrons fiom the environment (usually water and oxygen) and 

the formation of the corrosion products such as oxides. The electrochemical reaction involves 

oxidation and reducti~n[~~, 561. At th e anodic section, the metal ionizes to yield ions in the fonn of 

hydrated anions and free electrons. The fke electrons move towards the cathodic section along 

the steel (conductor) where they combine with oxygen and water to produce hydroxyl ions. Once 

the hydroxyl ions are produced, they migrate to the anode through the concrete and react with the 

hydrated anions (~e'-) to yield ferrous hydroxide. In the presence of oxygen, the ferrous 

hydroxide oxidizes and is converted to a more stable forrn to produce hydrated oxide of imn. 

This is the familiar red mst. The flow of electrons in the metal and in the electrolyte is shown in 

Figure 2-71raJ. 
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Figure 2-7: Corrosion process/'8* 



The above steps can be summarized as f o l l o ~ s ~ ~ ~ ~ ' ~ :  

OXIDATION (anodic reaction) 

REDUCTION (cathodic reaction) 

The intermediate reaction can be obtained by adding the partial anodic and cathodic reactions: 

Ferrous hydroxide [Fe(OH)2] precipitates h m  the solution, however, this compound is unstable 

in an oxygenated solution and oxidizes to the femc form as: 

This final product, [2Fe(OH)J, is knom as niar? 

2.3.2 Corrosion Rate-Determining Parameters 

Once steel corrosion is initiated, the corrosion rate will depend on the ambient humidity, that is 

the concrete resistivity, and the availability of oxygen and ~a t e+~~-" ' .  

The current which drives the anodic and cathodic reactions flows through a medium called the 

electroiyte. In order for the electrochemical reaction to occur, a potential difference must exist 

along the bar to drive the corrosion current through the concrete fiom the anodic site to the 

cathodic site. The magnitude of the corrosion current is controiled by the resistivity of the 

concrete15'J. 

The electrolyte conducts current primarily through ionic difision, and therefore it must have a 

specitic minimum ion content and a minimum water content to allow the flow of ions["'. The 

factors which influence the resistivity of the concrete are the pore structure and mineralogy of the 

3 1 



cernent matrk, concentration of chlorides, and the moisture content[? If a material is dned, the 

conductivity decreases by several orders of magnitude for a change in its relative humidity (RW) 

from 100% to 50%, indicating that the de- of water saturation is a main controlling factor for 

the electrical resistivity of the concreteIZ2- 321. This also indicates that the factors con~olling the 

permeability of the concrete affect the electrical resistivity as well. When the RH increases, the 

resistivity is high, thus the corrosion current is quite small which inhibits corrosionr3. "'. 

The more penneable the concrete, the greater the availability of water at the cathode for the 

electrochemical reaction. Gonzalez et aP91 have shown that higher concentrations of water in the 

vicinity of the cathode will increase the rate of corrosion. This is supported by the Nernst equation 

(Equation (3.3)) which demonstrates that the corrosion rate increases as the concentration of the 

reactants increases. Also, the resistivity is dependent upon the degree of saturation. 

2.3.2.3 Oxygen Diffusion 

The presence of oxygen at the cathodic site is dependent on the permeability of the concrete. The 

corrosion process cannot occur without the availability of oxygen at the cathodic siteP1. The 

anodic corrosion reaction (Equation (2.3)) tends to decrease the steel potential and the cathodic 

reaction (Equation (2.4)) tends to increase it. This implies that the steel potential decreases with 

the availability of free oxygen in the concrete. The rate of corrosion increases as the concentration 

of oxygen increases at the cathodic site and it is also indicated by the Nernst equation (Quation 

(3 .3))159! 

The impermeability of the concrete against oxygen increases with an increase in the relative 

humidityP'I. The cathodic process, which consumes oxygen can be the limiting factor in cemin 

cases. With a high degree of water saturation, the electrical resistivity will be low, hence the rate 

of oxygen will be controlled primarily by the diffûsion of dissolved oxygen through the wet 

concrete c o ~ e + ~ .  321. This is mie because both water and oxygen are needed for the corrosion of 

reinforcing steel to occur. The need for oxygen and water in the reaction leads to the common 

misconception that these two substances produce mst. Rust products are water containing 

compounds. Only oxygen is consumed to fonn rust. The oxygen diffises through the concrete 



cover towards the reinforcement and reacts with it, while water is needed only for the electrolytic 

process to occur within the c~ncre te~ '~~ "I. When concrete surface layen are subjected to wetting 

and dcying conditions, the corrosion rate is the highest, It should be noted that the electrolytic 

process cannot take place in a dry environment and oxygen cannot penetrate in a water saturated 

concrete, therefore, these two extreme conditions do not favour corrosion. 

2.3.3 Forms of Corrosion 

Corrosion of reinforcement can take different foms. ranging fiom widespread general (uniform) 

corrosion to very localized attackpL "* "I. The type of corrosion is determined by the prevailing 

environment and the rate of corrosion, by the degree of polarization of anodic or cathodic 

processes and their potential differences, or the electrical resistance of the cement matrixIS3'. 

For corrosion to occur, a difletence in the electrochemical potential at the steel-concrete interface 

is needed1601. Non-uniformity within the electrolyte, or between the anode and cathode can 

produce a cell with a different potential. Dissimi Iar metals, oxygen concentrations and 

temperature differentials im examples of such non-uniformities~"~. The differences in 

electrochemical potential can also mise h m  the differences in the environment of the concrete, 

for example, when part of a structure is saturated and a part is exposed to periodic wetting and 

drying. Substantial difference in the thickness of the concrete cover to a steel system which is 

electrically connected is a situation where this can occur. Vm-ation in salt concentration in the 

pore water, or due to a non-uniform access to oxygen, can produce cells with different 

potent ia~s'~". 

2.3.3.1 Pitting Corrosion 

The mechanisms by which chloride ions act as a catalyst for the loss of the protection afforded by 

the passive film are not well undentood, however, two theories have ken addressed by ~ o l e ~ l ~ ~ ~  

and appear most ofien in literature. According to the adsorption theory, the chloride ions become 

incorporated in the passive film, replacing some of the oxygen held within the passive film, which 

causes the film to become unstabd3* "* On the other hand, the oxide film theory States that the 

passive film contains inherent defects and pores. Chloride ions penetrate the film at these sites 

more readily than other anions present in the pore solution[-'. However, both mechanisms 



suggest that the breakdown of the passive film occurs locally, which results in the creation of 

macro-galvanic c e ~ l s l ~ ~ ~ .  

For pitting corrosion to occur four conditions must be f i~lf i l led~~~~: 

A local breakdown of the passive film; 

A low concrete resistivity; 

* Migration of chloride ions to the anodic sites and a reduction in pH; and 

* Suficient overall oxygen transport to the steel to support a high localized corrosion rate. 

The anodic and cathodic reactions are separated with larger cathodic areas supponing small 

concentrated anodic areas. Such a macrocell is usually associated with high levels of moisture 

giving low elecbical resistance in the concrete and easy transport of ions su the anodes and 

cathodes cm be separated. Chloride induced corrosion is pakularly prone to macrocell 

formation as a high level of water is usually present to carry the chlorides into the concrete. ïhe 

presence of hi& level of water in the pores results in a higher conductivity allowing the 

separation of anode and cathode as the ions can move through the water filled pores["1. Localized 

corrosion is ais0 favoured by the presence of chloride ions, becaux as a local &op in pH occun 

at the anode, a soluble complex of iron chloride forms progressively lowering the pH value at the 

pit (Figure 2-8). The cathodic area retains a high alkalinity, thus fûrther localizing co~~osionl".~~. 
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Figure 2-8: Schemaric represenrarion ofpifring corrosion (in the presence ofch~oride#~/ 

The reactions involved are as fol~ows[~~~: 



Thus, CI- is regenerated so that the rust contains no chloride, although fenous chiotide is formed 

as the intermediate stage. 

Pitting starts on horizontal surfaces and instead of spreading laterally along the reinforcing bar, 

the corrosion continues at the local anodic area causing the development of deep pits'"'. The 

volume of corrosion products generated may be insuficient to cause surface cracking, and it is 

possible that there could be eventual severance of the bar with very little prior warning from 

visible signs on the surface. 

2.3.3.2 Genersl Corrosion 

General corrosion is normally characterized by (a continuos corrosion observed) a reaction which 

proceeds uniformly over the entire surface of the metal. Al1 points of the surface corrode at a 

similar rate because corrosion occurs on a microcell level. This occurs when the concrete is 

generally drier not allowing the separation of the anode and cathode as ions cannot move a large 

distance as shown in Figure 2-9i331. 
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Figure 2-9: General corro~iod~~'  

External signs such as cracking, rust staining and spalling of the concrete occur as a result of the 

general corrosion[32. 331. There is usually suficient warning, hence this form of corrosion is not as 

dangerous as the pining corrosion. 



3 Measurement of Corrosion and 
lnfluencing Factors 

3.1 Introduction 

In the  previous chapter, the various stages in the corrosion process were identified and the effects 

of the various influencing factors were discussed. The different ways of quanti@ing these 

parameters wilI be discussed in this chapter, to provide a critical evaluation of the existing 

methods for assessing the condition of concrete bridge components. It will focus on methods that 

are able to detect darnage resulting fkom the corrosion of steel in concrete, and the poor quality of 

deteriorated concrete. The discussion of the techniques is limited to those king used presently for 

field evaluation purposes. 

3.2 Monitoring Corrosion Activity 

An introduction to the electrochemical principles that describe the corrosion process of steel was 

presented in the previous chapter. ïhis will be expanded as a necessary requirement for 

interpreting the results of the various corrosion measurements. 

3.2.1 Metals in Equilibrium 

While considerations of equi libria are irelevant to the study of corrosion, the equilibrium state of 

the system must be known for an appreciation of the various factors entering the non-equilibrium 

States and recognition of calculation of corrosion rates1561. A metal in i ts  processed state is 

thermodynamically unstable and if no extemal forces act on the system, it has a tendency to retum 

to its naturd state to reestablish equilibrium. Therefote, there is a natural spontaneous tendency of 

the system to transform to its lowest energy stater"l. 



3.2.1.1 T hennodynamic Aspecb of Corrosion 1 Nernst Equation 

The fiee energy difference, AG, is the energy necessasr to transforrn the metal oxide into a 

processed metal. However, it may also be defmed as the net fiee energy change for spontaneous 

comsion to transfomi the metal into a hydrated iron n oxide as show in Figure 3-1[5ql There is 

an energy barrier between the metal and the corrosion product, that is the activation f k e  energy, 

AG'. The magnitude AG* detemines the rate of the corrosion reaction as this energy represents 

the maximum energy to be exceeded by the metal atoms for the corrosion reaction to occur. and 

the environmental conditions have to provide this extra energy. At equilibrium, the fiee energy is 
156.581 zero and it is negative when it proceeds in the spontaneous direction . 

Metal 
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Hydtated 
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(-P-) 
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Figure 3- 1 : Amounr of fee  energy needed during corrosion rea~tiod'~' 

The free energy change accornpanying an electrochemical reaction can be calculated by the 

following equationr56. "I: 

w here n = Number of electrons (e') transferred during corrosion reaction; 

R = Gas constant (8.3 14 ~.~?rnol-'); 

T= Absolute temperature (K); 



(Reactmts) = Concentration of oxidized species; and 

Products) = Concentration of reduced spec ies. 

When the reaction is at equilibrium there is no change in fiee energy (AG = O). On the other hand, 

when al1 activities (concentration) of reactants and products are equal to unity, the logarithmic 

term becomes zero (log 1 = 0) and AG = de. The free energy change is known as the Faraday's 

Law and can be expressed as followsP3~ .". ". "I: 

w here +N= Measured potentiai; and 

F = Faraday's constant (96500 C/eq). 

It follows that AG" = -nFhO, where ho is the Standard Nernst potential (when al1 reactants and 

products are in their standard States and activities equal to unity). Equation (3.1 ) then becomes: 

The Nernst Equation is of great importance and practical significance because it facilitates the 

calculation of the electropotential of a corrosion reaction for any concentration of reactants and 

products at any temperaturer"". ". ". "'. 

The electrochemical reaction is accornpanied by a potential, 4$, for the reaction to proceed 

spontaneously. These potentials are measured with respect to a standard which is the reduction of 

hydrogen ions where &,,,," = 0.000V. The electrochemical series, which is an ordered list of each 

element accompanied by i ts  reduction, is used to determine the anodic reaction in the overall 

electrochemical reaction. In any electrochemical reaction, the most negative reaction tends to be 

oxidation and the most positive one tends to be red~ctionl*~~. 

3.2.1.2 The Exchange Cunent Density and Electrical Double Lsyer 

A metal surface starts to dissolve to fonn ions as it cornes in contact with a solution until 

equilibrium is reached. This situation constitutes an electrical double layer in a state of dynamic 

equilibrium, which will allow no fûnher reaction to proceed until the equilibrium is dimirbed'"'. 



This means that the dissolution continues until the equilibrium state is reached where the number 

of ions dissolving is equal to the number of ions depositing, Thus, the rate of dissolution and 

deposition reactions are in equilibrium. In tenns of current density, this equilibrium is represented 

by the exchange cumnt density, i, which is a ratio of the anodic to the cathodic area, and not an 

overall c ~ r r e n t ~ ~ ~ l .  The double layer theory is important because when the reinforcing steel comes 

into contact with the electrolyte solution within the concrete, a potential difference is established 

between the anode and the solution, that is ial,,,, is equal to idcpltIan, and for such a state of 

equiiibrium. corrosion is not present[581. 

3.2.2 Departure from Equilibrium 

When a metal electrode is in equilibrium, the anodic dissolution current (i,) and the cathodic 

deposition current (i,) are precisely equal. No net reaction occurs; the extent of the ionic flux 

across the double layer is the exchange current density (i,) and the equilibrium drop across the 

layer corresponds to for the cathodic reaction and hy(md,c, for the anodic rea~tion'~'. 561. 

These are the so-cal led open-circuit potentials (no current through the cell). 

When an electrode is no longer at equilibrium, there is a net balance of dissolution or deposition 

of the metal surface. The eleciropotential is altered, and the electrode is then said to be polarized. 

The extent of this polarization is measured by the change in electropotential across the double 

layer; this quantity defines the overpotential (r7)155.56.581- 

3.2.2.1 Causes of Polariziition 

Polarization, q, is the potential change fiom the equilibrium electrode potential. The causes of 

electrode polarization faIl two categories: activation polarization and concentration 

polarizationtssl. At q = 0, there is no significant net reaction. 

Activation Polarization 

Activation polarization makes up 90% of the cases. It occurs when the rate of a reaction is 

controlled by the slowest of the steps in the reaction sequence, Le., the electroçhemistry of the 

system governs the rate[? The anodic and cathodic overpotential can be calculated as follows 

(Figure 3 -z)['~]: 



For cathodic polarization, tt,, electrons are supplied to the surface, and a build up in the metal due 

to the slow reaction rate causes the surface potential, #,, to become negative to &farhd,  (Figure 3- 

2). Hence, rl, is negative by definition (Figure 3-3)'"'. For anodic polarization, >I, electrons are 

rernoved fiom the metal, a deficiency results in a positive potential change (Figure 3-2) due to the 

sfow liberation of electrons by the surface teaction, and q, must be positive (Figure 3-3). The 

potential difference of the polarized electrodes (position 1 to 2 in Figure 3-2) is equal to the 

current corresponding to current density, il, multiplied by the total resistance of both the extemal 

metallic resistance (R,) and the intemal electrolytic resistance (&). On short-circuiting, the 

current density becornes maximum (i,,). Then R,,, can be neglected and the potential difference of 

both electrodes decreases to a minimum of I,,& which is terrned as an I%,,(Figure 3-2). 



log i, log i 

Figure 3-3: Polarkation c u ~ v d ~ ~ '  

Polarization is an extremely important parameter that helps to determine the rate of corrosion. in 

activation polarization, both reduction and anodic reactions display Tafel behaviors, that is they 

both behave linearly (Figure 3-3). The relationship between activation polarïzat ion or 

overpotential, 7, and the rate of the reaction presented by corrosion current density, i,,, is given 

by Tafel's ~~uation[~'I: 

for anodic polarization, and, 

for cathodic polarization, where Ba and fl, are Tafel constantsr561. 

Concentration Polarization 

In concentration polarization, the concentration of the reduced species changes between the 

electrolyte adjacent to the metal surface and the bulk electrolyte. At high rates, the cathodic 

reduction depletes the adjacent solution of the dissolved ions'"'. Only the cathodic reaction is 



affected, w hile the anodic reaction exhi bits Tafel behavior. A typical concentration poiarization 

diagram is shown in Figure 34. 

Figure 3-4: Concenrmim potenfia/ 

The rate of mass transfer of the ions controls the rate of reaction. The maximum expected current 

in concentration polarinition is called the limiting current, iLISS Wh en concentration 

polarization governs, i,,, is smaller that it would be if activation polarization govems as shown in 

Figure 3-4. The limiting current is calculated as fol l~ws~~'~:  

where k = Mass transfer coeficient (cmkc); 

n = Number of electrons transferred in the reduction: 

F = Faraday's constant (96,500 Ckq); and 

[C'I, = Concentration of reduced species (in the bulk electrolyte). 

Concentration polarization usually govems in cases where the solution is stagnant. The rate of the 

reaction depends on how quickly certain species are capable of diffising through the stagnant 

solution towards the metal sufiace where corrosion o ~ c u n ~ ~ ~ ~ .  When the solution is stagnant, the 

initial condition is represented by Figure 3-S(a). However, with a depletion of ions, a boundary 

layer forms which is only a few millimeters thick (Figure 3-5(b)). The concentration of the 

reacting ions in the boundary layer varies fiom the concentration in the bulk electrode [C]b to 

zero. 
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Figure 3-5: Distribution of [Cl with tirne 

3.2.2.2 Detsrmining the Rate of Corrosion 

Corrosion rates are detennined by snidying the polarization of the two reaction halves (Equations 

(2.3) and (2.4)). The polarization diagrams of corroding metals, cailed Evans diagmms, are graphs 

of potential versus log current. or log current density (I,, = icoJ, where A is the surface area of 

the anode). The values of l,,,and are obtained fiom the intersection point between the anodic 

and the cathodic lines of polarization diagrams. The shape of the polarization Iines are determined 

by either the concentration or activation polarization, as discussed previously. 

The density corrosion rate (i,,,) is one way of expressing the rate of corrosion. Other ways of 

expressing the corrosion rate are summarized in Table 3-1. It is useful to have an expression with 

familiar units, which can be converted easily to seservice life in years, or depth of penetration'561. 



Weight change mdd = mg / (dm2 . day) 

in i yr 

mm/yr 

PM 
mpy = 0.0254 mm / yr 

Corrosion current density mA / cm' 

3.2.2.3 Influence of Polarization on Corrosion Rade 

Both the resistance of the electdyte and polarization of the electrodes limits the magnitude of 

current produced by a galvanic c e 1 1 ~ ~ ~ ~ .  When polarization occurs mostly at the cathode. the 

corrosion rate is said to be cathodically controlled (Figure 3-6(a)). The corrosion potential is near 

the open circuit anode potential. When polarkation occurs mostly at the anodes, the reaction is 

considered to be anodically controlled (Figure 3-Wb)). The corrosion potential is close to the 

open-circuit potential of the cathode. Resistance control occurs when the electrical resistance is so 

hi& that the resultant current is not sufficient to polarize anodes or cathodes (Figure 3-6(c)). The 

corrosion current is then controlled by the IR&,, through the eiectroiyte. It is common for 

polarization to occur in some degree at both anodes and cathodes. This situation is described as 

mixed control (Figure 34d) )  [S51. 

3.2.3 Predicting Corrosion Behavior Using Polarization 
Diagrams 

Different environmental variables are considered fiom an electrochemical point of view to 

visually understand and predict the corrosion behavior. The effects are considered for both 

activation and concentration polarizationr551. 
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Figure 3-6: Types ofcorrosion contr01~~~' 

3.2.3.9 Oxygen Pressure 

As the value of the partial pressure of oxygen (PO?) changes, it affects the value of the Nemst 

potentiai, oNo)Is6'. 

where the ternis R, T, F are defined in Equation (3 -3)  and [OHJ is the concentration of the reduccd 

species in Equation (2.4). As the value Po2 increases. the value of 4 ~ ) ~  increases. As a ~ s u k  the 
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cathodic line shifts upwards as shown in Figure 3-7(a). In the case of concentration polarization, 

as Po? increases, so does the value of concentration of oxygen [O2] and this leads to an increase in 

iL (Equation (3.10). Therefore, the vertical portion of the cathodic reaction is shifted to the nght 

(Figure 3.7(b))["" MI- 

For both activation and concentration polarization, the results of increasing Po, are as follows: 

Increase in i,,, and and 

* No change in i, and in the anodic line. 

Figure 3-7: Influence ofoxygeen pressure in activation and concentration polarkatiods5. '" 

3.2.3.2 Oxygen Solubility 

AS the Po, is kept constant, the solubility varies depending on the presence of impurities such as 

chloride ions in the aqueous medium as shown in Figure 3-8. The solubility of O2 does not affect 

the corrosion reaction for the case of activation polarization; there is no change in the 

electropotential (Equation (3.9)). Where concentration polarization govems, an increase in the 

concentration of dissolved O2 causes an increase in iL (Equation (3.10)). Consequently, there is an 

increase in i,,, and &,,. 
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3.2.3.3 Anode 1 Cathode Surface Area Ratio 

i 
I Fredlwater i 

The overall andic current (lm&) is always equal to the overall cathdic current ( I a , h d )  in any 

corrosion process. A corrosion reaction, depending on the anodekathode surface area ratio, c m  

manifest itself as  a uniform attack or a non-uniform attack (Figure 3-9). 

Figure 3- 9: Efleczs ofanoddcathode surface urea ratio on corrosion reactiods5- -'"I 



Uniform Attack 

This form of corrosion has been previously describeci in Section 2.3.3.2. In this type of corrosion, 

the area of cathode is approximately the same as the area of the anode (Amd / A m h d  = 1 )? 

Non-uniform Attack 

There is a dominance of the cathodic surface area over the anodic surface area in a non-uniform 

attack. This was previously mention4 as pitting corrosion section (Section 2.3.3.1). In order to 

respect the basic rule, that is I,& = Icbodo the anodic current density should be much larger then 

the cathodic current density. As a result, the corrosion rate at the anode is larger and more 

significant than that at the cathode (Figure 3-9)Bs1. 

3.2.3.4 Passivity 

Passivity is the property underlying the usefut natural corrosion resistance of structural metals, 

including stainless steel. Steel on its own is not naturally passive. However, it can be made 

passive by exposure to passivating environmentsrzS1. The high alkalinity of the cernent parte offers 

protection against corrosion of the steel reinforcement embedded in concrete. This protection is 

largely electrochemical in nature and its due to the existence of a self-generating protective layer 

at the steeVconcrete interface. The protective layer has normally been considered to be a tightly 

adhering tilm of y ~ e z ~ 3 f a o i .  The passivity state has the advantage that the corrosion rate is much 
55. 561 less than that the predicted by Tafel behavio* . Figure 3-10 illustrates a typical polarization 

line for a metal which exhibits passivity. 

Three distinct regions can be discerned: the active region, the passive region and the transpassive 

region. In the active region, the metal exhibits Tafel behavior and it is the region limited by the 

Nernst potential and the passive potential, &. The magnitude of ico, in this region may Vary 

from the exchange current density, Ïm and the critical current density, Ïc. In the passive region, the 

dissolution rate decreases and it is only achieved within the potential, &, and the transpassive 

potential, d,,. As it can be seen in Figure 3-10, the lower is the values of Ï,,, the lower is the value 

of i,,, obtained when the intersection of the two polarkation lines occurs within the passive 

region. The transpassive zone occurs when an increase in the electropotential occurs and the 

dissolution rate increases. The breakdown of passivity begins at q&,, where the passive layer is no 

longer stable and begins to disintegratdS1 561. 
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55. 561 Figure 3-10: Polarkation diagrum @a metal erhibiring p<rrsivid 

3.2.4 Measuring Corrosion and Corrosion Rate 

Since cornosion is an electrochemical process, it is rational to monitor it using electrochemical 

techniquesBjml. These techniques are based on the basic principles explained above. The methods 

available to assess and monitor corrosion of steel in concrete which are appropriate for site work 

will be outlined. Emphasis is given to the use of in-situ electrochemical techniques since these 

offer advantages for both the inspection of existing structures and as an aid in engineering 

material research. Less reliance on destructive testing will encourage inspection of existing 

~tructures[~'J. 

3.2.4.1 Potential Measurements 

The corrosion of reinforcement is an electrochemical process dependent upon the establishment of 

a current flow between the anodic and the cathodic half<ells set up in the reinforcement, hence, 

the potential difference between the half-cells could provide an indication of the corrosion 

a~tivi@~'. It is possible to measure the potential difference acmss the steel-concrete intenace 

relative to a suitable reference electrode using a technique shown in Figure 3-1 1. A reference 

electrode provides a source of constant potential when used under defined conditions. In this way, 

49 



any change in the potential difference between a reference electrode and a steel-concrete interfice 

can be ascribed to the steelconcrete double layer (double layer concept is explained in Section 

3.2.1.2). The magnitude of the potential across the double layer at the steelconcrete interface 

depends, amongst other things, on the electrochemical reaction taking place, hence the presence 

of corrosion can be infemd fiom the half-cell potential[631. 

High irn-nœ 
voltmeter 

Figure 3- 1 1 : Efectricai circuitfor meamring bal/-ceff po~en~iafdd22 631 

Many types of reference half~ells can be used, such as copper/copper sulphate (CSE), 

silverlsilver chloride, or a similar combination. In practice, for site work the CSE is the most 

durable and is suficiently accurater31. The concrete fùnctions as an electrolyte and it is anodic. 

The corroding regions of the steel reinforcement in the immediate vicinity of the test point may be 

related empirically to the potential difference measured by a high-impedance voltmeter (Figure 3- 

1 1 )16'. 631. The rnethod is described in detail in ASTM Standard ~ 8 7 6 - 8 0 [ ~ ~ ,  the basis of which is 

that the corrosion potential of the rebar will shift in the negative direction if the surface changes 

fiom a passive to an active state. It establishes qualitatively the thermodynamics of the corrosion 

process, but not the corrosion rate. The half~ell potential measurement gives an indication of the 

corrosion risk of the steel and can be categorïzed as seen in Table 3-2. Care should be taken in 

applying these guidelines to different environmental conditionsi62d1. 



Tibk 3 2 :  Criteria for intetpretation of horf-ceII memwementP4 

< 10% 

50% (uncertain) 

50% to 90% 

c 90% 

In practice, this potential measurement can be influenced by the electrical characteristics 

(resistivity) of the concrete cover, due to its mois~re content and salt content and the uniformity 

of these within the ~oncre te l~~~ .  These may show very negative potentials. The corrosion rate 

measurements may be required to determine whether the potential is an artefact or due to high 

corrosion rates. There has been a tendency to correlate half-cell potentials with corrosion rates. 

The half-cell is a mixed potential representing anodic and cathodic areas on the rebar. It is not a 

driving potential in the corrosion ce~l[~'I. 

3.2.4.2 Measurement of Corrosion Rate 

There are several methods of measuring the 'true', instantaneous rate of corrosion. Within the p s t  

15 years there have been important advances in nondestructive electromechanical techniques for 

measurement of corrosion rates of steel embedded in concrete, each with certain advantages and 
limitationsr33. 41. 61. 621 . They can be broadly divided into two categories, the first of these king 

measurements on the actual structural rebar and the second involving measurements on smaller, 

strategically positioned, embedded rebar probes. The former category is mostly of interest to 

engineers and will be discussed in this section. Successful applications have been reported on a 

number of methods including DC linear polarization and AC impedance["l. These can monitor the 

corrosion rate of steel in concrete, whereas, mass loss or visual observation require destruction of 

the concrete to observe the bar. 

DC Linear Polarization 

The best known technique of evaluation of the instantaneous corrosion rate in the labotatory and 

in the field is called Polaritation Resistance (or the Linear Polarization Resistance, LPR) 

621. This test procedure is based on Stem-Geary characterization of the typical polarization curve 



for the corroding metal. That is, a linear relationship is described mathematically for a region on 

the polarization curve in which slight changes in current applied to the corroding metal in the 

concrete cause corresponding changes in the potential of the metal. Simply stated, if a large 

current is required to change the potential by a given arnount, the corrosion rate is hi&; on the 

other hand, if only a small current is required? the corrosion rate is lowt6". 

The technique involves imposing a small potential change, + 20mV), on a metal sarnple 

(Figure 3-12). The dope of the resulting log 1 vs. 4 curve around (i.e., the zero-current 

portion of the curve) is linear and is termed the po Wzation resistance ( R ~ ) ~ ~ ~ .  

Figure 3-12: Linear poiiarkafion ~ 1 ( ~ d ~ ~ ~  

The corrosion current (i,,) can be calculated fiom the relationship developed by stem-~eary? 

where fi, and p, are the anodic and cathodic Tafel slopes, respectively. It is noted that the Tafel 

constants are detennined by the method of Tafel Extrapolation. The Tafel constants are the slopes 



of the log r vs. # h m  the polarization curves in the Tafel regions, Le., the region where the curve 

is linear (Figure 3- 13) la]. 

Polarization sans using a greater A+ (&, + 250mV), need to be run independently to detemine 

the Tafel constants, but acceptable Tafel regions are difXcult to obtain on site. The experimental 

anodic polarization does not correspond to the idealization (Figure 3-1 3). In practice, the anodic 

data generally is curved on the semi-log plot, and no sensible linearity or value of P, can be 

found. This is possibly due to the oxygen reduction or the passive film breakdown, which distorts 

the Tafel behavior in this regionlal. Consequently, the Tafel constants are estimated or assumed. 

As the vaiue of the Stern-Geary constant (B value in Equation (3.12)) for concrete can range fiom 

26 to 52 mV, this can result in an e m r  by a factor of up to twd6''. However, the scale is 

logarithmic, therefore, such errors are less cr i t ica~[~~~.  

- 
log i 

Figure E13: T d e f  regiond661 

Knowing the i,, the rate of corrosion in mdyear can be calculated using Faraday's ~awl '~ ' :  

and, dividing Equation (3.13) through by r and by the surface area, A, yields the corrosion rate, 

CR (mdd): 



where nr = Mass in the reaction; 

F = Faraday's constant; 

a = Atomic weight; and 

n = Number of equivalents exchanged. 

I,,, is found by I,,, = A i,,, where A is the surface area of the steel bar that is perturbed by the 

test. Evaluating the area of measurement A is not simple. Some snidies have been undertaken by 

clear16" (3LP device using a thme-electrode Iinear polarintion technique) who recommends 

using a large auxiliary electrode and assumes that the surface area of measurernent is the shadow 

area of the steel reinforcement lying directly beneath the auxiliary electrode (Figure 3-14). 

An alternative approach to calculate the Rp value, first developed by Feliu et is to accept that 

the perturbation current will spread laterally outside the shadow area and confine this lateral 

spread to a particular area by means of a probe known as the guard ring. The use of a second 

eiectrode located concentrically around the central counter confines the electrical signal to a 

defined region of the reinforced concrete structure. Both counter electrodes (central and ring) are 

maintained at the same electrical potential with regard to the working electrode (the rebar) and the 

current, which flows fiom the central electrode, is measured. Therefore, while the central counter 

polarizes the bar locally, another auxiliary electrode, 

polarbation to the rest of the bar atound the area affected 
61.691 

Although the guard ring appears to be a simple solution, 

concentric with the former, provides 

by the central electrode (Figure 3-1 5)'"- 

in reality, the practical problems posed 

by its application have not been completely resolved. The actual area polarized during 

measurement of R, is smaller that the entire circumference of the rebar. When the concrete 

resistance, &, between the surface of the concrete and the steel reinforcing bar is high (IL,) ,  this 

can result in significant errors in measuring R, unless the intemal electrolytic (concrete) 

resistance, %, is either electronically compensated, or explicitly measured and deducted fmm 

l?,[6'. 621. Another fundamental source of emr, is the assumption of uniform rebar corrosion. It is 

known that actual reinforced concrete structures experience localized attack rather than a unifonn 

attack. Confinement is obtained only when the measurements are carried out over the active part 



Reference 
/-- - 

Wood/piastic base + 1 

Auxiliary (mi 
- electrode 
--, Conducting fi 
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(which is sumunded by the passive part) of the macrocell. When measurements are made over 

the passive part (which is sumunded by the active areas), the confinement is poor'6''. 

This non-destructive technique represents a fast and simple measurement method. Although the 

LRP technique can be in error by a factor of two as suggested by Stem, its usefulness remains 

undisputed and the studies on its limitations have, on the contrary, enhanced its reliability. 

Through the measurement of hundreds of values in laboratory experiments and on real structures, 

it was possible to map the expected values of the corrosion current density and of the corrosion 

rate as a function of the risk level as listed in Table 3-3[67 701. 

Ta b k 3-3: Typicul corrosion rates for steel in concrere 

- 

Rate of corrosion Corrm-on current densïty, i,, Corrosion rate, CR 

- - 

High 

Medium 

tow 

Passive 

AC lm~edance 

The AC techniques, commonly referred to as Electrochemical Impedance Spectroscopy (EIS) are 

equally well suited for use in rather low-conductivity environments. Hence, in principle, they 

should be capable of measuring the corrosion rate of steel in concrete"! It is possible to obtain 

information on the electrical resistivity and the dieleccn'cal properties of the concrete cover, and 

o n  the corrosion rate. It involves measuring elecbical impedance while scanning freg~encies'~'~. 

Based on the equivalent circuit for a rebar in concrete, at high fiequencies, the impedance is due 

to the ohmic or uncompensated resistance, &, and at low fiequencies it is due to the sum of this 

and the polarizat ion resistance (R,). The experimental data are commonl y displayed using Nyquist 

or Bode plotsi7'1. Once Rp is hown, the corrosion current is determined as before using Equation 

(3.12). A more accurate corrosion rate value should theoretically be obtained, compared with the 

more simplistic DC Linear Polarization analysis. However, EIS data generation and analysis 

generally requires specialist electrochemical knowledge and can be rather lengthy, making it 

unsuitable for rapid evaluation of the corrosion rates. To derive the corrosion rates, the Tafel 

constants also stiil have to be estimated or assumed. 



Another evolving technique closeiy relateci to EIS measurements is harmonie analysis, which is 

performed in a narrow frequency range and the mathematical data m e n t  facilitates the 

computation of the Tafel constants and the corrosion rate. However, fiom the practical viewpoint 

of field application, a complete fiequency scan is simply too time-consuming. Since only very 

low- and very high-fiequency response data are needed in order to define the corrosion rate, any 

method developed for field use should scan only those regionspl'. A new AC lmpedance method 

has been investigated in Japan to evaluate the on-site corrosion rate of steel rebars. lmpedance 

values are measured at two fkquencies: a high fiequency of IOOHz and a tow fiequency 10 or 

20rn~z~"~.  A severe restriction in AC lmpedance analysis, as in the LPR technique, is that the 

fundamental assurnption of uniform rebar corrosion has to be made in the calculation of 

penetration rates. This technique is a powerfiil tool and is quite promising, although it requires 

more expensive instrumentation and larger measurement times than DC measurements, 

particularly with small rates, which cal1 for very low fkquen~ies'~~~. 

Measurement of Resistivity of Concrete 

The rate of corrosion of steel in chloride contaminated concrete depends on both the permeation 

properties and the electrical conductivity of the near surface concrete. Therefore, measurement of 

these properties on site is important to predict the service life of reinforced concrete structures 

exposed to chloride environments. Suitable testing techniques have k e n  developed or refined so 

that the electrical resistivity of the near surface concrete can be determined on site. 

Corrosion is an electrochemical phenornenon, hence, the electrical resistivity of the concrete will 

have a bearing on the corrosion rate of the steel embedded in concrete, as an ionic curent must 

p a s  from the anode to the cathode for corrosion to occur. The electrical resistivity is an indication 

of the amount of moisture in the pores, and the size and torniosity of the pore system. Resistivity 

of a material is defmed as the resistance of a cube of one unit in size. Hence the resistivity @) of a 

prismatic section of length L and section A is given by p = RJLL where R, is the concrete 

resistance. However, cutting cores fiom a concrete structure in order to determine the resistivity is 

not a practical proposition1731. 



3.3.1 Wenner Probe 

Electricai resistivity tests have been used for soi1 testing for many years using the Wenner four- 

probe technique. Specialued modifications o f  the Wenner probe are fiequently used for 

measurement of concrete resistivity on ~ i t e ~ ~ ' . " ' ~ ~ .  A schematic is shown in Figure 3-16. 

It is used by pushing the electrodes directly ont0 the concrete with conductive gel to enhance the 

electrical contact. A low fiequency alternating current, I, is passed between the outer electrodes 

and the voltage drop, AV, is measured between the inner electrodes. For an electrode spacing of S. 

the apparent resistivity, p. of  a homogenous, semi-infinite material is given byP31: 

By Ohm's Law. the ratio AV/I represents the measured resisbnce, &, of the concrete. 

AC S ~ P P ~ Y  Ammeter 

Voltmeter 

Cunent 
flow line 

Electrodes 
with springs 

surface 

Figure 3-1 6: Wenner probe set-uf3' 



3.3.1.1 Pmcticability and Reliability of Test 

The four-point resistivity method promises to be a very effective technique in assessing the 

severity of corrosion problems in a quick and nondestructive manner. The measurement of the 

electrical resistivity is usually camed out to assist the halfqell potential measurements. Although 

many researchers have used the electrical resistivity measurements in in-situ investigations, the 

influence of moisture and temperature on the data obtained limits its application in corrosion 

inve~ti~ationd'~. 621. Labonitory studies have show a clear link between the resistivity of the 

concrete and the rate of comsion of steel teinforcement. However, the errors that occur in in-situ 

measurements can make a correlation between these measurements and the rate of active 

corrosion meaningless, if these errors are not eliminated or compensatecl. In the absence of fuher  

research, a general guideline sumrnarked in Table 3-4 has been offered by   il lard'""^. 

Probable cortosion rate Resistivity, p (kR.cm) 

Very high < 5 

High 5 to 10 

Low > 20 

Apparent electrical resistivity is affected by many factors including electrode characteristics, 

element geometry, surface layets and reinforcing bars within the test zone as well as 

environmental factors such as moisture conditions and temperature. The results are again most 

usefully presented in the fom of contour plots, to be interpreted alongside the half-cell potential 

test result~I~~1. 

An alternative to this technique is to use Electrochemical Impedance Spectmscopy, by applying 

an alternating current over a range of fiequencies, the measured impedance cm be refated to 

various elements of the circuit depending on the fkequency. The concrete resistance is one 

variable that can be determined, but, as mentioned earlier, the technique is slow and the 

equipment is expensive. 



3.4 Measurement of Chloride Penetration into 
Concrete 

Over recent years, an increasing amount of premature steel corrosion in concrete structures has 

created a significant problem. Most of this corrosion is due to an uncontrolled peneîration of 

chlorides fiom the sumunding environment. This is partly due to the increasing use of deicing 

salts and partly due to an increasing arnount of concrete construction in the marine environment. 

Therefore, there is a great need for better quality parameters and test methods, which can 

characterize the resistance of concrete against chloride penetration. This is important for both job 

specification and control of in-situ quality as well as for estimation of service life. 

Depending on the environmental conditions, chloride ions penetrate concrete through various 

mechanisms such as difision, permeation and capillary suction. In general, capillary suction may 

dominate the penetration through a surface layer of the concrete, which is very porous and only 

partly water saturated. However, for a very dense concrete in a moist environment or for concrete 

which is more or less continuously wet, a diffusion mechanism may dominatei3'. "I. Hence, the 

resistance of concrete to the transport of chloride ions is defined by the coefficient of difision. 

Different procedures and methods for testing chloride diffisivity of concrete are reviewed briefly 

and discussed in the following sections. 

3.4.1 Standard Diffusion Cell Test 

The procedure to find the coefficient of diffision h m  a standard difiùsion test is well 

e~tablished"~~. The technique employs a diffision cell and calculation of an effective diffision 

coeficient based on the diffision of the selected ion through a thin slice of concrete, which is 

placed between a chloride source solution (solution A) and a neutral solution (solution B) as 

show in Figure 3-17(a)I"l. A concentration gradient across the test sample is applied, until a 

steady state difision is reached (Figure 3-17(b)). The ionic flux is detennined by measuring the 

increase in chloride ions in the downstream solutionP5~. It is important that the chloride source 

solution is maintained constant to achieve and maintain steady state conditions. 
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(b) Diffusion te* arrangement 

(b) Steady state diffusion 

Figure 3-17: Schemaric diagram of standard dr@sion cef17'' 

3.4.1.1 Mathematical Modeling 

Fick relates the mass of ions diffising through a unit area per unit time during the steady state of 

flow to the concentration gradient with the coefficient of diffusion, as followd7" "I: 

where J =  Ion flux entering solution B (mole~ .crn~~s~ ' ) ;  

D = Effective diffusion coefficient (crne2s-' ); and 

dchk = Concentration gradient through the specimen (mo~es .crn~~s~') .  



3.4.1.2 Practïability of Test 

This method has become a standard for determining the chloride difision coefficient and typical 

values of chloride difision coefficients are supplied by the Concrete ~ociet~[ '~l.  However, the 

technique does have several drawbacks when used to monitor changes in di fision rates on site: 

The test duration may take relatively long period (typically 12-1 5 months) to achieve a steady 

state of diffision; 

In order to use this method for in-situ concrete, cores must be extracted and sliced to suitable 

thickness, hence it is destructive and expensive; and 

As the cores are extracted, the values obtained in lab might not be representative of the real 

conditions on site. 

3.4.2 Chloride Concentration Profile Test 

The ingress of the chloride ions into the concrete fiom its environment will increase the chloride 

concentration of the concrete in its surface layers. The graphical presentation of the chloride 

concentrations versus the distance perpendicular to the concrete surface is called the chloride 

The chloride ion diffision can be monitored directly by analyzing the concrete under 

consideration at various depths afier exposure to a chloride solution, thereby producing a 

concentration This method can be applied to in-situ concrete structures. Drilled dust 

samples are taken at predetermined depths perpendicular to the exposed concrete surface. By 

coilecting the dust fiom the various depths separately, it is possible to determine how the chloride 

content changes with the depth fiom the surface. 

3.4.2.1 ûetemnination of Chloride Content 

There are many commonly used techniques for the chlonde analysis of concrete. The Volhard 

(BS 1881: Part 124) and the potentiomeuic titration (AASHTO T260-84) methods are both 

extremely accurate and give results close to the actual chloride However, they are 

both arduous, time-consuming, and expensive. Alternative methods for measuring acid-soluble 

chloride contents have been developed such as the specific ion probe, spectrophotometer, digital 

titrator and Quantab tiîrator strips, All these methods have been investigated and the selective ion 



probe has been proven to give accurate results. Results based on the samples fiom the field 

indicated that it has strong correlations with AASHTO T260 for the lower concentrations and 

increased accuracy for the higher rangesr"l. The method digenî a 3 g, powdered sample in a 

chloride extraction solution. A combination specific chloride ion electrode connecteci to a 

voltmeter is inserted into the sample mixture, and the voltage is recorded in millivolts. The 

chloride content at each depth is determined by using a calibration equation, which is detennined 

every time the instrument is operated. The results are plotted with respect to the depth. 

3.4.2.2 Mathematical Modelling 

The most widely used formula for predicting chloride levels in concrete is derived using Fick's 

law for non-steady diffision. The change in concentration (ac/dr) will be affected by the 

chloride binding and not just by the difision, hence, the equation yields an apparent diffisivity, 

D,. For unidirectional difision, Fick's 2"" law  tat tes['^' 76* 791: 

The solution to Equation (3.17) obtained by establishing certain boundary conditions, is 

commonly used for calculation for chloride difisivity. Chloride ingress into concrete is generally 

modeled using a solution equation derived using Fick's 2" Law for non-steady state diffision. 

This is called the error function and takes the ford3']: 

where Denotes the chloride profile, i.e. the chloride concentration of the 

concrete versus the distance x fiom the exposed surface at time 

r, since the chloride exposure started; 

C, = Initial chloride concentration of the concrete; 

c, = Chloride concentration of the concrete surface; and 

0, = Apparent chloride diffusion coefficient. 

The fiinction y = er$c(z) is referred to as the emr  fünction complement defined by the following 

expression["l: 



where, the error 

ercf (2) = 1 - erl(z) 

fûnction e j ( z )  is defined by: 

The table of the e m r  function complement can be found in mathematical handbooks. ~oulsen'~'' 

considered the solution of Equation (3.18) to be straightforward provided that the parameters Cs, 

Da, and C, are known. To determine these parameters a non-linear regression analysis must be 

applied. This is inconvenient as it requires a computer program to run the process, and it is 

necessary to estimate a set of initial values for Cs, D, and CI before starting the iteration 

procedure. ~ o u l w n ~ ~ ' ~  found that an estimation of their values can be equally satisfactory and it is 

described in detail in Reference [37]. It is possible to wtite Equation (3.18) as follows: 

w here, 

The procedure for the detemination of Cs, D ,  and CI outlined by ~oulsed"~ is as follows: 

The value of C, is determined as the mean value of the test results fiom the heartcrete, or 

taken as zero; 

The measured concentration values, Cfx,t), are included in Equation (3.22); 

A regression analysis of the y values obtained against depth, x, is then carried out. This 

enabtes a and q to be calculated fiom Equations (3 -2 1 ) and (3 .Z);  

The surface concentration, Cs, is read off fiom the profile graphs; and 

The diffision coefficient is obtained fiom Equation (3.24), that is: 



3.4.2.3 Practicability of Test 

The main limitation of this type of method i s  that it is sensitive to the accuracy of determining the 

chloride concentration in the concrete sarnple. Sample collection technique and exposure might 

change the chloride concentration profiles. Also, al1 chloride anaiysis methods, including the two 

titration methods, require the acquisition of drilled powder samples, hence they are classified as 

destructive techniques. 

3.4.3 

The ab 

Electrical Field Migration Tests 

ove two test methods involve lengthy procedures, therefore various accelera ted test 

methods where an extemal electric field is applied for accelerating the chloride penetration have 

been developed. The types of tests used are either non-steady, or steady state tests. There are 

many tests that have been developed but only two of these are applicable on site. 

3.4.3.1 Rapid Chloride Penneability Test 

Perhaps the only non-steady state in-situ test available at present to determine some mesure of 

the chloride diffusivity in the near surface concrete is the test developed by ~ h i t i n ~ [ ~ ' .  The 

apparatus details are show in Figure 3-1 8. The test method consists of monitoring of electrical 

current passing through a test area on a concrete specimen when a potential difference of 80 V 

DC is applied between a surface mounted copper mesh etectrode placed in a sodium chloride 

solution and the reinforcement for a period of six houn'"'. 



NaCl Solution 

L - I 

Figure 3- 18: Appkd volrage oppararus used on dab specimedaO. '" 
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The field test procedure can be conveniently broken into four separate stages: location of 

reinforcing steel and bonding of test dike, vacuum saturation and heating of test are* applied 

voltage test, and chloride sampling which is optionalPI1. By making the reinforcing bar anodic and 

keeping chloride solution (NaCl) with a negative charge on the surface of the concrete, the 

negatively charged chlonde ions will migrate into the concrete. As the electrical resistivity of the 

concrete decreases with increasing chlofide ion concentration, a measure of the increase in 

current, with time, is correlated with the amount of chlofides entering the concrete. Therefore, a 

measure of the total quantity of the electric current in coulombs passed over a p e r d  of six hours 

has been used as an indication of the chloride diffusivity of the concrete. A complete description 

of the test procedure is presented by ~ h i t i n ~ [ ~ . " ' .  Although this test was well received initially, 

reducing the time needed to test concrete for resistance to ionic diffusion, it has the following 

draw backs, as indicated by ~ndrade["l: 

* It measures the total charge passed through the specimen and not that correspondhg to 

chloride flux; 

i .r  

' 0  The test requires a connection directly to the reinforcement; and 

* The rise in temperature during testing may give a false value of the chloride pemeability. 

In view of the current limitations on the field device, a laboratory version of the apparatus was 

developed by Whiting to tea accurately a variety of materiald8'l. The method has been adopted by 

ASSHTO as Test Method ~ 2 7 7 ~ ' ~ ~  and by ASTM as ~ 1 2 0 2 ( ~ ~  and partial details are show in 

Actyiic cover 
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Figure 3-19. The equipment and procedures of the ASSHTO ï277 method are similar to that used 

in the field test, except h t  the voltage is set at 6OV DC, rather than 80V DC, to prevent excessive 

heating of the cell. The technique detemines the total charge in coulombs that passes through a 

50 mm thick disk that is 100 mm diarneter subjected to the 60 V DC with NaCl solution at one 

face and NaOH solution at the other. 

Figure 3- 19: Applied voltage cellfir core ~ ~ e c i r n e n s / ~ ~ ~  *'/ 

The laboratory ceIl test offers the most reliable alternative to field testing. However, this requires 

extraction of cores fiom the structure. Momver, this method is based only on the measurement of 

the total electrical charge passed through the concrete for a given period of time, and this charge 

depends on both the type and amount of al1 ions present in the system. Therefore, this test method 

gives no specific information about either the chloride flux or the chloride mobility through the 

concrete. Typical values have been mported by the Concrete ~ociety'"~, however, they have 

expressed reservations about the suitability of this method because of the pore surface interaction 

during the passage of ions. 

3.4.3.2 In-Situ Chloride Migration Test 

A new test for determining the chloride migration coefficient of the near surface concrete on site 

is being developed at The Queen's University of q el fast^". w1 following the earlier studies by 



~hit in~["I .  The development is based on the evidence showing that a diable value of chloride 

diffisivity can be obtained fiom steady state migration That is, the tests that place a 

thin disc of concrete between two cells, one containiag a salt solution and the other cell 

containing distilled water. A voltage is applied to the system by means of electrodes placed in the 

cells to force the negatively charged chloride ions to migrate through the concrete into the ceIl 

containing distilled water. The steady state flow of chloride ions is used to calculate a migration 

~oefficient~' '~~. Details of the in-situ chloride migration test are shown in Figure 3-20. 

Figure 3-20: In-situ chIoride migration tedR6' 

There are two plexiglas cylindrical cells, one inside the other. The inner celt contains a sodium 

chloride solution and a cathode, while the outer cell contains distilled water and the anode. The 

clamping flange is made of metal, based on its properties of strength and rigidity. On application 

of a potential difference, the chlorides migrate fiom the inner cell to the outer cell through the 

concrete. The design of the lid allows for the insertion of an ion selective electrode and a 
[77.86] reference electrode to monitor the chloride content of the solutions . 



Mathematical modelinq 

AI1 ions present in the pore solution that have k e n  generated at the electrode by the application of 

a voltage, move towards the counter pole. This movement follows the mass transport law for 

electmlytes (Nernst-~lank)~~~.~I,  which states that the total net flow is the addition of: 

TotaiJow = d ~ m i o n  + migration + convection (3.26) 

In the case of concrete, the contribution of both difision and convection can be neglected in 

applied voltage tests'"'. Therefore, the unique terni to be taken into consideration in Nernst-Plank 

equation is that corresponding to migration. Thus the total flow (in steady state conditions) is: 

ZFC dE J = D - -  
RT dk 

Considering uni-axial flow and rearranging Equation (3.27), it is possible to calculate the 
r77.861. diffision coefficient in steady state conditions as . 

and 

where 

D =  JRTL 
ZFCAE 

D = Chloride diffision coefficient of concrete (cm2.s-'); 

J = Unidirectional flux of chloride ions (mol.cm2.s-'); 

dddt = Steady state migration rate of chloride ions (mol.cm3.~'); 

Volume of collecting cell (cm3); 

Transmission area (cm'); 

Gas constant (8.3 1 J.K-' .mol"); 

Absolute temperature (K); 

Distance between electrodes (cm); 

VaIency of chloride ions (- 1 ); 

Faraday's constant ( 9 .65~  i 0' J.V' .mol-'); 

Source chloride concentration (mol-cm"); and 

Potential differnce between the electrodes (V). 



The flow of chlorides in an in-situ chloride migration test can be approximated by a uni-axial flow 

in a tapered region. By considering the continuity for a typical section, and by using a finite 

element model and verifjhg experimentally, the value of the effective flow length (L) of the 

chlorides in the in-situ test obtained by ~ndrews["l is 12.25 cm. After substituting the value of L 

into Equations (3 -28) and (3 .D), the effective area through which chlonde ions travel was found 

to be 1 17 By lmowing both these parameters, Equation (3.27) can be used to obtain the 

chloride migration coefficients (Dm,,) fkom the in-situ chloride migration test. 

At this stage, no attempt has been made to apply correction factors for ionic interaction. or to 

consider the potential drop due to an interaction between the electrodes and the solution. This 

phenornenon is king investigated presently at The Queen's University of ~ e 1 f a . s ~ ~ ~ .  There is no 

standard classification available for use for this particufar coeficient as it is presently under a 

detailed investigation and further development at The Queen's University of Belfast. A validation 

of the test was -ed out by comparing the coeficients calculated fiom the in-situ chloride 

migration test with the data obtained fiam the following testslM1: 

Chloride migration test (providing the chloide migration coeficient for one dimensional flow 

conditions); 

Standard di fision test (providing the effective di fision coefficient); and 

Chloride exposure test (providing the chloride profile to calculate an apparent difision 

coefficient). 

The proposed test for calculating the chloride migration coeficient of concrete correlates very 

well with the other established tests for measuring chloride diffiisivity of the concrete. This 

validation study shows that the in-situ chlonde migration test can be a practical alternative in 

quantifjhg the diffisivity of concrete on site. However, further tests are required to confirm the 

findings. The validation of the test in the laboratory is now completed and the assessment of the 

usefulness of the test to determine the relative importance of those parameters related to corrosion 

(time to initiation of corrosion and average resistivity of the concrete in the near surface zone) in 

reinforced concrete structures is in progress at present. Table 3-5 lists the results ffom in-situ 

chloride migration tests at The Queen's University of Belfast using 6 mm maximum size 

aggregatesiMI. 



Table 3-5: ResuIrsfrom in-siru chlwide migration reri861 

The in-situ chloride migration test is quite promising and has many advantages such as[77. 

it can be conducted at any stage of the service Iife and a skilled operator is not needed; 

It is a nondestructive in-situ test which avoids taking cores and testing in the laboratory. 

Hence, diffùsivity can be deterrnined on site with the new test instead of taking cores and 

testing in the laboratoty; 

Migration coefficients c m  be obtained based on the steady state achieved on site in one 

working day, hence, it is much quicker, and 

It does not affect the condition of concrete as the chlorides put into the concrete can be 

removed by reversal of polarity. Hence, there is no need for any concem with regard of the 

state of steel in the concrete tested. 

3.4.4 Summary 

It is important to distinguish between the various chloride diffision coefficients that have been 

defined, and to realize that al1 these coefkients are not fiindamental material properties as they 

are influenced by a number of factors such as binding, and they change with time. A chloride 

profile can be characterized by a surface chloride content (Cs) and an apparent chloride difision 

coefficient (D.)'~~'.  The coenicient Da is so named since it is influenced by both the physical 

resistance of the concrete to chloride ingress (steady state difisivity (D,)), and the chemical 

resistance of the concrete to chloride ingress (chloride binding capacity). Depending on the 

binding capacity, D, c m  be 3 times higher than D,'~". Note that Ds can be affected by the 

chemical effects, should the physical pore structure be altered by the presence of chloride ions. 

Laboratory steady state difision tests, as well as steady state rapid chloride tests generally 

determine or estimate D, and in the case of the in-situ chloride migration test, the chloride 

migration coefficient is detennined. Rapid chloride tests determine mainly the physical resistance 
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of the concrete to chloride ingress, while on site, both the physical and chemical (binding) 

properties influence the resistance of concrete to chloride ingress. D, and D,, do not include the 

effect that chloride binding has on the non-steady state diffusion. Correlations would, therefore, 

di ffer for cements which differ in their chloride binding capacity. 

Measurement of Permeability of Concrete 

While much of the interest in concrete permeability dates back to the initial construction of 

hydroelectric structures in the 1930s, there is a renewed awareness of the role that permeability 

plays in the ultimate durability of concrete stnr~tures~~'~. The long-tenn performance of concrete is 

presently a topic of great interest. Concrete structures are designed to ensure acceptable limits of 

deformation and ultirnate strength values, and for a long time the compressive strength has been 

considered to be the oniy indicator for durability. Cunently, control of durability is king realized 

by means of requirements of minimum values of strength, cover thickness, time of curing and 

restrictions of constituents and mix proportions13' *'I. However, these parameters are not 

compietely valid for ensuring the long-term performance of the concrete because they neither take 

into account the chemical and physical changes in the concrete due to the penetration of 

aggressive extemal agents nor do they consider the influence of intrusion of these agents on the 

rate of deterioration. 

During the service life of the structure, the surface layer is usuaIly subjecteâ to more severe 

environmental attacks than the core concrete. The surface layer is especially important with 

regard to the corrosion of reinforcing steel. The customary quality control for concrete using 

compressive strength tests on standard cubes or cylinders, or cores cut fkom the structure, do not 

measure the properties of the surface layer, instead they evaluate the properties of the entire 

thickness covered by the core. Hence, tests are required to evaluate the quality of the surface 

concrete, especialty on site. #en concrete is subjected to extemal aggression, the most effective 

way to decrease the intensity of this aggression is to reduce its porosity and permeability. 

~ e h t d ~ ~ '  stated, 'Impermeability of concrete should be the first line of defense against any of the 

physio-chemical processes'. Correlations between permeability and durability have been 

established by many researchers and it is now widely accepted that permeability is a key indicator 

of concrete durability1"l. It has ken  deduced Lat a direct comlation between pomsity and 

permeability in concrete remains uncertain and, therefore, the direct measurement of permeability 

is presently the most reliabk method for assessing this proper$2'1. Hence, the permeability of the 
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concrete cover is critical for problems related to the corrosion of reinforcing steel in stmctural 

concrete. 

While various methods are available for determination of the concrete permeability in the 

laboratory, these are mostly time-consuming and require the removal of cores h m  the structure- 

Since coring is a destructive process, this limits the arnount of information that can be obtained 

fiom a given structure. A number of more rapid, in-situ techniques have been developed for 

assessing water absorption as well as air and water permeability. Considerable attention has been 

paid to this area recently and the topic is covered comprehensively in the Concrete Society 

Technical Report 3 1I2'I and by ~ashee+"I. Both review a wide range of testing techniques and the 

fiindamental theory. Only a selection of these test methods is included in this chapter ernphasizing 

the most widely established in-situ testing. 

3S.f Depth of Carbonation 

Carbonation is the process of reaction of carbon dioxide fiom the atmosphere with hydrated 

cement paste ~ o m ~ o u n d s ~ ~ ' ~ .  The permeability of concrete to carbon dioxide can be assessed by 

measuring the position of the carbonation front. This depends on the movement of carbon dioxide 

into the concrete as it proceeds inwards h m  the surface. The usual method of monitoring the 

depth of carbonation involves spraying a solution with phenolphthalein in alcohol and water onto 

a freshly exposed concrete s~rface''~, ". "l. Where the alkalinity of the concrete is unaffected, the 

phenolphthalein indicator gradually changes h m  colourless to purple, whereas the carbonated 

surface layers remain colourless. 

A standard test procedure has been proposed by RILEMI"'. It is convenient to use and it can give 

reproducible resultdu. However, cores need to be extracted and the indicator indicates the 

depth at which the pH is about 9.0 and this does not necessarily correspond to either the boundary 

between uncarbonated and partially carbonated concrete, or the boundary between partially 

carbonated and fùliy carbonated concretelZ7]. A number of alternative methods are available for 

monitoring carbonation such as x-ray difhction, i n M  absorption, etc., although none are as 

convenient, as the rapid and inexpensive phenolphthalein indictor method. 

As the carbonation of concrete is causeci by difision of carbon dioxide into the concrete, the 

depth of carbonation has been related to rapid air permeability of structural concrete tested at 

site'*''. These tests are discussed in the following sections. 
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3.5.2 Absorption Test 

The water absorption, determined by shallow immersion of a dried specirnen, is referred to as the 

water absorption capacity. This consists generally of drying a specimen to a constant weight, 

immersing it in water for a specific time and measuring its increase in weight as a percentage of 

the dry weight. The Concrete societ$"l reported inconsidencies in the water absorption capacity 

due to the variations in both drying and saturation of the specimens. An absorption test on several 

small portions of concrete, as pmscribed by ASTM C642-90, consisting of drying at 100°C to 

1 10°C and immening in water at 21 OC for at least 48 hours, are u~ed'~''. The requirements of BS 

1881 : Part 122: 1983'~' are similar, except that the test is pedormed on whole core specimens, 

drying at 105°C for 72 hours, cooling for 24 hours in an airtight vesse1 and immersing in water for 

only 30 minutes. While the British code does not stipulate a complete saturation of the specimen, 

the American code specifies it. It is unlikely that a11 of the capillary cavities in concrete are filled 

after only 30 minutes. 

Typical values for water absorption of concretes, as established by the BS 1881, 30 minute 

immersion procedure, and reported by the Concrete ~ociety~"~ are: 

Table 3-6: Typïcai values water absorption of c~ncreted~'~  

Levd of absorption Absorption (%) 

Low 

Average 

High 

Although a number of in-situ tests described below can also be carried out in the laboratory, this 

test measures the absorption capacity of concrete on sarnples in the laboratory. In most instances, 

a sample of concrete taken fiom the structure lends itself to a tnie measurement of permeability 

better than the in-situ test, as the sample can be cut or cored to the precise size required for the 

particular laboratory test, and the moisture can be brought to a standard condition[271. Laboratory 

testing can be canied out under more controlled conditions, however, it is not practical to remove 

several samples from stmctures. 



3.5.3 Initial Surface Absorption Test (ISAT) 

Among the absorptivity tests, the longest established method is the Initial Surface Absorption Test 

(ISAT) prescribed in BS 1881: Part 51901. The test was initially proposed to test roof tiles and has 

been developed extensively since, 

3.5.3.1 Interpfetation of Test 

In this method, a cap with a minimum surface area of 5000 mm2 is sealed to the concrete surface 

and filled with water (Figure 3-21). The glas capillary tube is mounted at a height of 200 mm 

from the surface of the test specimen so that the head of water remains at this value throughout 

the test. This head is only slightly greater than that which would be caused by driving rain"". The 

rate at which water is absorbed at intervals of 10 minutes, 30 minutes, I hour and 2 hours h m  

the start of the test are measured on the capillary tubdW1. The rate of initial sudace absorption is 

express4 in milliliters per square metre per second[321. This test and the units for the results do 

not represent concrete permeability. Hence, interpretation and practical use of the results can be 

made only by comparison with the other concretes of known performance when this test is used 

on site. The British standard gives guideline results to be expected for well-cured concrete and 

oven dried concrete[*''. Whereas oven dned specimens give reasonably consistent results, 

concretes on site give less accurate results. 

Figure 3-2 1 : Initial Su$ace Absorption Tesr (JSA v"" 



3.5.3.2 Practiability and Reliability of Test 

The mass of water which is absorbed by the concrete during the test depends on the pre-existing 

moisture content, hence, the concrete needs to be conditioned pnor to the tests. This requirement 

cannot be satisfied in in-situ concrete. For in-situ testing, a minimum drying period of 48 hours is 

specified, however, these requirements are very unlikely to produce comparable moisture 

conditions within the concrete. In consequence, a low value of the initial surface absorption may 

be due either to the inherent low absorption characteristics of the concrete tested, or else due to 

the fact that the pores in poorquality concrete are already hiIl of ~ a t e r " ~ ] .  

The main practical problem in the use of the ISAT on site is the difficulty in achieving a 

satisfactory watertight seal between the cap and the surface of the concrete, especially in securing 

the cap in place without the use of clamps when used on site[62- "l. This can be problematic and 

even the slightest leak can give spurious results. Another shortcoming of the initial surface 

absorption test is that the fiow of water through the concrete is not uni-directional- To remedy 

this, several modified tests have been proposed but none have gained general acceptance["'. 

Lastly, the test equipment is quite fiagile and susceptible to damage on a construction site. 

3.5.4 Figg Air and Water Permeability Tests 

Figg described the development of a test for air and water permeability, which involves dritling of 

a hole into the concrete surfaceP7J. A number of venions of this approach have subsequently been 

developed in the various countries, but the most widely accepted procedure is the modified Figg 
methodf'7. a. 871 . Although Figg proposed both water and air penneability tests, it is the air 

permeability test which has been used on many occasions for testing on site, hence, only the air 

permeability test will be discussed. 

The modified Figg method uses a 10 mm diarneter by 40 mm deep hole with a silicone rubber 

plug 20 mm from the surface and a battery-operated manometer as shown in Figure 3-22. Air 

perrneability measurements are implemented by means of a hand-operated vacuum pump and 

digital manometer connected by a three way tap and plastic tubing to the hypodermic needle as 

illustrated by Figure 3-22. The pressure is reduced to -55 kPa by means of the hand pump and 

then isolated, with the manometer and the concrete connected together. The air permeability of 

the concrete is measured as the time taken for a pressure change h m  -55 kPa to -50 kPaIZ7* '". 



Hypodermic 
needle . . --. Silicone pIug 

c- 

, Coricrete 

10 mm 
diameter 

Figure 3-22: Modijied Figg air permeability respïl 

3.5.4.1 Practicability and Reliability of Test 

As with the initial absorption method, the moisture content will have considerable influence the 

results, although it has been proposed that the straight line relationship between the Figg air 

permeability values and the moisture content can be used to compensate for this effe~t['~'. This 

seriously restricts in-situ usage of this test, but a general classification for dry concrete is 

presented in the Concrete Society ~e~ort[' '. 6'1. It should be pointed out that the term pemeability 

is not really valid because the output of the Figg tests is not directly related to the coefficient of 

permeability. Nevertheless, the results are usehl for comparative purposes. 

Another drawback of this method is that drilling is required. Methods which involve dri lling holes 

have the disadvantage that the drilling may disturb the cement matrix by introducing microcracks, 

which may alter the permeability values["l. 

3.5.5 Autoclam Pemeability System 

Early development of this method has k e n  reported by Montgomery and ~ d a m s ' ~ ' ~ .  In concept. 

the test is vefy similar to the ISAT, but uses a hydrostatic pressure of 0.5 bar to measure in-situ 

water permeability and the equipment is ponable and cm be used on sitel"]. Funher development 
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undertaken by Basheer on the Autoclam cm altematively be used to measure a low-pressure, 0.02 

bar water sorptivity, and in addition, a measure of air permeability, through decay of air pressure 

applied to the concrete surface, c m  also be measured [14.62.87] 

The Autoclam consists of a measurement head and a control unit. The measurement head has a 

chamber with a pressure transducer at the base and a moveable piston. There are nivo valves 

which give access to the chamber and these can be used for either priming or bleeâing. The unit 

is clarnped to the 50 mm base ring which is in tum is bonded to the surface of the concrete (Figure 

3-23). 

t-: 

Figure 3-23: Cfamping the base plate ofthe Autochm to the concrete su$ace 

With the bleed valve closed and the priming valve open, the piston is reset to the base of the 

cylinder as shown in Figure 3-24. The air pressure in the chamber is increased using a syringe 

connected to the lower valve to a pressure in excess of 0.5 bar. The priming valve is then closed 

and the test starts by pressing the appropriate button on the control unit (Air Permeability in this 

case). The test commences and the decay of pressure with time is monitored over a 15 minute 

per-iod as the pressure is recorded every minute for the duration of the t e~ t ' ' ~ .~ '~ .  



Meuicoiatt  
Air premm in the te& ansi is bweased to 0.5 bar 
and the prewu~? decay is mordtorecl at every 

mimite for a total duration of 15 minutes 

(b) Method of w o n  fa air permerbiiity test 

Figure 3-24: The Autoclun, method of ~ ~ e r a t i i d ' ~  



Calculation of the Air Pemeabilitv lndex 

A plot of the natural logarithm of pressure versus time is linear and the slope is taken as the Air 

Penneability Index (API) in In(bar)/min. In tests where there is a measurable pressure in the test 

area after 15 minutes, the results fiom 5 minute readings are used. However, where the pressure 

decays to zero before 15 minutes. al1 resulîs are used in the formation of the p~ot''4-921. 

3.5.5.2 Sorpdivity Tests 

This test is similar in concept to the ISAT. The procedure is different fiom the air permeability 

test as follows. With both the priming valve and bieed vaive open, the piston in the clam is 

brought to the top of the cylinder in order to accommodate the maximum volume of water in the 

system as shown in Figure 3-24. The charnber is filled with water through the lower valve using a 

syringe. Air is allowed to escape through the bled valve at the top of the piston. The upper valve 

is then closed and the pressure inside the charnber is brought to just below the operating pressure 

of 0.02 bar. The priming valve is closed and the test is started. As water is absorbed by capillarity, 

the piston lowers to maintain a pressure of 0.02 bar throughout the test (Figure 3-24). The travel 

of the piston is displayed and stored at one minute interval until the end of the test. The test rnay 

finish before f 5 minutes if the piston reaches the end of its travel. At the end of the test, the data 

may be retrieved fkom the control unit by either manually scrolling through the data or 

downloading to a ~ o m ~ u t e + ' ~ .  9'1. 

Calculation of Somtivitv lndex 

The volume of water absorbed over the test area can be estimated precisely by multiplying the 

movement of the piston by the cross-sectional area of the cylinder. The measurements between 5 

and 15 minutes are normally used for determination of the Sorptivity Index as the initial readings 

are prone to be influenced by the 'skin' effects. The plot of volume of water against the square 

mot of tirne is linear and the dope is taken as the Sorptivity Index in m3/dmin['4-9'1. 

3.5.5.3 Water Permeability Test 

There are two alternatives for the water permeability test. In order to calculate the Water 

Permeability Index (WPI), the procedure for the watcr permeability test is identical to that of the 

sorptivity test but with a test pressure of 0.5 bar[871. However, on site the ambient relative 



humidity may be quite high and the concrete cannot be dried to a constant moistwe content, hence 

affecting the indicab'l. Early development of the Autoclarn permeability methaî, assumed a 

steady state of flow, and accordingly, the coefficient of penneability is calcu~ated"'~. This 

equipment was developed to facilitate the measurement of the coefficient of penneability of 

concrete on site, i.e., without removing cores h m  the structure. A steady state of flow during the 

permeability test rnay be achieved by ponding water in the 50 mm intemal diameter ring (afier 

being glued ont0 the surface) for 48 hours prior to testing. After 48 hours, the body of the 

apparatus is bolted ont0 the ring, and the same procedure as for the sorptivity test applies. 

Montgomery and ~ d a m s l ~ ' '  undenook some work using ponded specimens, however, they used a 

pressure of 1.76 bars (25 psi) which is much larger than the value that is now used (0.5 bar). It is 

noted that if a steady state of flow is not established, the concrete should not be saturated and the 

permeability is expressed as a Water Pemeability Index as in the case of the sorptivity testr8". 

Caiculation of Coefficient of Penneability 

The volume is calculated in the same manner as in the case of the sorptivity test. It has been 

show that a bilinear relationship exists between the voiume of water flowing into the concrete 

and the time elapsed, in which the second ponion of the graph represents a steady state of f l ~ w ~ ~ " .  

As the pore system is sanirated, water will flow as a fluid if a suficiently high pressure head 

exists and the flow is govemed by ~ a r c ~ ' s ~ ' I .  Therefore, the coefficient of prmeability may be 

calculated with the use of Darcy's formula, with the incorporation of calibration factors in the 

equation for a radial flow net. That is, the coefficient of permeability (in d s )  is given by the 

equation[9' l: 

where q = Rate of flow for the steady state (m3/sec); and 

c = Calibration factor. 

The latter depends on the geomeby of the specimen and the applied pressure. For a pressure of 

1.76 bars, the calibration factor was found to be 0.714 x 10;"~". Any other chosen pressure 

requires a proportionate calibration factor. Although Montgomery and ~ d a m s ~ ~ ' ~  reporteci that a 

steady state of flow could be achieved by ponding water, the validity was questioned as the flow 

takes place though bigger pores in which the surface tension force is less than the applied 

pressure, and the flow does not take place through the fine pores. The value obtained from 

equation needs to be adjusted for the area through which the flow took place'"' . 



Practicabilitv and Reliabilï of Test 

In general, the Autoclam test has k n  found to yield usehl results, however, variations in the 

rnoisture content of the suface concrete can make the interpretation of these results problematic. 

In such cases, the Air Penneability and Sorptivity Indices are most significantly affected. 

However, by using the Water Permeability test, it is possible, after some experience, to obtain 

vaiuable information. The relationship between the moisture of the concrete and the indices needs 

to be investigated hu<her so that the results h m  the site investigations can be corrected'"'. 

~asheer ' ' ' ' .~  has established a classification, but it is limited as this was done using dry concrete 

in a laboratory, thus preconditioning the specirnen. It is necessq to establish appropriate criteria 

for the classification of concrete when based on the Autoclarn indices, by which different 

mechanisms of deterioration may be predicted, Some initial progress has been made as the 

establishment of the useful correlation between the carbonation depth and the Air Permeability 

Index, and between the Autoclarn permeabiiity indices and the fieezing and thawing resistance of 

the ~oncrete['~'. 

Regardless of the difficulties mentioned above, the Autoclam Permeability system is a promising 

tool as it is robust and can be easily used on site for nondestructive testing. In addition, tests on 

both vertical and horizontal surfaces can be carried out for al1 three permeation tests. The air 

permeability test can also be performed underneath a slab, such as the sofit of a bridge deck- 

Also, the theoretical support for the Autoclarn permeation tests has indicated that it is possible to 

obtain the intrinsic permeability and sorptivity fiom Autoclarn measurements. This may be a 

usehl alternative to the development of empirical relationships. Further research is needed and is 

presently underway to overcome the challenges identified above['']. 

Concluding Remarks 

This chapter reviewed some of the various tests that are able to assess the darnage resulting fiom 

the corrosion of steel and the poor quality of concrete. Information was also included on methods 

that have k e n  developed and introduced recently. While actual field experiences with these 

methods/procedures are Iirnited, they are included as it is anticipated that they may have a 

significant impact on condition surveys of deteriorated concrete stnictures in the near future. 



4 Experimental Program and 
Calculation of Parameters 

4.1 Introduction 

The previous chapter dealt with the diffemnt ways of quantieing the various pararneters relating 

to the corrosion phenornenon. This chapter will describe the experimental prograrn undertaken on 

the Dickson Bridge for the assessment of the corrosion darnage and the determination of the 

quality of concrete. The calculation of each parameter involved with each test will be detailed and 

the accompanying assumptions will be stated. 

4.1.1 Test Program 

The scheme of the testing prograrn is show in Figure 4-1. Since it was required to test the 

concrete deck for corrosion induced deterioration, the test methods are related to either the 

mechanisms causing the corrosion, or properties indicative of the probability of corrosion. Most 

of the factors that initiate and propagate the corrosion process of reinforcing steel are directly 

related to the properties of the concrete. Thus susceptibility of reinforced concrete structures to 

corrosion and their rate of deterioration can be approximated, provided that the physical 

properties of the concrete and the exposure pararneters can ôe defined rationaIly. Hence, the in- 

situ tests that are able to rneasure permeability, resistivity, chloride difisivity and strength of the 

concrete were used to assess the existing structure and expIain the accelerated deterioration of the 

concrete. The damage was measured using ail other available techniques. 

4.1.1.1 Investigation Methodology 

The first part of the investigation emphasized methods for assessing the probable corrosion 

damage to the concrete structure. A thorough visual inspection included detection of delamination 

by tapping the surface with a harnmer, the location of the reinforcement and the depth of the 
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Figure 4- 1 : Scheme of tesr program 

concrete cover using a covermeter. The extent and the mte of corrosion of the reinforcing steel 

were measured using the half-ceIl potential and linear polarization tests, respectively. The 

chloride content at the level of the reinforcement was deterrnined using the acid-soluble chloride 

technique, wh i le the depth of carbonation was measured using the p henolphthalein test. The 

second pait of the investigation evaluated the properties of the concrete, such as its compressive 

strength (fiom drilled cores) and durability characteristics, narnely the penneability. difisivity 



and resistivity of the concrete. The permeability was measured using the Autoclam Permeability 

 stem[*'. 921, while the difisivity was detennined both h m  the chloride profiles and by using a 

recently developed In-Situ Chloride Migration te#'. The electrical resistivity was evaluated 

using the Wenner four probe apparatus. Description of the various methods is presented in this 

chapter. 

4.1 -1.2 Selection of Test Techniques 

The selection of the test techniques and procedures in this investigation were based on several 

cnteria. Obviously, the most important criterion was that the test should be nondestructive in 

nature and have the ability to carry out the required fùnction at an acceptable performance level- 

Simplicity of operation was another criterion. Further, it had to be field-ready and possess a high 

degree of reliability. 

Half-Cell Potential Survey 

The purpose of conducting a half-cell potential survey on the entire deck was to select sites where 

a more detailed investigation would be carried out. In other words, the survey was utilized as an 

initial guideline. In canying out the half-cell potential survey, a grid of one metre by metre was 

marked on the North side of the bridge (Figure 4-2) in order to sarnple the surface potentials. 

Figurt 4-2: North section of bridge deck (detailfiom Figure 1-3) 



The covenneter was used to locate the steel and determine rebar spacing. Two layers of 

reinforcing steel were detailed on the original plans. The top layer was at 25 mm fiom the top 

surface of the deck and the second layer was at 25 mm from the bottom surface or the soffit. The 

bar spacing on the original plans was 210 mm transversely and 6 10 mm longitudinally, however, 

it varied throughout the deck. Usually the grid coincides with the rebar spacing on small surveys, 

but not on larger ~cans"'~. Hence, a grid of one meter by one meter was chosen <O survey the 

whole surface of the concrete deck of the North portion of the bridge. 

4.2.1 Apparatus and Procedure 

The equipment was assembled to form a continuos electrical circuit fiom the reinforcement via 

the concrete, the copper sulphate solution, the copper rod, the voltmeter and back to the 

reinforcernent as shown in Figure 3-1 1. The MICAPS CDL 200 (developed at Corexco. 

Montreal), a computerized datalogger with integral A/D converter specifically designed for 

undertaking potential surveys of large areas quickly and economically was utilized in this 

investigation (Figure 4-3). 

Figure 4-3: Half-cell potential apparatus 

A more detailed procedure is found in the ASTM C876 standardia1. The following highlights the 

sequence of operations -ed out on site: 
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A strong electrical connection to the steel was ensured by drilling a hole in the reinforcing 

bar and inserting a self tapping screw with an aîtached lead into the hole in the steel. 

Six widely spaced connections to the reinforcement were checked for electrical continuity 

using a DC resistivity meter between the two points. The resistance was less than ln, which 

confirmed continuity. The potential difference was also measured. On the average, it was 

3mV which indicates good steel connectivity across the test "l. Two connections were 

situated below the first expansion joint (Grid Location 36 m (Figure 4-4)) and the remaining 

four above with two on each side of the bridge. 

The deck was covered with an asphalt overlay, hence at every grid point, holes were drilled 

through the asphalt until it reached the concrete. Water was poured in the hole and a wetted 

sponge was used over the cell to ensure that the concrete was damp enough for the charged 

ions to flow fiom the steel to the half-cell; and 

The automated logging equipment stored the readings at every grid point. 

The half-cell potential survey was conducted on the extemal lanes where a concrete overlay was 

laid over the original concrete deck (Figure 4-4). This was achieved by making a connection to 

the steel fiom the deck undemeath the concrete overlay. It is noted that the reinforcing steet 

within the overlay was not connected to the underlying steel in the original deck, hence making it 

possible to survey the extemal lanes. 

4.2.1.1 Preliminary Work 

Ideally, the asphalt overlay should be removed before testing for half-cell potentials, but in order 

to make the test as nondestructive as possible, some preliminary tests were undertaken in a tive 

meter square area in order to ensure that the procedure was acceptable. Holes were drilled at 

every grid point, water was poured in the hole, the cell with the wetted sponge was placed over 

the hole and the readings were recorded. Later, the asphalt in the immediate area near the grid 

point was totally removed and the readings were recorded again. The difference between the two 

half-cell readings taken at the same location with the sarne cell did not exceed 20mV which is 

acceptable according to ASTM ~ 8 7 6 ~ ~ ~ .  



4.2.2 Reliability and Classification of Results 

It is essential to recognize that the half-cell method cannot indicate the actual corrosion rate, or 

whether corrosion has even commenced. The test only indicates zones requiring tùrther 

investigation, and the likelihood of corrosion occumng in these regions. Hence, the half-cell 

potential readings were used to select thirty-five sites, measuring approximately 1 m by 2 m, for 

fiirther detailed analysis (Figure 4-4). For al1 its limitations, the half-ceIl is a very powerfùl 

diagnostic tool for corrosion investigationr631. Its main problcrn is that some people rely on very 

simplistic interpretations, such as the ASTM ~ 8 7 6 ~ ~ ~  guidelines presented in Table 3-2. However, 

in this investigation. corrosion was Iocated fiom iso-potential contour maps by considering the 

magnitude of the potentials and qualitatively assessing the potential gradients. The contour map 

showed hi& corrosion and low corrosion risk areas (Figure 4-5). A rapid change in the potential 

represented a steeper gradient indicating a greater risk of corrosion. The selected sites 

corresponded to the positions of the highest and the lowest potentials and the steepest potential 

gradients. These were chosen throughout the bridge deck where the risk of corrosion for each site 

varied fiom low to high as shown in Figure 4-5. It is noted that the extemal lanes were omitted for 

any detailed investigation (except one meter away fiom the curb where the overlay was asphalt), 

as the deck was covered with a concrete overlay, making it dificult to remove the above overlay 

and expose the deck lying underneath (Figure 4-4). 

4.2.3 Scheme of Detailed Investigation 

The detailed testing, which followed the half-cell potential testing, was conducted only on the 35 

selected sites. The work was conducted in a systematic manner. The flowchart shown in Figure 4- 

6 summarizes the sequence of the tests planned for the detailed investigation of each of the 35 

sites. 

Once the sites were selected, the asphalt overlay was rernoved using a jackhammer. This was 

carefiilly done to keep the concrete deck under the overlay as intact as possible. It was not 

possible to do the same for the lanes with a concrete overlay on top of the concrete deck (Figure 

44). When trying to remove the concrete overlay, the concrete deck top got damaged as well. 

Hence, it was decided not to include the lanes with the concrete overlay in the detailed 

investigation. 



Figure 4-4: Location of35 sires selecred for detailed investigation 



Figure 4-5: Harf-cell potential survey ofthe northern portion ofthe bridge deck 
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Figure 4-6: Detailed investigation plan 

When only one reading was planned per site, this would be considered representative for the 

entire site. The sarne location was chosen for these tests for later correlation and cornparison of 

the results. When more than one reading was planned, these would be conducted on 

predetermined locations on each site where al1 the different tests would be conducted at the same 

spot. Figure 4-4 ilIustrates the position of al1 of the sites with reference to the grid: the four 

locations selected at each site are also identified. Figure 4-7 illustrates a photograph of the  layout 

of a typical site (Site nurnber 20) showing the locations where the readings were obtained. 



Figure 4-7: Typical site (Site 20, locutions I ro 4) 

Covermeter Suntey 

A low cover increases the corrosion rate both by allowing the agents of corrosion a more rapid 

access to the reinforcing steel, and also allowing more rapid access of moisture and oxygen. 

Hence, a cover survey was undertaken to explain why the reinforcing steel in the structure was 

corroding and show which areas were more susceptible to corrosion due to a low concrete cover. 

4.3.1 Equipment and Procedure 

An electromagnetic device, called the covermeter was used. Although the main purpose of a 

covermeter survey is to measure the concrete cover thickness over the reinforcing steel in a 

specified area within a grid marked on the structure, this was not done in this investigation as the 

area was too large. Instead, only the concrete cover thickness was detennined at al1 4 locations in 

each site, where the corrosion rate would be measured. Once the steel bar was detected with the 

aid of the covenneter, the location was marked on the concrete surface and the concrete cover 

thickness was measured. Figure A-1 (Appendix A) illustrates the cover obtained at each location. 



The covenneter model that was used in this investigation was CM4 CoverMaster by Protovale 

(Oxford) Ltd. The pmedure in the user manual was followed in detail together with the BS 

Standard 1881:Part 2204 and a report by ~ l l d r e d ~ l  to properly locate the position of the 

reinforcing steel in the concrete and to accurately measure the depth of concrete cover to the 

bar"31. The basic principle of the covermeter is that the presence of steel &ts the 

electromagnetic field. The disturbance caused by the presence of the metal in tum produces G 

local change in the magnetic field strength as detected by the search head and indicated by the 

meter. Therefore, it was possible to locate the reinforcing bars and determine their orientation. A 

calibration was performed to determine the cover for the particular size of bar in the concrete. At 

particular sections of the bridge, the accuracy of the device was checked by actually exposing the 

area. It confirmed with the initial reading of the covermeter. The BS 1881 : Part 204 suggests that 

an average site accuracy of about 1 5% at cover thicknesses less than 1 OOmm can be e~~ected '~ '~ .  

Delamination Survey 

The corrosion products take up a larger volume than the volume of the steel consumed, which 

causes a build up of tensile stresses around the rebars causing the concrete to crack along the 

weakest plane in the concrete cover, followed by spalling of the concrete. The fracture plane, or 

the delamination, due to corrosion of the reinforcement may be confined to a local area or may 

extend over a substantial portion of the structure if the concrete cover is uniforrnly lowl"- 33v 621 . It 
is not uncommon for more than one delamination to occur on different horizontal planes above 

the reinforcing steel. 

4.4.1 Equipment and Procedure 

Delamination can be detected at the surface by various means fiom hitting the surface with a 

hammer to sophisticated techniques using radar, infiared, sonic and ultrasonic equipment. The 

harnmer survey is usually quicker, cheaper and more accurate than the other alternatives. 

However, the more sophisticated techniques do have their uses for instance in large-scale 

s ~ r v e ~ s ' ~ ~ f .  

In this investigation, delamination was detected systematically over the four marked locations on 

each site. The planar fracture was detected by a hollow sound when the surfâce was hit with the 



hammer. These hollow sounding areas were considered to be delarninated. Figure A-2 (Appendix 

A) i Ilusirates the results obtained for each location. One major drawback is that this method is 

subjective and does not indicate the depth where the delamination is presentB3. "l. 

4.5 Resistivity of Concrete 

During the corrosion rate measurements, a cumnt must flow through the concrete in order to 

polarize the steel bar under study. High electrical resistance of the concrete will interfere with an 

accurate evaluation of the corrosion rate test results. Hence, the resistivity nieasurements were 

conducted prior to the corrosion rate survey to assess the conductivity of the concrete in tenns of 

the electrolytic resistivity of the material. 

4.5.1 Equipment and Procedure 

A Wenner four probe apparatus was used as shown in Figure 4-8. The probes were held against 

the surface of the concrete as shown in the schematic diagram in Figure 3-16. The meter 

measured the resistance, &, of the concrete in ohms. The electrode spacing, s, of this particular 

probe was of 4.38 cm and together with the measured R, value, it was possible to calculate the 

resistivity of the concrete using Equation (3.15). 

The resistivity measurements were taken at al1 four locations on each site. The four-point 

technique measures the resistivity of a region of concrete in the general vicinity of the electrodes 

rather then providing a localized spot measurement, It is unlikely that the resistivity of in-situ 

concrete will change very quickly fiom one location to anothcr unless there are physical 

differences in the conditions behueen the locations that would induce such a change"'. "'. Figure 

A-3 (Appendix A) il lustrates the resistivity results obtained at each location. 



Figure 4-8: Wenner probe 

4.5.1.2 Minimizing Errom in Resisüvity Reading. 

Survey points were selected so as to avoid king close to the steel reinforcement as far as 

possible. Hence, to minimize the error caused by the reinforcing bars, the locations of the rebars 

were detected using a covermeter and subsequently the resistivity rneasurements were taken 

midway between the bars. The readings were taken at right angles to the steel in order to avoid a 

short circuit 'path' for the current during the measurement. Moreover, the use of spring-loaded 

electrodes and a high conductivity contact gel on the concrete surface ensured that a good 

electrical contact was made. It also avoided drilling holes in the concrete. 

The resistivity calculation in Equation (3.15) assumes the concrete to be homogenous which is not 

the case for the concrete in the bridge deck. The error was minimized by selecting a spacing (4.38 

cm) large enough to avoid rneasuring the resistivity of a piece of aggregate rather than the paste 

and the aggregate. 

In order to rninimize the errors in the readings, the above procedure was used. However, in 

addition to the factors discussed, the resistivity of concrete can fluctuate with changes in the 

ambient conditions. Although many researchersw. have usai the electrical resistivity 

measurements in in-situ investigations, the influence of moisture and temperature of the data 
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obtained Iimits its application to sirnilar investigations. The moisture was very high in the 

concrete on the Dickson Bridge deçk (an average RH of 86% and 90% at depths of lOmm and 

25mm fiom the concrete surface, respectively (Figure A-9 in Appendix A)). Another practical 

dificulty of measuring the resistivity of concrete on site was that in addition to the local resistive 

non-homogeneities caused by the aggregate particles, the global resistivity rnay change with depth 

beneath the surface of the concrete. These sudace layer effects are diffScult or maybe impossible 

to account on site17'l. 

4.6 Linear Polarization Resistance Test 

Corrosion rate measurement is slow compared with the half-cell potentiai measurement hence, it 

is important to take measurements at the most significant locations on the structure, Le., by 

following up a potential survey with strategic corrosion rate measurements. Hence, the corrosion 

rate measurements were taken at 35 sites (four points per site with a total of 140 readings). 

In this investigation, the linear polarkation resistance (LPR) technique was used as it is the most 

suitable to be applied on-site, requinng a minimum of equipment. It is also relatively inexpensive 
133, 621 and easy to learn and use . The technique has been show to produce results in good 

agreement with gravimetrically determined corrosion rates, provided the measurements are made 

at appropriate potentiodynamic rates of scan and with suitable provision for 1 .  compensation 133.41. 
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4.6.1 Corrosion Rate Devices 

Two types of LPR probes were used. The first one was based on the three-electrode linear 

polarization ( ~ L P ) ~ ~ ' ]  technique as shown in Figure 3-14. This method is less accurate as it 

assumes that the area of measurement is directly below the counter electrode. Thus, the length ( L )  

of the polarizing elecaode was 150 mm. The probe consists of a working electrode (the steel bar 

k ing  tested for its corrosion condition), the reference electrode (pencil CSE) used to sense the 

potential changes induced in the steel bar (working electrode) by a current, which is introduced 

into the ionically conductive system through an auxiliary electrode (copper mesh counter 

electrode, CE). 



The second probe consisted of a guard ring shown in Figure 3-1 5. The device is unique in its 

ability to accurately confine the area of measurement by using a guard ringra "]. This means that 

the corrosion rate measurements were not carrieci over an undefined area, but show the m e  

corrosion rate at the measurement location. The device uses an interna1 counter electnxle and an 

external counter electrode (guard ring), which confines the current to an area of 1 1 1 mm in 

diameter. A photograph of both probes is shown in Figure 4-9. The 3LP device is on the left side 

of the picture while the guard ring device is on the right side. 

Figure 4-9: Types of probes used on sire 

4.6.2 Test Procedute 

The polarkation resistances (R,) of the bars were determined by means of a rnicropmcessor- 

control led corrosion measurement systern. A potentiostat (CMS 100 Electrochem ical 

Measurement System by Gamry, Inc.) which confrols the potential of the system, and which acts 

as an electrical conductor between the anode and the cathode was used with both probes. The 

CMSIOS DC Corrosion Measurement System was also used. This is an add-on appiication 

package to the CMS 100, which runs the DC corrosion tests such as polarization resistance. 



Since the corrosion rates Vary with the weather conditions, readings were taken under comparable 

weather conditions, that is al1 the readings were taken within a time lapse of two days. The 

corrosion rate measurements were normally proceeded by a period of five days of no min. Strong 

connections and electrical continuity was e n s u d  in the sarne manner as in the half-ceII potential 

survey. Before each test, water was sprayed on the immediate area of measurement. The sponge 

within the probe was kept moist thmughout the test. The probe was centered over the rebar as 

indicated by the covermeter. The probes were weighted with a load of about I kg for the three- 

electrode probe and 15kg for the guard ring. 

4.6.2.1 Setup Panmeters 

The variables listed in Table 4-1 were introduced into the program (CSMIOS DC Corrosion 

Measurement System) pnor to polarization. The scan rate parameter defines the speed of the 

potential sweep during the data acquisition. This was set to a low rate as higher rates may yield 

unreliable data due to a deviation fiom the steady state. The surface area of the steel bar under the 

probe was determined from the relation: A = RD& where Dr* is the diameter of the rebar (51'8 or 

15.87 mm) and L is the length of the polarized electrode (1 50 mm for the 3LP and 1 10 mm for the 

guard ring). 

Table 4- 1 : Polarization resistance setup parameters 

Para meters Values 

Scan Rate 0.125 mV/sec 
Scan Range k 20 mV fiom Open Circuit Potentiat #, 
Anodic area A, Le., metal surface area 55.36 cm2 (74.8 1 cm2 for 3LP probe) 
Density of metal 7.87 @cm3 
Equivalent weight of metal 27.92 g 
Delay provided to attain #= 500 s 

Beta A (pa) and Beta C (pc) 120mV/decade 
IRdroP com pensat ion ON 

The density of the metal king studied is required for the evaluation of the speed of corrosion in 

terms of mass lost per unit of time. The equivalent weight of an eiement is the theoretical mass of 

metal that oxidizes with the passage of one Faraday as defined in the ASTM Standard (3102- 
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89[*l. This is equivalent to the ntio ah in Equation (3.14) where a is equal to the atomic m a s  of 

Fe and n is equal to 2 (the number o f  electrons fked during oxidation (Equation (2.3)). Tafel 

constants were assumed to be ISOmV/decade (see Equation (3.12)) as B was kept constant at 

26mV for al1 of the tests. This can result in an error of up to a factor of WO~~''. The CMS 100 uses 

current interrupt IR compensation to dynamically correct uncompensated resistance enors. Hence, 

the IR checkbox in the program was switched on for the I b p  to be compensated and for the 

actual value of Rp to be measured (Table 4- 1 ). 

4.6.2.2 Open Circuit Potenoal 

Before applying current to the system, the potential was measured with a CSE reference electrode 

placed at the center of the probe. In the CMS 100, the equilibrium potential assumed by the metal 

in the absence of electrical connections to the metal is called the open circuit potential (&), while 

the corrosion potential is reserved for the potential at which no current flows as determined 

by a numerical fit of the current versus potential data. It is noted that the values of & and #=,, 
will be almost identical if no changes occur in the electrode surface during the scan, which was 

the case for al1 the tests undertaken in this investigation. Hence, prior to polarization, the potential 

was allowed to attain equilibrium, as the anodic and cathodic reactions were allowed to proceed in 

an undisturbed manner. At this particular moment, there is no net flow of electrons, Le., i,=i,=i,,, 

and @=qjco,=&. An initial delay of 500 seconds was used to allow the open circuit potential to 

stabilize and mach steady state prior to the potential scan (Table 4-1). Dry concrete (hi& 

resistivity) takes longer for the #, value to stabilize than moist concrete (low resistivity), hence 

the concrete surface was kept moist to maintain the electric contact. A plot of potential vetsus 

time was always displayed on the screen as show in Figure 4-10 and the 1st measured potential 

was recorded as  #=. 

4.6.2.3 Linear Polarization Scan 

Once the value of 4, was recorded, the potential was lowered (&, - 2OmV). It was then raised 

incrementally up to the potential of (& + 20mV) and the current was recorded at each step. It is 

noted that al1 potentials recorded were with respect to the open circuit potential. When the LPR 



test was completeâ, a curve such as that illustrated in Figure 4-1 1 was obtained. It is noted that 

Appendix B includes supplementary polarizat ion resistance plots. 

Figure 4- IO: Stabilizing of open circuit potenrial me 10, location 1) 

Pdarization Resistance 
'pois 10-1 d a '  6/3O/l998-l?:3O:8 

-- - - - -- - - - - - - - - -  . 

Pstat #l 
San: -0.02 V to 0.02 V. 0.125 mVls. 2 dpt 
6 ,: 0.64üôôl V 
Ana: 55.359 an' 
Elamde: 7.87 gmlm3. 27.92 flqunr 
Condiüoning: OFF 
Delay ON. 500 s 
IR Cunp.: ON 

NOTES: 

POCRES RESULTS 
Region = -20.1 mV to 19.9 mV 

B. = 120.0 ~ V I -  
p. = 120.0 mvtdscadc 
6, = 649.5 mV 
lm= 3.063E-OS Alun2 
Ro = 8.453E+03 Ohm un 
c== 0038 m-w- - .. -.- 

Figurt 4-1 1 : Typical polarka~ion resktance plot (Site 10. location 1) 



4.6.3 Calculation of Corrosion Rate 

Using the input information shown in the top right box in Figure 4-1 1, the software program was 

able to compute the appropriate parameters of interest based on Stem-Geary and Faraday's 

~aws'"'. Thew are shown in the lower right box in Figure 4-1 1. The corrosion potential was 

recorded (#,,,) which is almost identical to the & originally measured, and the polarization 

resistance (4) was calculated using Equation (3.1 l), that is by taking the dope of the resulting i 

vs. 4 curve. The corrosion current density was calculated using Equation (3.12), the Stern- 

Geary 's relationship, and last ly the corrosion rate (mdyear) was calculated using Faraday's Law 

(Equation (3.14)). Figures A-4 and A-5 (Appendix A) illustrate the corrosion potential and 

corrosion rate values obtained at each site. 

4.6.4 Comparison of Corrosion Rate Measuring Methods 

The sarne procedure was applied to the two types of probes. The guard ring was used at al1 140 

locations instead the three-electrode probe only at 10 locations. It is noted that at thtee locations 

(Site 9, locations 1 and 3; Site 1 1, location 4) the test could not be undertaken as no steel was 

detected. A correlation coefficient of 0.842 was obtained between the corrosion rate readings 

taken at the same location with the two the different probes as shown in Figure 4-1 2. 

O 10 20 30 40 50 60 70 

Canwion rate 'Guard Ring' ( p m/year) 

Figure 4-12: Comparison ofcorrosion rate vafues obtained with dif/ent probes 



Also, the i,,, values obtained with the three-electrode device were higher compared to the values 

obtained with guard ring. Evidently, this is related to the differences in the current confinement. 

The higher i,,, (3LP) is attributable to the lack of confinement, whereas the lower i,,, (guard 

ring) apparently results fiom the enhanced confinement. The readings using the g u d  ring will be 

used for fùrther analysis in Chapters 5 and 6 while the remaining readings using the 3LP were 

oniy conducted to compare the two types of devices. 

ln-situ Chloride Migration Test 

The newly developed portable in-situ chloride migration kit was used in this investigation to 

measure the chloride difisivity of the concrete directly on site without subsequent labotatory 

analyses. This was conducted on one location of each of the 35 sites. 

4.7.1 Preliminary Work 

During the month of September 1997 (prior to the main experimental program), a preliminq 

investigation was undertaken to ver@ the suitability of both the In-situ Chloride Migration test 

and the Autoclam Permeability System for on-site work. This was undertaken with the 

collaboration of RJ. ~ndrewsl~ ' ,  a research assistant at The Queen's University of Belfast 

designing and developing the in-situ chloride migration test (Ph.D. Thesis). The work during the 

main experirnental program was conducted in collaboration with both E. ~ c ~ a f f e r t y ' ~ ~ '  and RJ. 

~ n d r e w s ~ ~ ~ .  

The preiiminary work for the Autoclam will be dixussed later in the chapter. However, the 

preparation of sites and grid locations that apply to both tests will be discussed in this section. 

Grid locations were chosen on the deck for permeability and chloride migration tests. In this 

preliminary work, the deck surface was divided into two sections, the new concrete (the concrete 

overlay) and the old concrete (the original concrete deck covered by asphalt) which corresponded 

to the outer lanes reinforced for the tmck trafic, and the four central lanes, respectively (Figure 4- 

4). The sites were chosen near the joints, away fimm the joints, and at the top and bottom of the 

bridge. 



A total of 12 in-situ chloride migration tests were undertaken to obtain an appropriate testing 

technique. The procedure best suited will be discussed in detail in the following section where the 

main in-situ chloride migration work was investigated tùrther. The preliminary work was 

beneficial in gaining confidence in the test setup as it was the first time the test was used on site 

and to properly plan the inclusion of the test in the main experimental prograrn. The findings of 

the preliminary work of the in-situ chloride migration test are presented by Fazîo and ~ndrews[%': 

The equipment was robust for this type of work, hence it was included in the plan of the main 

experimental program for further investigation; 

Steady state was achieved in one working cias and 

The in-situ migration coefficients were able to identifi poor concrete in the central Ianes 

(original deck) and concrete with much less permeability in the outside lanes (concrete 

overlay). Also, they indicated that the concrete at the joints was in a worse condition 

cornpared with that away fiom the joints. 

4.7.2 Field Test Procedure 

The apparatus consists of 2 plexiglas cells, as shown by the schematic diagram in Figure 3-20. 

The variables used for on-site testing were: a voltage of 60 V, 0.5 M sodium chloride solution. a 

stainless steel cathode and a mild steel anode. 

4.7.2.1 Pnconditioning of Contreta Surface 

In order to achieve the steady state during testing, the area to be tested was saturated for 48 hours 

prior to testing. This was achieved by means of polythene rings, which were attached to the 

concrete using silicone and then filled with water. Ionic migration by difision through the free 

water within the concrete pore structure occurs if the concrete is saturated, but it stops once the 

concrete is dried out. ï he  pre-saturation of the capillary pores provides a medium that facilitates 

the passage of chlofide ions through the concrete, hence making it possible to reach the steady 

state. After the saturation period, the rings were debonded, the area patted dry with a sponge to 

remove surface water and allowed to dry suflïciently to secure the rubber seal without any leak. 



4.7.2.2 Test Setup 

The plexiglas base plate was secured to the concrete surface by mechanical clamping. Three holes 

were drilled and fitted with wedge-anchors, which held down the vice-clamps, which are used to 

seal the unit to the concrete surface. The piexiglas cell, the anode and cathode were assembled 

and placed in position. The clamping flange was placed over the plexiglas cell and using the vice- 

clamps pressure was applied to the metal clamping flange to seaI the outer ring to the concrete 

surface (Figure 4- 13). 

The inner ring was sealed by tightening the wing-nuts on the cross-bar. Distilled water was placed 

in outer cet1 and it was ensured that no leaks occwred- The inner cell was filled with the sodium 

chloride solution with a syringe avoiding any cross-contamination of the two solutions. The DC 

power supply was connected to the apparatus, with the positive lead connected to the mild steel 

anode and the negative lead to the stainless steel cathode (Figure 4-14). The potential difference 

was set to 60 V. This arrangement proved to be satisfactory during the preliminary work and was 

used during the main experimental program. 

Figure 4-13: Chloriak migration test setup on site 



Figure 4-14: Chloride migration tesring apparatus being used on sire 

4.7.2.3 Test Measurements 

On application of a potential difference, the chlorides migrate fiom the inner cell to the outer cell 

through the concrete. Afier the power was switched on, the time and the initial condition readings 

were recorded; temperature in the cell was measured using a themorneter and the current flowing 

in the system was monitored using a multimeter. The apparatus was covered with a specially built 

housing to minimize temperature fluctuations in the solutions caused by any intermittent sunny 

spells. This also protected the apparatus fiom any blown dust, which prevented the contamination 

of the solutions. 

During the progress of each test, the concentration of chloride ions arriving in the distilled water 

rnay be monitored by inserting an ion selective electrode and a reference electrode through two 

openings (specifically designed) in the lid. Hence, it is possible to measure the chloride content of 

the solution directly in the cell. However, in this investigation, it was decided that the electrodes 

rnight break and it would be better to collect samples of 20 ml in plastic bottles for later measure 

the chloride content in the samples. The samples were taken fiom the outer ce11 afler 2 hours and 

then hourly thereafier, untit a total of 6-8 samples were collected. The temperature and current 

were also recorded in the accelerated tests. The first reading was taken after a steady state 



condition was reached, that is afier 2 hours. The interval is usually maintained in the laboratov at 

two hours throughout the test duration. However, on site, one-hour intewal was used afkr the fint 

reading in order to curtail the test duration to one working day. In addition, on site number 15 

tests were mn using two-hour intervals and one hour intervals and compared to ensure that the 

slope of the concentration was consistent. 

The concentration of chlorides in the collected samples were measured using an Orion Ion 

Specific Clectrode (ISE) together with a double junction reference electrode and an Orion 

muftimeter. More details follow in Section 4.8 as the same electrodes and meter were used for the 

chernical analysis. In an ion selective electrode (ISE), the potential difference deveioped between 

the sensing and the reference e1ectrodes is a masure of the activity (concentration) of the reactive 

species. As the activity of the species reacting at the sensing electmde varies, so does the potential 

measured between the two electrodes. The sarnple chloride concentrations were measured after 

performing a calibration of the electrodes using two calibration solutions (100pprn and 1 OOOppm 

of sodium chloride solutions). By measuring the electrode potential using both the calibration 

solutions, and in a sample solution, it was possible to calculate the unknown concentration of the 

solution by using the following equation which is a different form of Nernst equation: 

where Concentration of the unknown solution; 

Concentration of the standardizing (calibration) solution; 

Difference between the observed potentials in the standardizing and the 

sample solutions; and 

The change in electrode potential per ten-fold change in concentration 

(electrode slope). 

4.7.3 Calculation of Chloride Migration Coefficient 

A typical concentration versus time graph is show in Figure 4-15. The test duration for the test 

on site number 15 was 6 hours. Regression analysis of the straight line portion of the graph gives 

the amount of chlorides passing through the concrete per unit tirne in ppmhour (dcldt). The 

steady state conditions was obtained afier two hours during the test as indicated by the straight 

line with a coeficient of tegression of 0.998 which is very close to unity, thus linearity. 

1 O6 



It is noted that on this particular site (Site 1 S), the test was r e m  adjacent to the 6-hour test for 12 

houn with a two hour interval throughout the test to ensure that the steady state condition was 

maintained, and the slope of the concentration plot was consistent. Figure 4-16 illustrates the 

concentration versus time plot for the 12-hour test conducted on site 15. Steady state condition 

was maintained and the value of the steady state migration rate of chloride ions (d&) for the two 

tests compared well, k ing  157 and 153pprn/hr, respectively, hence, the decrease in the time 

interval did not affect the final results as the slope values are very close. 
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Figure 4-15: Typical concentration vs. time graph for Site 15 (6-hour test duration) 
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Figure 4-16: Concentration vs. rime plor for Site 15 (12-hour test duration) 



Figure 4-1 7 shows the current versus time graph for the test conducted on site 15 (12-hour 

duration). There was an increase in the current corresponding to the start of the steady state 

condition. The current reached a peak value during the steady state and the measurements can be 

used as an indication of when steady state occurs during a The start of steady state 

indicated by the current versus time plot (Figure 4-17) was consistent with the resutt of the 

concentration plot indicating steady state conditions afier 2 hours (Figure 4- 16) in this particular 

case and al1 other cases in this investigation (Figures C-1 to C-3 in Appendix C). 

Figure 4-17: Current versus time plot for Site 15 (1  2-hour test duration) 

Figure 4- 18 shows the temperature versus time graph for the concentration versus time graph for 

the test conducted on site 15 (12-hour duration). There was no significant temperature increase, 

with an average temperature of 3 lS°C for the steady state portion. This is important as a rise in 

temperature during testing may give a false value of the chloride difisivity. 

~ n d r e w s ~ ~ '  presented the theoretical basis for the calculation of a migration coefficient and 

described how the theoy was used to obtain a coefficient for the in-situ chloride migration test. A 

brief description is included in Chapter 3 (Section 3.4.3.2). With the value of dddf obtained from 

Figure 4-16, the flux of chloride ions (J) is calculated using Equation (3-29). Consequently, with 

the flux value and the average temperature obtained from Figure 4-18, the chloride difision 

coefficient of concrete (cm's-') is calculated using Equation (3.28). The values of C, LE, L, Y, 

and A needed in Equations (3.28) and (3.29) were 0.55 M, 60V, 12-25 cm, 725 cm3 and 1 17 cm2, 

respectively (see Section 3.4.3.2 and Appendix C). The same procedure and calculations were 



conducted for al1 35 tests (Appendix C). The in-situ chloride miwion coefficients (Dm,,) 

obtained for each site are shown in Figure A-5 (Appendix A). 

Figure 4-18: Temperature versus rime plotfor Site 15 (12-hour test duration) 

4.8 Chloride Profiles 

The determination of chloride content is part of any investigation into the corrosion of reinforced 

concrete stnictures. This method of sarnple analysis was used to obtain the chloride concentration 

profiles at various depths fiom the face of the chloride environment. 

4.8.1 Concrete Dust Sampling 

Obtaining a representative sample of the concrete dust to be analyzed was considered as important 

as the accuracy of the method for analyzing the concrete simples for ~hloride["~. 

4.8.1.1 Sample Collection Equipment and Procedure 

The sampling procedure selected for the field use was in accordance to the method endorsed by 

the Strategic Highway Research Program (SHRP), unit of the National Research Council in the 

United ~tatesl"]. The sampling procedure consisted of drilling holes using a rotary impact drill 
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and a 29 mm (1 1/8") diameter Hilti bit. This diameter was considered sufficiently large to negate 

or minimize the influence of the maximum aggregate size on the test results. A standard Hilti 

carbide vacuum bit with a hole through the center of the shafl was used. The Hilti carbide vacuum 

bit and its collection adaptor allowed the drill cuttings to be removed fiom the cuaing surface by 

means of a vacuum system. A drill-stop depth indicator controlled the drilling depth. The sample 

collection system consisted of a 2.25 hp wet and dry vacuum cleaner chamber, with a plexiglas 

sample collection chamber, filters, and plastic tubing connected to the Hilti bit assembly. The 

system significantly reduced the concrete sample collection time and the accuracy was improved 

as weIl. 

4.8.1.2 Test Procedure 

Concrete powder sarnples were obtained for total chloride ion concentration analysis using the 

carbide-tipped bit, at 5 mm depths increments. Thtee holes were drilled in the selected location to 

ensure that a representative sample was obtained. The concrete dust was collected in the sample 

collection unit retained by the filter. At every increment, the dust sample was pfaced in a sealed 

polythene bag and the filter was replaced with a new one until a total of 10 samples were 

collected (total depth of 50 mm). 

4.8.2 Chernical Analysis for Concentration Profiles 

The powder samples were analyzed for their acid-soluble chloride content (Le. approximate total 

chloride content percent by weight of concrete) using a chloride ion specific ion electrode. The 

specific ion electrode technique was chosen as it has been considered to be the best method by 

SHRP for field measurements based on accuracy, cost, time to perform the test, and technical 

expertise needed to conduct the test['*'. 

4.8.2.1 Apparatus and Mabrials Used 

The apparatus and materials needed to conduct the chernical analysis is as follows: 

Orion Ion-Specific-Electrode (ISE) together with a Double lunction Reference Electrode; 



* Orion 420A benchtop meter, 

@ F ive calibration solutions 0.0 1 -, 0.03-, 0.3 -, O.&, and 1.25-percent chloride concentration, 

based on a 3.0 g powdered concrete specimen; 

20 ml of digestion solution for each measurement (940 g distilled water, 60 g glacial acetic 

acid and 50 g of isopropyl alcohol); 

80 ml of stabilizing solution for each measurement (standard 3.75 ppm chloride solution 

made fkom O. 1545 g of sodium chloride and 1 liter of distilled water). 

An ekctronic scale sensitive to O. 1 g needed to weigh the specimen and sensitive to 0.0001 g 

needed to weigh sodium chloride for the calibtation and stabilizing solutions; 

Magnetic stirring plate; and 

Beakers, spatulas and weighing papers. 

4.8.2.2 Instrument Calibntion 

The chloride ion concentration was calculated indirectiy from the potential that is measured using 

an ion-specific probe. It is based on the principle that the measured potential of a solution depends 

on the concentration of the reactants and the products involved in a cell reaction. The potentiai 

resulting from the presence of CI- is not converted automatically, but must be obtained through a 

series of steps, which are discussed in the following. 

Preparation of Calibration Solutions 

To calibrate the electrode, the potentials of 5 known CI- concentrations are recorded. These 

solutions were prepared by adding sodium chloride to distilled water in the correct quantities such 

that solutions with the desired concentrations of Cl' ions were obtained. Solutions with 1.25, 0.6, 

0.3,0.03 and 0.0 1% by weight CI' based on a 3 g concrete sarnple. Table 4-2 shows the weight of 

sodium chloride added to one liter of distilled water in order to obtain the desired concentrations, 

as well as the equivalent concentration in ppm. 

Calibration of the Smcific Ion Probe 

The specific ion probe was calibrated against the set of five solutions each time it was used. The 

reference electrode was rinsed ttioroughly with distilled water. Twenty millilitres of each solution 

was dispensed in 50 ml Nalgene bottles and labeled appropriately. The probe was placed in each 



liquid until the reading did not change by more than 0.2 mV during a 60 second priod starting 

with the lowest concentration standard and progressing to the highest. The entire series of 

readings was repeated another nine cimes. The average of the ten readings was calculated for each 

solution as well as the deviation between the readings. If no deviations exceeded the maximum 

limits (the allowable deviations of the specific ion electrode were: 4.5 mV for 0.01%, and 1.5 mV 

for the remaining solutions), then the average of the ten readings for each concentration was used 

to plot a calibration curve for the specific probe meter combination. if this condition was not 

satisfied, the electrodes were checked closely for any problem. 

Table 4-2: Prepmarion of cafibraring solutions 

Glibrating Solution NaCl (g) added to k e n  t ra t ion 

(%Cl-) distilled water (ppm of CI-) 

Calibration Curve and Eauation 

The calibration equation was determined by performing a linear regression of the millivolt 

responses ( X )  versus the log,, of the chioride concentrations of the respective caiibration solutions 

(Y) which produced an equation in the following f~rmat~"~: 

log,, (ppmCf - ) = A + Bx (4-2) 

where A and B are constants, that is the intercept and the dope respectively derived fiom the 

calibration -ph. The dope inverse was found to be between 54 and 60 mV/decade at 25°C. If 

not, the electrode were checked for any possible problem. Figure 4-19 illustrates a calibration 

graph of one of the calibration exercises undertaken during the experirnental prograrn. The 

potentials obtained to plot the calibration curve shown in Figure 4-19 are included in Appendix D 

where an example of the details of the calibration series are included (Figure D-1). 
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Figure 4- 1 9: Typical calibration curve 

4.8.2.3 Test Procedure 

There is a strong relationship between the specific ion electrode test results conducted by SHRP 

of the companion crushed (number 50 sieve) and uncrushed (as-collected) chloride samples'"'. 

Hence, in this investigation the concrete powder for concentration profiles of acid-soluble 

chlorides was tested as collected. 

Afier calibrating the probe, the acid-soluble chloride content of every powdered sample was 

measured using the following method endorsed by SHRP[''~. 

20ml of digestion solution was placed in 150 ml glass beaker; 

3.0 + 0.1 g of well stirred powdered concrete sample was weighed; 

Sample was placed in the beaker with the digestion solution and mixed vigorously using 

magnetic stimng plate to suspend the powder in the solution and the powder was allowed to 

digest for 3 minutes; 

80ml of the stabilizing solution was added to the mixture and the total solution was well 

mixed for an additional minute; 

Specific ion probe was placed in the solution and the reading was recorded after the millivolt 

reading had stabilized; and 



After each reading, the electrodes were rinsed with distilled water. 

The above procedure was conducted for every 10 samples of the concrete powder collected at 

each of the 35 sites. 

4.8.2.4 Catcutation of Chloride Percentage 

The acid-soluble chloride content percent by weight of the concrete was deterrnined fiom the 

logarithmic inverse of the regression equation (Equation (4.2)) minus the chloride added by the 

stabilizing solution, and converted to petcentage of chlorides by weight of concrete (YoChI), as 

fol~ows['~': 

where 0.0033 adjusts the resulting concentration of chlorides in ppm for the use of a 3 g powdered 

concrete sample of concrete in a 100 ml solution, that is the total solution made up of 20 ml and 

80 ml of digestion and stabilizing solution, respectively. This test method was found by S H R P  to 

have no bias in comparing the experïmental results with the reference values determined in 

accordance with the standard laboratory titration procedures (AASHTO T 260-~4)~"~. 

In addition, approximate conversion of the chlotide by the weight of concrete to chloride by 

weight of cernent was performed by direct proportioning of the cernent to the concrete in the mix 

design. A sample density of 2400 kg/m3 and cernent content of 375 kg/rn3 were assumed. Hence, 

to convert chloride percent by weight of the cernent, the values obtained fiom Equation (4.3) were 

muttiplied by 0.15625 (i.e. by the ratio 37512400). 

From the chernical analysis results obtained, the distribution of chloride concentration at the 

different depths of cover were plotted to obtain the chlorîde concentration profiles. Figures 4-20 

and 4-21 illustrate how the chloride content changed with depth h m  the surface (12 sites out of 

the 35). The remaining concentration profiles are illustrated in Figures D-2 to D-5 (Appendk D). 
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Figure 4-20: Concentration chloride profles through concrete (Sites 8, 1 1, 12, 17 and 24) 

Figure 4-2 1 : Concentration chioride pro3fes through concrere (Sites 1-3, 6, 9, 18 and 6 7) 



4.8.3 Chloride Profile Evaluation 

By inspecting the curves shown in Figures 4-20 and 4-21 and in Appendk D, it can be noted that 

for most cases, the chloride content decreases with increasing depth into the concrete, indicating 

that the chloride has penetrated the hardened concrete h m  the surrounding environment and was 

not present in the concrete when it was cast. In addition, the curves fie well above the threshold 

acid-soluble chloride content value (percent by weight of cernent) reponed by the AC1 Cornmittee 

222''*', which is 0.2% as reported in Table 2-1, with the exception of sites I,2,4, 14 and 29. 

4.8.3.1 Chloride Content at SWel Level 

The chlonde content at the reinforcement level was determined to confirm the electrochemicaI 

test results. This is a masure to predict if corrosion is present according to the threshold values. 

As the concrete cover was determined previously at al1 four locations on each site, the concrete 

cover of the corresponding location where the powdered concrete was collected was used to 

determine the chloride content at the steel level (%Cl) fiom the plotted chloride profiles. Figure 

A-7 (Appendix A) illustrates the chloride content at steel level values obtained at each site. 

4.8.3.2 Calculation of Apparent Chloride Diffusion Coenicient 

Deterrnining the apparent chloride diffusion coefficient (Da) of the concrete sutface involved first 

determining the total chloride content of the concrete over a range of depths as previously 

demonstrated. The data obtained fiom the chlonde content as a fimction of depth for al1 35 sites 

was evaluated by conducting a curve-fitting of the chloride profiles by means of a linear 

regression analysis. The chloride difision characteristics were detennined using the method 

outlined in Section 3.4.2.2 based on Fick's Law. Following the procedure outlined by 

POU l ~ e n ~ ~ ' ~ ,  the measured concentration values, C(x, t), for each profile were included in Equation 

(3.22) assuming an initial chloride concentration (C,) value of zero. A regression analysis of the y 

values obtained fiom Equation (3.22) against depth, x, was then carried out for each site. Figure 4- 

22 illusnates a typical exarnple of a linear regression analysis of the transformed variables for site 

number 3. This enabled g and a values (the y-intercept and the dope of the straight line) to be 

calculated using Equation (3.21) as shown in the top nght in Figure 4-22. The straight line show 

in the plot indicated that the data followed Fick's diffision law. Finally, the apparent difision 



coefficient was obtained h m  Equation (3.25) assuming a chloride exposure period of 35 y-, 

that is since the structure was built until 1994, when the bridge was decommissioned. 

Figure 4-22: Linear regression anaiysis of the tronsfoormed variables (Site 3) 

The above procedure was conducted for chloride profiles at al1 35 sites as show in Figure A-8 

(Appendix A) and Table D-l (Appendix D). An apparent chloride diffusion coefficient was not 

calculated for sites 16, 20 and 2 1 as the plotted data did not show a linear relationship between y 

and x, hence it did not follow Fick's Law. This is an approximate method; the profiles are not the 

most accurate, as it depends considerably on the sarnpling techniques and also on exposure 

conditions which are variable. Therefore, it's dificult to calculate an apparent diffusion 

coeficient. 

Autoclam Permeability System 

The Autoclam Permeability System was used in this investigation to measure the penneation 

properties of the concrete directfy on site without any subsequent laboratory analyses. This was 

conducted on three of the four locations at each of the 35 sites. The preliminary work was 

undertaken prior to the main experimental program to investigate which of the three test 

techniques (sorptivity, aif permeability or water permeability) was most suited for site work and if 

the equipment was robust enough for this type of work%'. The preliminary work was undertaken 

with the collaboration of R.J. ~ n d r e w s l ~ ~ ,  while the work during the main experimental program 



was conducted in collaboration with both E. ~c~of fe# ' l  and R.J. ~ndrews"' frnn The 

Queen's University of Belfast. 

4.9.1 Preliminary Work 

The sites were chosen as discussed in Section 4.7.1. A total of fi& tests were undertaken to 

develop an appropriate testing technique. The procedure used is detailed in Section 3.5.5 with 

slight differences, which will be pointed out. The air permeability tests depends strongly on the 

moisture content of the concrete, and therefore, the concrete was preconditioned by surface drying 

for 20 minutes using a propane heater prior to the air permeabitity test. The relative humidity was 

measured at 10 locations and at depths of 10 mm and 25 mm h m  the concrete top surface; these 

were found to be on the average 85% and 89%, respectively. The Autoclam findings showed the 

limitations of using the air permeability and the sorptivity tests due to the high moisture content of 

the surface concrete. However, by using the water permeability test, it was possible to assess the 

water permeability of the concrete on the bridge deck on a relative basis. The procedure best 

suited for the water permeability work will be descnbed in detail in the following section where 

the main water permeability work was furthet investigated. The findings of the preliminaq work 

on the water permeability test wereIW1: 

The applied pressure for the water permeability was only 0.5 bar. The Autoclam was king 

modified by Queen's University to withstand a higher pressure ( 1  -5 bars) as the test pressure 

was lower than the sufiace tension forces in capillary pores filled with water; 

The equipment was robust for this type of work and the procedure was quick (20 minutes per 

test); 

The readings were obtained at the rate of one per 15 minutes, allowing a large amount of 

information to be developed at close intervals across a given concrete member; and 

The coefficients of permeability values were used to identifi the poor concrete in the central 

lanes (original deck) and the concrete with much less permeability in the outside lanes 

(concrete overlay). 



4.9.2 Water Penneability Test Procedure 

Based on the preiiminary work undertaken, the water permeability test was chosen to be the most 

suited for site work. The water penneability test was conducted at every one of the 35 sites. Three 

tests were undertaken at each site where an average of the thee tests was conducted. 

4.9.2.1 Relative Humidity Measurements 

The propexties of concrete are a fbnction of time and ambient humidity, and this is why the 

permeability tests were performed under specified or known conditions. The relative humidity 

was measured next to the permeability tests for sites 1 to 8 and 18 to 25 (Figure A-9 in Appendix 

A). The readings at depth of 10 mm and 25 mm were fiom the concrete top surface were found to 

be on the average 86% and 90a/o with a standard deviation of 7% and 2%, respectively. This was 

consistent with the preiiminary work. A hand-held relative humidity meter (Novasina Mode1 

MS 1 ) was used to measure the RH and the temperature as shown in Figure 4-23. This meter 

enables an accurate evaluation of the relative humidity as it is able to measure over the entire 

range from 5 to 95% and at temperatures of -1 O°C to 50°C with an accuracy of * 1 % and I0.3OC, 

respectively. The sensor, which is mounted on the meter, is developed for use in the concrete 

utilizing an expandable gland to enable a seal within the hole drilled. The diameter of the hole in 

the investigation was 16 mm. 

Figure 4-23: Measuremenr o/RH nerr ro permeabiw resr 



4.9.2.2 Preconditioning of Concrede 

It has been suggested that if a measurement of the moisture content at the time of test is possible, 

the Autoclam indices could be reported for a standard moisture content after applying appropriate 

corrections[921. However, with the available information it is difficult to apply on site and needs 

fùrther investigation. These tests were undertaken in the laboratory with known waterkement 

ratios and concrete mix designs. Samples removed fiom site for laboratory testing can be 

conditioned to a controlled moi- condition. For in-situ tests, this cannot be achieved and 

pragmatic steps may have to be adopted such as not performing water permeability tests within 48 

hours of a rainfall. However, for the present study, this was not enough as the ambient relative 

humidity was quite high (Section 4-92.1) even on a hot summer day (temperature = 35°C) afier 

two weeks without any min. The concrete could not be dneô to a constant moisture content as the 

RH would rise up to 9002 afier simply three to four minutes after drying, thereby not permitting 

enough time to run the test which took about 15 minutes in total. It is noted that if steady state of 

flow is establisheù, the concrete should be saturated and the permeability is expressed as a 

coefficient of permeability and not as a water pemeability index['''. The difference of the two is 

explained in Section 3.5.5.3. Hence, it was decided to pond water for 48 hours by means of 

polythene rings which were attached to the concrete using silicone, and then filled w i h  water 

prior to testing in order to achieve a steady state of flow during the permeability test. This was 

considered the most appropriate choice considering the high moisture content in the concrete even 

though it has been reported that a steady state is not achieved through the entire pore system 

under the test arear'''. Montgomery and ~ d a m d ~ ' ]  under td  some work using ponded specimens 

using a pressure of 1.76 bars which is much larger than the value used in this investigation ( O S  

bar), however, the pressure was not changed fiom 0.5 bar for the present study. 

4.9.2.3 Checks and Calibration 

Before a series of tests, the Autoclam unit was checked for air tightness. The Autoclam was fixed 

ont0 a solid metal plate and the air pressure i n c d  to approximately 0.5 bar. The priming 

valve was then closed and the pressure monitored for 15 minutes. If the pressure was observed to 

fall, this implied that the Autoclam needed to be checked for any possible problem as the steel 

plate is impermeable to air flow, hence the pressure should remain at the initial reading (0.5 bar). 



4.9.2.4 Water Pemwability Test Setup 

After ponding for 48 hours, the polythene rings and water were removed. The test a r a  was 

patted dry with a sponge to remove the surface water and allowed to dry sufficiently to bond the 

base ring of the Autoclam to the concrete surface using isopon (car body filier). Afier the unit was 

clamped to the 50 mm base ring, the procedure described in Section 3.5.5.3 was followed. Figure 

4-24 illustrates the Autoclam k i n g  used on site. 

Figure 4-24: Wuter Permeabiiity memurement on site 

4.9.3 Calculation of Coefficient of Pemeability 

The data was downloaded h m  the data-logger and the volume of water absorbed over the test 

area was calculated by multiplying the movement of the piston (fiom the readings downloaded 

from the unit) by the cross-sectional area of the cylinder. The volume of water flowing into the 

concrete and the time elapsed was plotted for each test and the slope of the line for the last 10 

minutes (5 to 15 minutes) of the test duration was extracted as s h o w  in Figure 4-25 for site 6 

(location one). As shown in this case, the graph illustrates that a steady state has been reached as 

the line is quite straight. This is the case for al1 the tests undertaken in this investigation, and 

which are included in Appendix E. 
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Figure 4-25: Calcularion of rate ofjlow for the steady state (Sire 6. location 1) 

The slope of the second portion of the graph repfesents the rate of flow for the steady state (9)- 

The flow values of the three readings are shown in Figure E-3 (Appendix E) with the 

corresponding average values of each site. These values were used to obtain an average 

coefficient of permeability for the site. Knowing the rate of flow, q, Equation (3.30) was applied 

to calculate the coefficient of permeability. In Equation (3.30) the calibmtion factor, c, needs to be 

known as explained in Section 3.5.5.3. This was possible by calculating a proportionate 

calibration factor for the steady pressure of 0.5 bar that was applied during the test compared to 

the 1.76 bar (25 psi) pressure used by Montgomery and ~dams'~' ' .  The calibration factor is equal 

to 0.714 x for the 1.76 bar as indicated in Section 3.5.5.3 and for 0.5 bar pressure, the 

coefficient was found to be 0.207 x 10'~. 

It is noted that the values of the coeficient of permeability values were expected to be low as the 

applied pressure during the test (0.5 bar) is smaller than the surface tension forces. In addition, the 

coeficient values need to be adjusted for the area which took part in the flow. That is, flow takes 

place through bigger pores and not through the fine pores as the surface tension force is small for 

the larger pores['41. This was not calculated in this investigation as it requires detailed calculations 

using Washbum's equationl'71 where the capillary radius, depth of penetration, surface tension. 

fluid viscosity, and contact angle need to be known. Figure A-10 (Appendix A) illustrates the 

coeficient of permeabitity values obtained for each site. 



4.q 0 Water Absorption Test 

In addition to the nondestructive penneability testins 12 cores were obtained h m  10 sites and 

subsequently tested in the laboratory for water absorption capacity. The in-situ testing was not 

sufficiently quantitative to allow for prediction of actual permeabilities h m  the results of the 

field tests as the RH was so high and the applied pressure was so low. The in-situ test must 

therefore be regarded as an indicator of the relative permeability, hence it was decided to use a 

standardized laboratory technique to obtain a quantitative value. However, it is noted that the 

absorption test measures the total volume of water absorbed and not the penneability of the 

concrete. The standard followed for this test was the British Standard 1881 :Part 122: 1 983[891 

which is performed on core specimens. 

4.10.1 Test Procedure 

Twelve cores, each measuring 75mm in diarneter were obtained from the various sites, thereby 

ensuring a result that would be representative of the entire area k ing  tested- The specimens were 

then cleaned and cut or planed. The cores were dried at 105°C for 72 k 2 hours, cooled for 24 +, 

0.5 hours in an airtight vesse1 and then weighed. They were then immersed in water for 30 

minutes, then they were removed fiom the water, dried with a cloth and weighed again. 

4.10.2 Analysis of Results 

The absorption of each specimen was calculated as the increase in mass resuhing fiom immersion 

expressed as a percentage of the mass of the dry specimen. A correction factor according to the 

length of the specimen was obtained fiom the British Standard 1881 :Part 122: 1 9 8 3 ~ ~ ' .  The 

product of this correction factor and the measured absorption was considered to be the corrected 

absorption, this k ing  the equivalent absorption of a core with a standard length of 75 mm. Figure 

A-1 1 (Appendix A) illustrates the water absorption values obtained for al1 12 cotes. 



4.1 1 Concrete Compressive Strength 

The concrete compressive stren& was measured using cores extracted h m  the structure. The 

fundamental purpose of meamring the strength of concrete test specimens was to estimate the 

strength of concrete in the actual structure. The concrete on site is of much lower quality than the 

results of indirect tests would indicate["l. In-situ strength testing overcomes some of thex 

problems provided the test methods give reliable results. The values obtained is only an 

estimation as the strength of a test specimen depends on its shape, heightdiameter ratio and size, 

so that a test result does not give the value of the inûinsic strength of concrete. There exist some 

methods of determining the in-situ strength of concrete, but the limitations on the interpretation of 

the test results must be taken into account. Non-destructive testing methods should not be used on 

their own but in combination with corhg or partially destructive tests such as the pull-off testl3; 

"'. In this investigation, it was decided to test drilled cores as the bridge was being demolished, 

but in normal circumstances such as inspections of bridges, nondestructive measures should 

preferably be exercised- 

4 1 1  Test Procedure 

The standard adhered to during this test was the ASTM C39-93a (Standard Test Method for 

Compressive Strength of Cylindrical Concrete ~~ecimens)[~" and involved applying an axial 

compressive load to the core at a rate which is within a presctibed range until failure occurs. 

One core per site was obtained by means of a core drill. The specimen was carefùlly removed by 

drilling with a diamond bit perpendicular to the horizontal surface. Both the British and the 

ASTM Standards speciw a minimum core diameter of 100 mm (4") with the proviso that the core 

diarneter be at least 3 times the maximum size aggregate; however, ASTM C42-90 allows, as an 

absolute minimum, this ratio to be 2'3L'. In this investigation, 100 mm diarneter cores were 

impossible to obtain because of the congestion of the reinforcement. The spacing ôetween the 

steel bar was 152 mm (6") center to center (approximately 136 mm clear cover spacing), hence, 

making it very dificult to obtain a core without the reinforcing steel. In addition, the thickness of 

the slab was only 152 mm (6") in total, hence the cotes would not have been long enough as the 



minimum allowable height-diameter ratio specified in the A S M  C39-93a standard19'' is 1.00. 

Only one core of 95 mm in diarneter was obtained and then it was decided to use 75 mm diameter 

cores as it was easier not to drill through a steel bar and would be long enough to sais@ the ratio 

stated in ASTM C42-90. 

4.1 1.1.2 End Preparation and Moisture Conditioning 

The cylindrical specimens were obtained usually with end surfaces which were far h m  king 

plane and square. The ends of the cores to be tested in compression need to be essentially smmth. 

perpendicular to the longitudinal axis, hence the ends of the cores were sawed and grinded to 

meet the requirements ststed in ASTM ~ 4 2 ~ ' .  The specimen were submerged in water at 23.0 

k 1.7"C for 48 hours imrnediately prior to performing the compression test. 

4.1 1.1.3 Specimen Testhg 

Pior to testing, the length of the specimen was measured in accordance with the provisions of test 

method ASTM Cl 74[971. Just before testing, the cores were removed fiom water and patted dry. 

The specimen was placed on the platen of the testing machine directly under the spherically upper 

bearing block. The testing machine used was MTS Rock Frarne. Each core was placed in turn in 

the machine with its axis aligned with the centre of thnist of the spherically seated block. A load 

was applied by the testing machine at a rate of 0.0056 mm/sec. The load was then applied until 

the specimen failed, and the type of failure was recorded. The data including the dimensions of 

the cores, the rate of the applied load, the load and the displacement at each step of each test were 

recorded by a data acquisition system connected to the testing machine. 

4.1 1.2 Calculation of Compressive Strength 

The load and the corresponding displacement obtained for each test was plotted. An example is 

show in Figure 4-26. The maximum load was detennined fiom the Ioad versus displacement 

plots. The compressive strength of each specimen was calculated by dividing the maximum load 

carried by the specimen during the test by its cross-sectional area. In instances, where the 

specimen length to diameter ratio was less than 2, the result was conected by multiplying with the 



appropriate correction factor in the ASTM c3919']. The above procedure was conducted for al1 35 

cores. Figure A-1 1 (Appendix A) illustrates the compressive strength values obtained for each 

site. It is noted that on site 1, two cores were extracted next to each other, one with 75 mm 

diameter as the rest of the cores, and the other with a 95 mm diameter. The compressive strength 

after applying the strength correction factor of the former was of 22 MPa while for the latter was 

MPa. 
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Figure 4-26: Force versta displacement plot (Sire 21) 

4.12 Carbonation Depth 

The determination of the depth of carbonation was camed out using drilled cores (75 mm in 

diameter) in accordance with the RILEM Recommendation CPC-1 8IgS1. A total of 6 cores which 

were unsuitable for compression testing due to the delamination, thus king  too short, or due to 

the presence of reinforcing steel were tested immediately on site for the carbonation depth. The 

objective of the test was to obtain information as to whethcr the carbonation fiont had reached the 

reinforcing steel. The core was broken by a chisel and the test carried out directly on site. A 

solution of 1% phenolpkthalein in 70% ethyl alcohol was sprayed immediately after the core was 

slit and the depth of wbonation was measured afier 24 hours as recommended by RILEM["'. The 

depth of carbonation was found to be zero, that is there was hardly any carbonation of the 

concrete. This can be due to the high RHof the concrete, which inhibits ingress of carbon dioxide. 



5 Presentation of Experimental 
Results 

5.1 Introduction 

The details of the experimental program and the evaluation of appropriate parameters were 

included in the previous chapter. The results of the experimental program are presented in this 

chapter. The quantitative parameters in question are the half-cell potential (both the half-ceIl 

potential survey and the corrosion potential (&,,), the corrosion rate (CR), the delamination 

(Delam), the concrete cover thickness (Cover), the percentage chloride at steel the level (%Co, 
the apparent chlonde diffision coefficient (D,), the in-situ migration coeficient (Dm,), the 

electrical resistivity @), the coefficient of permeability (&,,,), and the concrete compressive 

strength (Sir). 

5.2 Field Test Results: Condition of the Bridge 

The existing state-of-health vis-a-vis corrosion darnage and concrete quality is detennined by 

having a close examination of the data obtained fiom the experimental program- Sufficient data 

was collected to determine the cause of the problem, and to determine the extent of the damage. 

This will be presented visually to detect any trends in the distribution of the data which will be 

discussed for al1 of the parameters influencing the behavior of the bridge deck with reference to 

the visual plots and the basic descriptive statistics. The east and West sides of the bridge are 

investigated individually and the diflerent trends are reviewed. 

5.2.1 Descriptive Statistics of Experimental Data 

The basic descriptive statistics of ail of the experimental data (as-collected/original data) are 

summarized in Table 5-1. The findings show a large variance in some of the parameters such as 

the apparent chloride diffisivity coefftcient and the coefficient of permeability. This large 



variance (COV in Table 5-l), requires that before undertaking any regression analysis of the 

various parameters involved, the distribution of the data of each variable must be examined for 

signs of normality, outliers and skewness. Also, appropriate transformations can be applied to the 

parameters when the COV is large to improve agreement with normality. This will be discussed in 

detail in the following section. Meanwhile, in this section the original data is presented, which 

represen ts the 'as-col lected' data. 

5.2.2 Assessrnent of Corrosion Risk Levels 

Assessing the corrosion risk represents a tremendous challenge especially to establish the various 

levels of corrosion activity. Although there have been a few attempts in the past to define 

durability of concrete bridges based on certain observed parameters, the scales proposed were 

based only on visual eval~ations~~'~. In the present study, the quantitative criteria for assessing 

deterioration risks and for predicting durability was obtained h m  the data for the pararneters 

under investigation, partiy fiom the codes and partly fiom the published data. Tables 2-1 and 3-2 

to 3-6 in the previous chapters give the criteria, which were used for classifiing the condition of 

the bridge deck. These are recommendations fiom the various codes indicating the risk levels. The 

other parameters were classified on a relative b a i s  (by comparison within the measured values). 

Table 5-2 lists the number of readings in each range and the percentage distribution of the 

readings for each parameter. The visual plots (Figures 5-8 to 5-13) are based on these ranges 

which are discussed in the corresponding subsection. References will be made to the descriptive 

statistics as well. 

5.2.3 Visual Inspection 

The bridge deck was inspected for the varying levels of concrete deterioration related to the 

different degrees of corrosion of the steel reinforcement. Based on the visual inspection of the 

bridge deck, it was found that most of the deck was in bad condition as show by the 

photographic records presented in Figures 5-1 to 5-7. Presence of nist, spalling of the concrete 

cover, exposure of the reinforcing steel, and loss of the steel cross-sectional area were noted at 

several bcations (Figure 5-1 to 5-4). This was noticed mostly towards the crest of the bridge. The 

W e s t  side of the bridge deck showed more damage, especially on the underside of the bridge deck 

(Figures 5-5 to 5-7). The expansion joints situated at grid locations 36 m and 127 m were found to 
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Ta bk 5-2: Criferia for ciussrjkation of test resulrs 

- - 

Number of values in each ange 
Entire East side of West side o f  
deck (?ho) deck (O/o) deck (Yo) 

potential ruwq / -200ro-3SOmV 22 27 
1 

1 Below -2ûOmV 2 2 
/ Above-500 mV 42 35 

Corrosion (open- j -350 to-500 mV 3 1 3 1 

circuit) potemial I -200 to -350 mV 2 1 23 
' Below -2OOmV 6 I I 

; Below Içim/year 

Corrosion rate I O  to 45 Myear 47 52 43 

1 Delaminated 53 34 7 1 
Delamination ; Nondelaminatcd 

47 46 29 
i Below 25 mm 29 37 22 

Concrete cover i 25 to 40 mm 30 26 3 3 
th ickness 1 40 to 50 mm 26 18 32 

: Above 50 mm 15 18 13 
: Below 0.2% 17 29 6 
1 

Chloride content : 0.2 to 0.4% 1 I 18 6 
at s t d  levd 1 0.4 to 0.6% 17 12 22 

i Above 0.6% 54 4 1 67 
! Below 3.0X  IO-^ cm2/sec 19 25 13 

Apparent i 3.0 to 13.0X l o * ~  cm2/sec 59 56 63 
chloride diffusion 1 u> .OX 0 - ~  
coefficient 

16 19 13 
! Above 23 .0~  1 0-9 crnZ/sec 2 O 13 
j BeIow 3.OX 1 o4 cm2/sec 1 I 12 II 

3-0 to 6 .0~1 o4 cmZ/sec 37 53 22 
migration Y 6.0 to 9.OX 1 o - ~  cm2/sec 29 
coefficient 

1s 39 
i Above 9 . 0 ~  I o4 m'/sec 23 18 28 
' Relow 5 kR.cm 52 52 5 1 

Electrical l 

I 5 to I O  W.cm 3 1 25 36 
resktivity of  
concrete 

10 to 20 m c r n  15 18 13 
, Above 20 kZZcm 2 4 O 
i Below 10.0X I O-'* mlsec 56 

hffiCimt j I 0.0 to 20 .0~  I O-" m/wc 2 I 
permeability o f  
concrete 

1 20.0 to 3 0 . 0 ~  1 0-la dsec 9 
/ Above 30.OX 1 O-'' mlsec 15 

Water 1 1 Below 3% 83 
absorption of i 3 to 4% 17 
concrete j A h v e 4 %  O 

Concwie 
Bclow 20 MPa 29 3 1 28 
20 to 30 MPa 29 3 1 28 

compressive 
strengt h 

1 30 to 40 MPa 29 3 1 28 
1 Above40 MPa 12 6 17 



be leaking and there were signs of run down f?om the bridge deck to the underside of the deck. It 

is noted that there was no specific drainage system on the bridge. 

Upon removal of the asphalt, it became clear that some parts of the concrete deck had been 

repaired in the pst. This was evidenced by certain areas having different colour and texture as 

well as  different sizes of aggregate sizes (mostly in the vicinity of the two expansion joints, that is 

grid locations 36 and 127 (Figure 4-4)) fiom the rest of the deck. Unfomnately, no records of the 

exact Iocations of repair or the material used were available, but the city engineer (Mr. Robert 

Cardin) confirmeci that some repairs were undertaken throughout the past years. In addition, the 

placement of reinforcing steel was not properly done as illustrated in Figure 5-1. The concrete 

cover to the reinforcing steel was deficient in several places and thus the reinforcing steel did not 

get the desired protection fiom the alkaline environment. Some of the rebars were within the 

asphalt surface, where it is exposed directly to the aggressive agents fiom the environment. It is 

evident that quality control during construction was not adequate. 

Figure 5- 1: Exposure ofrein#wcing steel and concrere ctererioration (Sire 7) 



Figure 5 2 :  Corrosion ofiein$orcing steel anà spafling of concrete cover (Site I I )  

Figure 5-3: SpuIling ofthe concrete cover ( w t  si& of bridge deck) 



Figure 5-4: Loss cf the steel cross-sectionai area (Sire 22) 

Figure 5-5: Underside of bridge &ck (Site 28) 



Figure 5-6: Underside of bridge deck (Sire 30) 

Fiure  5-7: Undersi& of bridge &ck (Site 31) 



5.2.4 Potentials and Corrosion Rate 

A half-ceIl potential survey of the entire bridge was undertaken over a grid of one meter by one 

meter as indicated in Section 4.2. The corrosion (open-circuit) potential (&,) and the corrosion 

rate (CR) of the reinforcing steel (using linear polarization test) were obtained only at the 

locations where the detailed investigation was undertaken (Sections 4.6.2.2 and 4.6.23). 

5.2.4.1 HaIfCeII Potential Suwey 

Half-cell potentials are sensitive to the variations in the environment; the most sensitive variable 

is the moisture content. However, it is important to realize that the moisture of the concrete does 

not influence the potential contours. The potential h o m e  more negative as the moisture content 

of the concrete variesp'. The relative humidity (RH) was observed to be quite consistent 

throughout the bridge, but on the average it was quite high. The RH at depths of 10 mm and 25 

mm fiom the concrete top surface were found to be on the average 86% and 90%, respectively 

(Figure A-9 in Appendix A). This may have enhanced the hi& negativity of the potential 

readings, but the fact that the moistwe was consistent throughout the bridge means that the actual 

contours are not affected. The probability of occurrence of corrosion was studied using both the 

ASTM ~ 8 7 6 ' ~ '  guidelines and the iso-potential contour maps, that is the magnitudes of the 

potential were considered and the potential gradients were qualitatively assessed. 

The half-cell potentials varied fiom -750 mV to 4 mV with a mean value of 4 2 3  mV and a 

coeficient of variation (COQ of 0.25. Table 5-2 lis& the number of readings in each potential 

range, and the percentage distribution of these readings. A contour map of the entire bridge is 

shown in Figure 4-5 in which the potential ranges are indicated for a contour interval of 50 mV. 

The plot was used to choose the 35 sites as explained in Section 4.2.3. Figure 5-8(a) is the 

reproduction of the same data with a contour interval of 25 mV. The potential measurements 

indicate active corrosion of embedded reinforcement in most of the deck (Figure 5-8(a)). Fi@- 

one percent of the readings suggest that there is a 50% to 90% risk of corrosion, while 25% of the 

readings suggest that the risk of corrosion is more than 90% (Table 5-2). The low values of 

potential are concentrated in the first 33 rows of the grid (Figure 5-8(a)). The half-ceIl potential 

gradients are quite pronounced throughout the entire deck. The very steep half-cell potential 

gradients indicate extensive pitting corrosion at local anodes. This is common for stmctures 

contaminated by deicing salts. The west side of the bridge has a larger number of readings in the 
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range of -500 mV and algebraically smaller potential values (Table 5-2) with a mean value of - 
445 mV which is more negative compared to the mean value of the east side (Table 5-1). The 

results show that the West side is deteriorating more rapidly than the east side (Table 5-2). 

Therefore, more corrosion deterioration can be expected on the West side, which was the case, 

confirmed by visual examination (Figures 5-4 to 5-7). 

The corrosion (or open-circuit) potentials, 4co, varied h m  -700 mV to -123 mV with a mean 

vatue of -444 mV and a COV of 0.33. Figure 5-8(b) shows a visual presentation of the results 

using the same interpretation as for the half-cell potential measurements. A contour map was not 

plotted as the readings were taken at 137 discrete locations (4 pet site) and not at equal intervals. 

Forty-two percent of the readings are smaller than -500 mV and they predominate the top portion 

of the grid fiom grid locations 70 m to 127 m (Figure 5-8(b)). Again, the West side of the bridge 

deck displayed a greater percentage of readings in this range compared to the east side (Table 5-2) 

with a more negative mean value as shown in Table 5- 1 (-48 1 mV compared to -403 mV), which 

is in agreement with the results of the half-cell potential (Figure 5-8(a)) and visual sucveys. 

5.2.4.3 Corrosion Rate 

The RH values are very hi& values as indicated in Section 5.2.4.1 suggesting that the rate of 

corrosion is significant, with the corrosion activity increasing with an increase in the relative 

humidity. In fact, the corrosion rate (CR) values obtained h m  the linear polarization test varïed 

fiom 4 to 130 pm/year with a mean of 52 pdyear and a COVof 0.55 (Table 5-1). The corrosion 

rates are plotted in Figure 5.9(a), which shows that 9 1 % of the readings (Table 5-2) represent a 

high risk of corrosion (based on the criteria presented in Table 3-3). Similar results are depicted 

on the east and West sides of the bridge. However, by dividing the range in two, Le., by adding a 

range in the middle of IO to 100 pmlyear, it was also observed that 52% of the readings lie 

between I O  and 45 prnlyear, and 37% between 45 and 100 pdyear for the east side, and only 

43% and 50%, respectively, in the west side (Table 5-2). As a whole, the rebar corrosion rates for 

the West side are higher and the readings fiom the bottom half of the grid are lower than the 

values for the top half as shown in Figure 5-9(b). The trends are consistent with the potential 

values and the visual survey. Higher corrosion rates are present at the top part of the grid, 
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particularly to West side of the deck (Sites 27 to 35). 

5.2.5 Delamination 

Figure 5-1 Na) shows the delarnination (Delam) results of the 140 selected areas (4 readings per 

site) throughout the northem part of the bridge. The fiacture plane, or delamination, may be 

confined to a local area, or it may extend over a substantial portion of the deck if the concrete 

cover is unifonnly Iow. The delamination was very extensive, with half of these areas king 

delaminated. The exposure of reinforcement for the measurement of half-cell potentials indicated 

delamination to occur at the level of steel. In addition, compressive tests performed on cores at the 

top of the deck indicated concrete deterioration. The cores were visually exarnined; some cores 

contained delamination and cracks, and the reinforcement in the cores had corrodeci to the extent 

that the bond between concrete and steel was severely affected. 

Although no specific &ta for exposure conditions exists for the Dickson Bridge, it can be 

assumed that the conditions are similar to those experienced in the Province of Quebec. In 

Montreal, minimum temperatures reach 40°C in the winter period and in the summer 

temperatures are as high as 35OC. In addition, on a given 3day period, in certain cases the 

temperature varÏes only between + 1 OC and -I0C, but in other cases it drops from +4"C to -1 3OC in 

10 hours. Of course, the temperature of any portion of a concrete element exposed to natural 

cycles does not necessarily follow directly the variation of the ambient temperature. In addition, 

due to alternate sunny and cloudy pends  on cold winter days, the surface layer can be subjected 

to several fkezing and thawing cycles per day. Freezing rates of more than 12"Chour are noted in 

certain cases[9g1. Hence, the fieeze-thaw cycles and the impact of t f i c  rnay have also added to 

the delarnination growth. These areas are located mostly from grid locations 70 m to 127 m. The 

nondelarninated areas are concentrated in the first 40 meters of the grid. Seventy-one percent of 

the west side areas are delaminated while only 34% of the selected areas in the east side sites are 

delaminated (Table 5-2). The delarnination results are consistent with the corrosion potential and 

the corrosion rate survey. The damage is much greater in the top portion, especially in the West 

side of the deck. 
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Figure 5 10: Results of delamination and concrete cover surveys 



5.2.6 Concrete Cover Thiclcness 

The concrete cover thickness (Cover) obtained using the covermeter varied h m  1 to 90 mm with 

a mean of 35 mm and a COV of 0.48 (Table 5- 1). Table 5-2 indicates that 29% of the readings are 

smaller than 25 mm, which was the cover thickness specified in the original design. At many 

locations, the cover was found to be inadequate. Extreme values as low as only 1 mm in thickness 

were observed near the bottom portion of the grid (Figure 5-1 Wb)), thus making the system very 

susceptible to corrosion allowing the aggressive agents (such as chlorides) more rapid ingress to 

the steel, and also allowing more rapid access of moisture and oxygen. Lower values of the 

concrete cover were common near the bottom portion of the grid (Figure 5-IO@)), however. there 

was not much difference between east and West sides. The higher values of concrete cover near 

the top portion of the grid, that is where the corrosion darnage is much greater as indicated in the 

previous sections, illustrate that the thickness of cover to reinforcement is not the only important 

factor, but also the quality of the concrete cover is equally important in terms of its low difisivity 

and permeability. That is, thick cover is of no avail if the concrete is highly penetrable. The 

quality of the concrete is discussed in the following sections. 

5.2.7 Chloride Content at Steel Level 

The percentage of chloride content (??Ci) by weight of the cernent at the level of steel 

reinforcement varied fiom 0.07% to 2.20% with a rnean of 0.73% and a COV of 0.72. The 

threshold acid-soluble chloride content value (percent by weight of cement) as agreed by the AC1 

Cornmittee 222"' is 0.2% (Table 2-1). The chloides have penetrated h m  an external source 

during service as indicated by the chloride profiles in Section 4.8.3. Hence, it can be concluded 

that the high values found in the bridge deck are due to the ingress of chlorides from the use of 

deicing salts during the winter period. The high relative humidity (Figure A-9 in Appendix A) 

indicates that the concrete on the bridge contains a high degree of moisture, which usually 

represents favourable conditions for chloride ingress. From the profiles, it cm be show that 83% 

of the %CI data lies above the permissible 0.2% threshold value. The higher chforide percentages 

are concentrated more on the West side of the bridge (Figure 5-1 ](a) and Table 5-2). Figure 5- 

1 I(a) shows that the low chloride vafues are mostly in the bottom portion of the grid, particularly 

in the east side of the bridge. On the other hand, the trend is not as strong in the west side as the 

%Cl values are high throughout the whole span (Figure 5-1 I(a)), that is 67% of the YoCI values 

are above 0.6% (Table 5-2). The high chloide content indicates a high vulnerability to corrosion 
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in the embedded reinforcement, which is consistent with the corrosion results obtained in the 

previous sections of this chapter. It is noted that the measured chloride is the total chloride content 

(percent by weight of cernent) and if some inconsistencies are present it might be because only the 

free chloride ions are considered to be responsible to initiate corrosion. Chlorides can be bound 

chemically (by aluminates in the concrete) and physically (by adsorption on the pore walls). This 

removes them (temporarily or permanently) fiom the corrosion reaction and an increase in 

moisture content will dilute the chloride in the pore solution giving rise to lower concentrations, 

but at the same time, it may also increase the corrosion riskr3'l. 

5.2.8 Electrical Resistivity of Concrete 

The resistivity, p, of concrete varied from 1 to 27 ki2.cm with a mean value of 6 W.cm and a 

COVof 0.72. Figure 5-1 I(b) illustrates the electrical measurements using the ranges described by 

 ill lard['^]. Fi@-two percent of these values lie in the very high probable rates of corrosion 

activity (Table 5-2). It is evenly distributed among the east and West sides of the bridge, with a 

larger concentration of values in the high corrosion risk level being observed near the top portion 

of the grid. The results are consistent with the previous results in the earlier sections of this 

chapter. 

5.2.9 Diffusivity of Concrete 

The resistance of concrete to the transport of chloride ions is defined by the coefficient of 

diffision, hence chloride difksivity is one of the important properties of concrete affecting the 

durability of a structure. The diffision of concrete was determined directly on site and h m  the 

rneasured profiles. 

5.2.9.1 Apparent Chloride Diffusion Coefficient 

The apparent chloride difision coeficient (Da) values calculated fkom the measured chloride 

profiles varïed from 1.4X 10" to 5 1.6X 1 cm2/sec with a mean value of 9.3X 10" cm2/sec and a 

COV of 1.20, indicating great variance in the results. The West side exhibits a greater variance 

than the east side, that is the COV is 0.39 greater (Table 5- 1). The presence of large delaminations 
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in the West side (Figure 5-Iqa)) might have had an effect in the accuracy in the sampling of the 

concrete dust. The e m r  function solution to Fick's second law of diffision is commonly used to 

detemine Da fiom ch loride profiles. Many ~searchers '~* 27.37. 741 have investigated difhsivity and 

obtained widely varying results, as the Da value is influenced by several factors such as chloride 

concentration, exposure duration, arnbient temperature and degree of saturation of the concrete as 

well as the material properties, making it dificult to compare the different published works. 

Regardless of the present state-of-the-art, the data can be compared on a relative basis within 

itself. The Da values are plotted (Figure 5-12(a)) using the ranges listed in Table 5-2. It is 

observed that the values of Da lie mostly in the range 3.0 to 1 3 . 0 ~  l ~ - ~  cm2/sec and they are 

distributed evenly between the West and the east side. 

5.2.9.2 InSitu Chloiide Migration Coefficient 

The in-situ chlonde migration coefficient (D,,) varied from 1.62X10J to 13.48~10' cm2/sec 

with a mean value of 626x1 o4 cm2/sec and a COV of 0.48. This variance in the in-situ chloride 

migration coefficient, D m ,  is lower than that for Da, indicating that on site, the former is a more 

appropriate parameter to measure the difisivity of the concrete. This phenornenon is k i n g  

investigated presently at The Queen's University of  elf fast'^'. However, compared to 

~ n d r e w s " ~ '  results fiom tests at Queen's University (Table 3 - 9 ,  the values obtained for the 

bridge were much higher because of the exposure conditions, however, they can be analyzed on a 

relative basis (by comparison within the measured values). The Dm, values are plotted in Figure 

5-12(b) using the ranges used in Table 5-2. It is noted that a very high percentage of the results 

smaller than 6.OX 10' cm2/sec exist on the east side (Table 5-2), showing that the in-situ chlonde 

migration coefficient values are higher in the West side of the bridge, k i n g  consistent with the 

above-mentioned results. In addition, the D m ,  values in the east side of the bridge are low at the 

bottom of the grid and increase in value towards the top. On the other hand, the Dm,  values in the 

West side do not show the same trend. Higher values are found at the bottom of the grid compared 

to the top of the grid (Figure 5-I2(b)). This is interesting as most probably the high presence of 

delamination in the west side (especially at the top of the grid (Figure 5-10(a))) might have an 

effect on the reliability of the in-situ chloride migration test. The delamination and cracking might 

effect the preconditioning of the concrete prior to the test, that is the concrete might not have k e n  

fully saturated. However, a steady state condition was achieved while conducting the test (Figures 

C-1 to C-3 in Appendix C), hence the concrete was saturated enough not to stop the ion migration 

through the fiee water within the concrete. 
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5.2.1 0 Penneability of Concrete 

Cores were tested for water absorption simply to get an idea of the absorption capacity of the 

concrete without any moisture and environmental effects fiom the site conditions. Hence, both the 

coefficient of permeability obtained fiom the Autoclam apparatus and the water absorpion results 

are discussed in this section. 

5.2.1 0.7 Watew Absorption Capacity 

The water absorption capacity (fiom 12 cores as show in Figure A-1 1 in Appendix A) varied 

fiom 1.8 to 3.6% with a mean of 2.5% and a COV of 0.20 compared to the values fisted in Table 

3-6. The majority (83%) of the readings indicate a low level of absorption. However, while the 

British code does not stipulate a complete saturation of the specimen, the American code specifies 

it. It is unlikely that the capillary cavities in concrete are filled afier only 30 minutes of immersion 

in water. This might be the cause of the low water absorption. The cores seemed porous when 

visually inspected, but the results h m  the water absorption test resulted in low values. 

5.2.10.2 Coefficient of Permeability of Concrete 

The coefficient of permeability (k.) varied from 1.76X IO-" to 84.20X l O-'' &sec with a mean 

value of 16.3 1 x 1 O-'' m/sec and a COV of 1.18. There is considerable variability in the coeftkient 

of permeability results, with a COV figure slightly lower for the east side of the deck (Figure 5-1). 

A direct comparison with the data developed at The Queen's University of Belfast was not 

possible as the tests by ~asheerl". and othen used dry concrete. As the ambient relative 

humidity was quite high (at depths of 10 mm and 25 mm fiom the concrete top surface, the 

relative hurnidity values were found to be on the average 86% and 90%, respectively) and the 

concrete could not be dried to a constant moisture content, a steady state of flow during the 

permeability test was achieved by ponding water in the ring for 48 hours prior to testing. 

Montgomery and ~darns[~ ' l  undertook some work using ponded specimens, however, they used a 

pressure of 1.76 bars which is much larger than the value of 0.5 bar used in this investigation. The 

kW values obtained in this investigation were very small, which indicated that the concrete is not 

permeable, however, it must be noted that the water pressute applied during test was only 0.5 bar. 

This pressure is lower than the surface tension forces in the capillary pores filled water, hence, no 



significant arnount of water is able to penetrate through the saturated concrete as explained in 

Section 4.9.2. Therefore, the perrneability results should be considered with caution as the applied 

pressure was small and because the environmental conditions (RH) at the time of testing can 

significantly influence the results. The permeability values are plotted in Figure 5-13(a) using the 

ranges listed in Table 5-2. It is noted that 56% of the values are under 10.OX1 O-'' dsec  where 

most of them are concentrated at the top of the grid, but no particular trend is observed between 

the West and the east sides of the deck. Lower permeability is noticed at the top of the grid where 

the corrosion darnage is very advanced. This is the opposite to what was expected, that is the 

lower the permeability, the lower the corrosion darnage. Once again. the permeability results 

should be considered with caution as explained above. 

5.2.1 1 Concrete Compressive Strength 

The concrete compressive strength deterrnined using 75 mm diameter cores varied fiom 10 to 

48MPa with a mean value of 27MPa and a COV of 0.36 (Table 5- 1). At the time of construction 

(in 1959), the specified concrete strength was 28MPa. As the strength of concrete depends on 

both age and temperature, that is strength is a huiction of the maturity of the ~oncrete[~". 

Therefore, considering the maturity of the concrete over 39 years, this strength should have been 

much higher. This value was not calculated for this research program, however, it is noted that 

58% of the strength values lie below 30MPa (Table 5-2). The strength was found to be 

suficiently low, except at four places where the values were between 40 and 60MPa near the 

bottom of the grid. The low values of strength are concentrated more at the top portion of the grid 

and they are evenly distributed between the east and west sides of the deck (Figure 5.13(b)). 

5.3 Summary of Existing Stateof-Health of the 
Bridge Deck 

Overall, the methods that assess the damage, such as half-ceIl potential, corrosion rate, 

delamination, and chloride content indicate that the top portion of the grid is at high risk of 

corrosion. The areas of high chloride content generally coincide with the locations of significant 

reinforcement corrosion. Most probably more de-icing salt was applied to the top of the grid as it 

is near the crest of the bridge and this part of the bridge has a steeper slope compared to the 

bottom part, hence it is possible that to ensure safety of the motorists, more de-icing salt was used 
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Figu rc 5- 13: Coeflcient ofpermeability and compressive srrength results 



on the steeper slopes to avoid accidents. Below the expansion joint (grid location 36 m), the 

damage is less. The reason for this may be attributed to the fact that the deck fiom grid location O 

m to 36 m is supported by an enclosed concrete abutment (Figures 1-3 and 4-2). The abutment 

might have acted as a protective system h m  the environmental agents h m  the underside 

reducing its susceptibility to corrosion. It was noted (Figures 5-5 to 5-7) that the underside of the 

deck at the top of the grid displayed extensive darnage. This might have been caused by the easier 

ingress of water and oxygen to the embedded steel reinforcing 

Moreover, the lack of a drainage system suggests that the water would drain down the slope of the 

deck keeping the bottom of the grid reasonably wet while the top portion would undergo wet and 

dry cycles. This rnight constitute a very severe exposure condition for the concrete where it was 

subjected to altemate wetting and drying cycles and this along with the application of deicing 

salts promoted corrosion. Even though the bottom portion was exposed more to moisture creating 

a nearly saturated condition, the corrosion process might have been controlled by the availabiIity 

of oxygen, which becomes the limiting factor. Also, the exîracted cores (used for the compression 

strength test) showed that the concrete deck was thinner towards the top portion. Since the bridge 

was built in 1959, it was unlikely that proper quality control was instituted during construction. 

The clear cover fiom the underside might have been inadequate, thereby increasing the risk of 

corrosion. In addition, the damage was more pronounced in the west side of the deck. There is no 

clear explanation for this phenomenon, but that is clearly the case as indicated earlier. 

Although the various assessment methods were indicative of the magnitude of corrosion damage, 

they cannot detect the susceptibility to corrosion. In addition, the results of the cover survey seem 

to contradict al1 other results. Lower covers are found at the bottom of the grid and thicker cover 

at the top. Lower concrete covers would suggest that these particular sites would be more 

susceptible to deterioration. However, it was seen that at the bottom of the grid the darnage was 

less compared to the top. This enforces the limitation in simply providing a large cover. The 

quality of the concrete in terms of its penneation properties (diffusivity and permeability) and 

electrical resistance is of great importance. The areas of high difisivity, and low resistivity and 

strength were found to coincide with the locations of significant reinforcement corrosion. The 

permeability results gave the impression that the bridge is in good condition. This anomaly may 

be due to the inadequacy of the cnteria used for the test and due to the low applied pressure as 

explained earlier. Thus, the early evaluation of the material properties of the surface of concrete 

on site, along with the knowledge of exposure to salt may provide usefiil indications of the likely 

future deterioration of concrete. 



It is noted that the performance of the cover-zone is a major factor governing the rate of 

degradation of reinforced concrete structures and provides the principal barrier to water and 

aggressive agents. The ability of concrete to imbibe water and other aggressive agents is a starting 

point for indexing durability of concrete and terms such as difisivity and permeability have been 

used in the present study in this respect. It is clear that there exists a need to determine 

quantitatively those ne=-surface characteristics of the concrete which promote the ingress of 

water or Iiquids contairring dissolved contarninants. In addition, in-situ monitoring of the 

microclimatic conditions (temperature and RH) helps in explaining the variability in such 

properties and assists in evaluating the in-service performance of the structure, deterioration rates 

for the particular exposure condition, or cornpliance with the specified design life. Many concrete 

structures built in the 1960s and 1970s are now showing significant signs of deterioration. The 

Dickson bndge is a typical example. Measurement of strength and workability is not sufficient to 

prevent the occurrence of these problems. It is evident, therefore, that some other property of 

concrete, which is more closely related to corrosion, needs to be monitored to effectively 

overcome this problem. Difisivity, resistivity and penneability are such properties which have 

been found by many researchers and confirmed in this investigation to give much more usetiil 

information on the likely durability of the concrete. Therefore, methods to predict durability 

should be included in inspections of the bridge stock. The reliability of the test results obtained 

fkom the methods used in predicting corrosion is dirussed in the next chapter. 



Analysis and Reliability of Results 
to Assess 1 Predict Corrosion of the 
Dickson Bridge Deck 

6.1 Introduction 

Before undertaking a statisticai analysis for correlating the observations to the measured 

properties, trends will be identified visually on the northern sector of the bridge deck. and 

between the west and east sections of this sector. Usefûl relationships between the rate of 

corrosion and diflerent variables in the concrete quality, workmanship and environment will be 

investigated along with their role in the assessment of the residual service life of the structure. No 

single test method can detect or predict the damage, however, when a combination of test 

methods is used, it is unlikely that any center of deterioration will get missed. A multivariable 

statistical analysis is the most appropriate way of quantieing and correlating the results of the 

various tests. Both methods (measuring damage, and measuring material properties and exposure 

parameters) have been used to predict the corrosion rate of this particular structure. A multivariate 

statistical analysis witl follow to quanti@ the condition of the bridge. 

6.2 Variation of Test Results 

Prior to performing a detailed statistical analysis correlating the parameters, the variations of the 

various pairs of the relevant corrosion related parameters will be investigated. The data of the 

various tests are affected by the environmental conditions. Hence, when applying statistical 

analysis no significant relationship may be evident. However, this might be misleading. This type 

of data analysis is usually appropriate for labotatory investigation where the testing conditions are 

monitored and a linear relationship can usually be obtaincd. On site, there are many other factors 

which may have to be considerd before interpreting relationships between the various 

parameters. It is important that the statistical analysis is part of a broader-analytical approach to 

problern solving. That is, the numerical outcome fiom the analysis may not the p r i m q  



objective of the study. It is more important to provide insight the system generating the data, that 

is to understand the data both qualitatively and quantitativelyF'. 

Significant findings are detected between various pairs of the relevant corrosion related 

parameters. These will be illustrated to establish confidence in the behavior of the experimental 

results. The results will be presented in graphical form (double y-axis graphs where the two y- 

ordinates have different scales) in order to illustrate trends. Given the large number of potential, 

corrosion rate and resistivity readings (that is, 35 sites with four readings per site), the readings 

undertaken at the sarne site where the chloride survey (profiles and in-situ migration tests) are 

only investigated in this section. That is, the information in this section is selective and consists 

only of the material deemed to be essential. 

6.2.1 Relationship of Corrosion Rate with Potential 

Figures 6-1 and 6-2 illustrate the variation of the corrosion rate (CR) with the corrosion potential 

at the location on each of the 35 sites where the chloride survey was undertaken. A close 

relationship is observed in the east side (Figure 6- 1 ), and it is slightly on the lower side in the West 

side (Figure 6-2). The purpose of this analysis was to determine whether the variation of the 

corrosion potential data could be used to predict the variation of the corrosion rate values. 

Figure 6 - 1  : Dependence ofpotenriai on corrosion rate ( e m  side ofdeck) 



Figure 6 2 :  Dependence of poiential on corrosion rate (west side of dech 

Changes in the corrosion rate were generally mirrored by the potential values recorded. The half- 

ce11 potential survey was used to scan the entire bridge deck and detect areas of low, medium and 

hi& corrosion risk. Hence, to a certain extent, the corrosion potential coufd validate and 

supplement the corrosion rate data in determining the overall significance of corrosion activity in 

the Dickson Bridge deck, excepting at some points, such as site 12 and 32, where the variations in 

the two data sets are not consistent. 

6.2.2 Relationship of Chloride Migration with Corrosion Rate 
and Potential 

The variations of the in-situ chloride migration coeficients, D m ,  and the corrosion rate (CR) 

values, and D m ,  and corrosion potential (&,) are presented in Figures 6-3 to 6-6. A dependence 

of Dm,, values on both CR and is evident. Interestingly enough, the results presented in 

Figures 6-3 to 6-6 would indicate that both corrosion rate and the potential Vary with the in-situ 

chloride migration coefficient. However, this is not the case for al1 situations. Presence of 

moisture and chloride affect the diffusivity measurements and these two Vary throughout the 

bridge deck. Moisture has also a great influence on both potential and corrosion rate readings. The 

variations are more consistent in the east side of the bridge (Figures 6-3 and 6-5) and follow a 

good trend, that is, an increase in D,,,,gresults in an increase in both CR and &, and vice versa. It 

is not surprising that as it was stated in Section 5.2.9.2, the D m ,  values in the West side were 

found to be higher at the bottom of the grid and lower at the top, not correlating to the CR values 



as well as the values in the east side. The D,, values are an indication of the concrete resistance 

to chloride ion migration through the pores in the concrete cover, hence, it is not surprising that 

there is a close relationship between the Dm, values and the corrosion data, as the chloride ingress 

is one of the determining factors with respect to the initiation of corrosion (Section 2.2.2.1). The 

inconsistencies might be due to the fact that the accelerated migration test determines mainly the 

physical resistance of the chloride ingress, however, on site both the physical and the chemical 

(binding) properties influence the resistance of the concrete to chloride ingress (Section 3.4.4). As 

the chloride migration apparatus is predictive of chloride ingress and the resulting reinforcernent 

corrosion, the results in the West side indicate that as the corrosion darnage has reached a high 

Ievel, the D m ,  values are somewhat less clear in predicting the corrosion rate (Figure 6-6). 

Figure 6-3: Dependence of in-situ chloride migralion coefficient on corrosion porenrial feasr side ofdeck) 

Figure 6-4: Dependence of in-situ chloride migration coeficient on corrosion porenrial fwest side of deck) 
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Figure 6-5: Dependence of in-situ chloride migration coeficient on corrosion rate (east side of deck) 

Figure 6 6 :  Dependence of in-situ chloride migration coeficienr on corrosion rare fwest side ofdeck) 

6.2.3 Relationship of Chloride Content at Steel Level with 
Corrosion Potential and Corrosion Rate 

As noted in Section 2.2.2.1, the fke chloride ions are responsible for the breakdown of the 

protection afforded by the passive film. Previous research 129. 39. 781 showed an increase in the 

corrosion rate with increasing chlonde ion contents. In order to achieve confidence in the 

rneasurements, the behavior of the variations of the readings are studied in Figures 6-7 to 6-10. 

The chloride content at the steel level varies significantly and there is a rather close relationship 

with the variation in the corrosion potential and the corrosion rate values, especially in the east 



side (Figures 6-7 and 6-9). As the chloride content increases, the risk of corrosion is higher and 

vise versa, hence, the variation in chloride content has an effëct on the corrosion activity. From 

Figures 6-8 and 6- 1 0, except for some points, it is noted that there is no strong reiationship. 

Figure 6-7: Dependence ofchloride content or steel level on corrosion potential (emf side of deck) 

Figure 6-8: Dependence of chloride content ut steel levef on corrosion potential (west side of deck) 

The results are consistent with what was noted in Sections 5.2.4 and 5.2.7. that is the corrosion 

potential and the corrosion rate values for the West side are higher and the readings fiom the 

bottom half of the grid are lower, while the chloride content values were high throughout the 

entire West side. The explanation might be that the fke chloride ions are responsible to initiate the 

corrosion process, but once corrosion is at an advanced stage (such as in the west section), the 

corrosion is influenced only by the corrosion ratedeterrnining parameters (water penetration, 



oxygen diffusion and electrical resistivity) with the exception of pitting corrosion. In addition. the 

chloride content plotted in the graphs is the total content and might contribute to the lack of 

relationship of cemin points. The above results may have been influenced by the ambient 

conditions at the bridge site. The accunicy of the collection of the dust sarnples might have been 

affected by the delamination present in the deck. 

Figure 6-9: Dependence of chloride content ot steel levei on corrosion rote femt side of deck) 

Figure 6-1 O: Dependence of chloride content at steel level on corrosion rate (wmt side of deck) 



6-24 Relationship of Resistivity of Concrete with Corrosion 
Potential and Corrosion Rate 

When the passivation of the reinforcing steel is overcome, the strength of the corrosion attack 

depends on the degree of saturation of the concrete pore network, and the corrosion rate is 

determined over a very broad range by the concrete resistivity. The electtical resistivity 

measurements are usually carried out to assist the half-cell potential measurements. As it can be 

seen in Figures 6- 1 1 to 6-1 2, the variations of the two parameters are quite consistent with the 

exception of some points such as sites 34 and 35. On the other hand, it is obvious from Figures 6- 

13 and 6-1 4 that the resistivity values are not suficient to predict the corrosion rate of the bridge 

deck, as the variations in the corrosion rate values were not obtained using the resistivity values. 

Covercrete resistivity measurements have also been developed to assess the corrosion risk, 

however. in such cases, resistivity is taken on the whole cover region, hence, any measurements 

simply provide a weighted mean value for the cover zone and are highly influenced by the 

variations in the ambient humidity at the time of the test. 

Sites 

Figure 6- 1 1 : Dependence ofresistiviry of concrere on corrosion potenrial femr side of deck) 



Figure 6 12: Dependence of resktïviry of concrere on corrosion potenriol (west side of deck) 

Figure 6-13: Dependence of resistiviîy of concrete on corrosion rate (easr side of deck) 

Figure 6-14: Dependence of resistivity of comme on corrosion rate (west side of deck) 
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.2.5 Relationship of Concrete Compressive Strength with 
Corrosion Rate 

Concrete is inherently weak in tension and for this reason its fiacture strength is one of the most 

important factors in relation to the rate of deterioration. For example, expansion associated with 

the by-producîs of reinforcement corrosion tends to initiate tensile cracking which ultimately 

results in spalling. In this investigation, the concrete compressive strength was measured, but it is 

known that the two types of strength are closely related, that is as the compressive strength 

increases, the tensile strength also increases but at a decreasing ratel3". The rekvance of the 

concrete compressive strength to the corrosion rate of the reinforcing steel within the concrete is 

illustrated in Figures 6-1 5 and 6-1 6. There is a strong relationship between the two variables (with 

the exception of some points), that is the corrosion rate increases, if the compressive strength is 

lower, and vice versa. The strength depends to a large extent on the amount of capillary pores in 

the concrete, which in tum depends on the waterlcement ratio used during const~uction~~~'. 

Corrosion also depends on the capillary pore for the transport of the prerequisites of the corrosion 

reaction as well as the increase in conductivity associated with large volumes of pores. This does 

not imply that high strength concrete is durable, but that the compressive strength of the concrete 

reduces as corrosion increases, resulting in an increasing compromise of the structural integrity of 

the concrete structure. 

Figure 6-1 5: Dependence of concrete compressive strength on corrosion rare (east side ofdeck) 



Figure 6 1  6: Dependence ofconcme compressive strength on corrosion rate fwest side ofdeck) 

Relationship of Chloride Content with Chloride 
3iffusivity 

The concrete cover quality is of utmost importance. The time before the chlorides get to the steel 

can Vary from less than a year to more than a hundred years depending on the concrete cover 

quality. The time to initiation of chloride induced corrosion depends mainly on the rate at which 

chloide ions enter the concrete. The three techniques dealing with chloride ingress, that is the 

chloride content at steel level (%Cf), the in-situ chloride migration coeficient (Dm,), and the 

apparent diffusion coefficient (Du) are compared in this section. Figures 6- 1 7 to 6- 18 illustrate the  

relationship of the Da values for al1 35 sites with corrosion potential and corrosion rate. The 

parameter D, showed no significance in its variation against both the corrosion rate and potentials 

values, unlike the behavior of D m ,  indicated earlier in Section 6.2.2. The Da values are influenced 

by several factors such as the chloride concentration, exposure duration, ambient temperature and 

the degree of saturation of the concrete, the material properties and the accuracy of the profiles as 

well. As a result, the values are not as predictive as the D m ,  values. As indicated in Section 3.4.4, 

it is important to distinguish between the various chloride difision coefficients, and to realize 

that al1 these coefficients are not fundamentai material properties as they are infiuenced by a 

nurnber of factors such as chloride binding, and they change with time. Hence, when plotting Dm,x 

and Da values for each of the 35 sites, as shown in Figure 6-19, except the first eight points, no 

important trend is detected. 



Figure 6-1 7: Dependence of apparent &%ion coeficient on corrosion porentiaf (entire deck) 

Figure 6- 18: Dependence of apparent d lmion  coeficient on corrosion rate (entire deck) 

Figure 6-1 9: Dependence ofin-situ migration coeflcient on apparent d~%ficsion coe_fficient (entire deck) 
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Moreover, when plotting D, and !%Ci values for each of the 35 sites as show in Figure 6-20, 

except for the first seven points, no important trend is detected. However, with reference to Figure 

6-21, it can be stated that the in-situ migration coefficient varies more with the chloride 

percentage content at the depth of steel. Diffusivity is a parameter that can be used to assess the 

present condition of a concrete structure and also to predict the future risk. Both tests measure 

diffusivity. However, the Dm,, is more consistent with the corrosion readings and the chloride 

content found at the steel level. Obviously, the in-situ test does not measure the present chloride 

content already in the concrete, but it gives an idea of the quality of the concrete, which is very 

important in long-term monitoring and preventive maintenance. 

Figure 6-20: Dependence of chloride content at steel level on apparent d i m i o n  coeficient (entire deck) 
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Figure 6-2 1 :  Dependence of chloride content ut steel level on in-situ migration coeflcient (entire deck) 



6.2.7 Discussion: Variations of Test Data 

Important trends were detected when comparing variation of the test data, however, no definitive 

findings can be deduced when correlating between various pairs of the relevant corrosion related 

parameters, as mentioned earlier. The moisture content at the time of test and the ambient 

environmental conditions may influence the results, hence, one test method might not be enough 

to assess the damage or to predict the corrosion rate. No single test method will detect or predict 

the damage, however, when a combination of test methods are used, it is more likely that any 

centre of deterioration will not be missed. In the next section, the variables will be correlated 

using multiple variable regression. 

of Corrosion Rate Using Statistical 

requires the application of statistical methods to obtain adequate 

6.3 Prediction 
Analysis 

Much of an engineer's work 

quantitative result~['~l. Everything dealing with the collection, analysis, and interpretation of 

numerical data belongs to the domain of statistics. Measurements of parameters are required to 

compare performances and predict future performance under the same exposure conditions. 

Usually, there is a limited arnount of data available, and a limited number of observations that can 

be made, within existing time and budget constraints. The result is that conclusions must be made 

by analyzing an amount of data (a sample) that is much smaller than the entire body of events (the 

population or process) to which these conclusions must be applied. In this study, the analysis 

consists primarily of regressing the variables, individually and in combination, with the 

dependentlresponse variable (Y), i.e., the corrosion rate obtained by the method of linear 

polarkation. The corrosion rate was denoted "CR" and was chosen to be the response (dependent) 

variable and it was considered to be the "me" corrosivity of reinforcement steel in concrete. The 

relationships of the other variables with CR were derived both individually and with appropriate 

combinations of variables. Once the relationships between the variables was understood, the 

importance of the test technique in predicting the corrosion rate was evaluated, and a decision was 

made, whether or not the variable provided suficient information to be considered significant. 



6.3.1 Scheme of Analysis 

A regression mode1 does not impiy a cause-effect relationship between the variables- Even though 

a strong empirical relationship may exist between two or more variables, this cannot be 

considered evidence that the regressor variables and the response are related in any cause-effect 

The relationship between the regmsors (X,)  and the response (Y) may be suggested 

by theoretical considerations. Regression analysis can aid in confirming a cause-effect 

relationship, but it cannot be the sole bais of such a claim. Hence, in this investigation, it is 

necessary to discuss the results under two titles to deal with the primary objectives presented at 

the beginning of this thesis, that is: (a) to assess the corrosion induced darnage in the bridge 

concrete deck, and (b) to investigate suitable test techniques for predicting corrosion. In this 

study, the scheme of the testing program reflected the objectives. The test methods were related to 

either the mechanisms causing corrosion or properties indicative of the probability of corrosion, 

hence in this section for the analysis and discussion of the results, it was considered that the 

condition of the bridge deck and the prediction of the corrosion rate could be classified according 

to two separate criteria: 

The methods which are generally used to assess corrosion induced damage; and 

The properties of the covercrete. 

I t  is noted that the material properties and the exposure parameters, basically control the 

susceptibility to deterioration, which is manifested as the damage and is measured with al1 other 

available techniques. Therefore, the following definitions coufd be assigned to the two types of 

methods to predict the corrosion rate for the Dickson Bridge deck: 

The 'Assessrnent Methods' are those methods used to assess the symptoms already present 

and the darnage of the structure, viz, delamination, concrete cover thickness, half-cell 

potentials, chloride content, apparent chloride diffusivity. In this shidy, there is a total of five 

independent / regressor variables (X,), of which four are discrete and one is categorical (i.e. 

delamination); 

The 'Prediction Methods' are those methods used to measure the material properties of the 

structure and enable a prediction of the durabiliiy. It is a combination of strength, 

permeability, resistivity and difisivity (in-situ test). There is a total of four variables (X,), al1 

of which are discrete. 



The Da parameter is considered to assess the damage and not to be predictive in nature as it is 

based on the existing chloride profile at this particular exposure. That is, the chlotides need to be 

present in the concrete to be able to obtain the Da parameter. On the other hand, the 

parameter is predictive of the chloride ingress. It can be conducted at any stage of the service life 

without waiting for the chloride to penetrate into the concrete, however, then it is too late and the 

damage is already done. 

Furthemore, in the previous chapter (Sections 5.3), it was concluded that the West and east sides 

of the bridge deck behaved differently. The west side displays a high level of deterioration due to 

the greater extent of delamination, higher corrosion rates and potentials, and much higher chloride 

content, while the east side is at an earlier point in the process, displaying less delamination and 

with lower chloride contents. Both sides have surpassed the initiation stage (Figure 2-5). 

However, the development of corrosion in the propagation period is clearly at different points. 

Different trends are exhibited in each of the two sides, hence it was decided to split the data in 

two sets as it is expected that the regression mode1 for the two sides will give two different 

results. Theoretically, when dividing the bridge in half, a hypothetical maximum tolerated extent 

of deterioration is established with the two sides having two different residual Iives, with the West 

having a shorter life than the east side. 

Many aspects conceming residual service life remain unexplored and the objective of this study is 

not to predict in any way the residual life of the structure. The main objective is to identiQ 

suitable test techniques for the two portions of the bridge. The residual lifetime of the structure 

depends on the rate of deterioration, hence, the corrosion rate is the determining parameter in 

calculating the loss in capacity of the structure. The main difficulty is the estimation of the 

corrosion intensity in a corroding stmcture. Considerable effort has been directed into the 

development of on-site techniques to measure the corrosion rate of the reinforcing steel such as 

the linear polarization resistance. However, these techniques yield no information on the 

properties of the concrete in the vicinity of the rebar which are instrumental in initiating and 

sustaining corrosion. Hence, in the following analysis the results of both types of methods, the 

'Assessment' and 'Prediction' methods are investigated, and conclusions with recommendations 

on the adequacy of the type of rnethods at the two different stages of service life displayed on the 

Dickson Bridge are stated. 



6.3.2 Exploratory Data Analysis 

The experimental data for the north side of the bridge deck was presented summady in the 

previous chapter. The basic descriptive staîistics for each parameter were outlined in Table 5- 1. It 

was noted that the parameters exhibited a large variance, therefore, before undertaking any 

regression analysis of the various parameters involved, the properties of the distribution for each 

variable was examined. This was achieved by introducing graphical presentations of the data in 

order to pinpoint important features, which may not be immediately apparent fiom the raw data. 

Hence, preiiminq data editing before the regression analysis was conducted to identiQ outliers, 

as these can have a serious effect on many of the techniques used in statistical analysis. 

Appropriate transformations were applied to the parameters when the variance was large, to 

improve the agreement with norrnality. These concepts are discussed briefly in the following 

subsection outlining the scheme of the analysis. 

6.3.2.1 Univariate Analysis 

Each variable was examined individually and the quantities as the number of data points, the 

mean, and standard deviation of a variable were easily obtained as introduced earlier in Section 

5.2.1 . They provided considerable information about the data and are also the values that wiIl be 

needed for subsequent calculations. It is noted that when dealing with the mean and the standard 

deviation, the variability of data is often related to the location of the data. The coeficient of 

variation is suggested as a measure of variability that is free of the location or adjusts for location. 

The COV is dimensionless and has no units; it is only a numerical ratio"0". 

identification of Outliers 

The identification of outliers is extremely important in any statistical analysis. Box and whisker 

plots and stem-and-leaf diagrams were used to identifL observations tbat might have been outliers 

(observations in the extremes of the data), which represented inappropriate or incorrect 

 observation^^'^'^. 

The box and whisker plot uses five numbers to describe a set of data: maximum value, upper 

hinge or third quartile, Q3, (approxirnately equivalent to the 75' percentile), rnedian (the 5om 

percentile), lower hinge or first quartîle, Q,, (approximately equivalent to the 25" percentile), and 

the minimum value. In this study, a rectangle was constructe. between the lower and the upper 



hinges, and a plus (+) sign at the location of the median was displayed. The whiskers that extend 

in either direction indicate the non-outlying data (this is equal to a length 1.5 times the 

interquartile range to the lefi of Q, and to the right of Q~)''~'. 'O2]. Extreme values were identified 

with asterisks (*) or zeros (O) as is demonstrated in the example that will follow. 

A stem-and-leaf diagram summarizes the data in a visual manner, which is easy to understand and 

lists the actual data, hence the stem-and-leaf diagrams were used for each parameter under 

investigation to identifj. the values that comsponded to the outliers indicated by the box plots. 

For example, by studying the box-plot and stem-and-leaf diagram shown in Figure 6-22, it is quite 

evident that one outlier is present in the lower end, as indicated by the asterisk shown in the box- 

plot corresponding to the extmme value 1 3 . 4 ~ 1  O* cm'lsec in the stem-and-leaf diagram. Only one 

exarnple is presented in this section, while al1 details are included in Appendix (G). 

- - - - - - - - - - - --- - - - -- - 

Stem-and-Leaf diaaramx-and-Whisker dot of D, 
Leaf Unit = 0.10 (xl  04cmz /sec) 
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Figure 6-22: Stem-and-ieaf diugram and box-and-whisker plot for D m ,  (Analysis I )  

Assessincr the Normalitv Assumotion 

The normal distribution holds a very special place in statistical analysis. Many of the statistical 

in ference procedures (such as multivariable analysis) assume normal ity and have optimal 

properties, if nonnality ho~ds['~''. A histogram display was used to aid the identification of the 

sample characteristics such as syrnmetry, skewness, and general shape. The histogram plot was 

drawn as an estimate of the probability distribution of the process under investigation. Hence, the 

proportions of sample observations falling within one, two and three standard deviations of the 

mean were deterrnined and the frequency distribution graph, that is the histogram was 

constructed. A smooth frequency curve was drawn superimposing the histogram to estimate the 

probability distribution as shown in Figure 6-23 for the Dm,, values. Most of the variables, such as 
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the corrosion rate, percent chloride at the steel level, resistivity and diffisivity as s h o w  in Figure 

6-23 and in Appendix G exhibited a log-normal distribution (positively skewed with a tail of 

higher values resulting in a high COQ as expected tiom results of physical measurements at 

This usually occurs in practice whenever a random variable is encountered such that its 

logarithm has a normal distribution, which will be discussed Iater. It is noted that it is quite 

acceptable that the distribution of these variables exhibit log-normal distribution, however, as 

explaineci earlier statistical analysis that will follow assumes normality. Hence. normality is a 

prerequisite of the analysis that will follow and it is the objective in this section. 

Figure 623: Frequens, distribution diagram rogether with probabifiy curve for D m ,  values (Anaiysis 1)  

The histogram and the curve shape for each parameter were analyzed for skewness, that is, if the 

tail of the curve to one side of the central maximum was longer than the other. The box plot was 

also used to investigate symmetry . However, these techniques are by nature, subjective. 

Therefore, it was decided to supplement these displays with more objective statistical 

procedures['O'l. A normal probability plot was used to pennit the analyst if the data for each 

parameter was distributed normally. A straight line of best fit was drawn for the points that 

estimated the cumulative distribution fùnction for the process derîved from the data. The graph 

resembles the usual fonn of normal probability paper, with the vertical axis displaying a 

probability scale and the horizontal axis - a data s ~ a l e ~ ~ ~ .  'O'I. In addition, the results from the 

Anderson-Darling normality test (an alternative of the ~ h a ~ i r o - ~ i l k l ' ~ ' ~ )  are displayed in the 

lower right corner, these were used to reject or not reject the nul1 hypothesis that the data was 

nonnality distributed at a significance level of 0.05 (for exarnple as shown in Figure 6-24). The 



plot's pvalue is 0.172, therefore, the D,, values are normality distributed at a significance level 

of 0.05. 

E 

.O5 

A n d e r s o n - D a r l i n g  N o r m a l i t y  T e s t  
A - S q u a m d :  0 . 5 2 2  

p - v i l u e :  0 . 1 7 2  

Figure 6 2 4 :  Normal probabilig plorfor D m ,  values (Analysis I )  

Transformation to Normalitv and Variance Stabilizers 

Normality is a desirable property and many commonly used statistical procedures, such as 

multiple variable regression described later in the chapter, require that the probability distribution 

be nearly normal. In many cases, when the normality condition is not met, an appropriate 

transformation of the data h m  the original scale to a different =ale can norrnalize the data''"'. 

The distribution of the transformed data will be more normal than the original data. This then 

allows for the valid application of procedures developed for normal populations. The results may 

then be transformed back to the original scale, as it is di@cult to interpret the value of 

transformed data. These types of transformations are called transformations to nonnality 199. i001 

The transformations to nomality ofien carry with them another interesting and usefiil feature: 

they tend to stabilize the variance of the data. That is, data in the original scale may have the 

feature that the standard deviation or variance is a function of the mean, but in the transformed 

scale, there is no relationship. Hence, the COV value usually has a tendency to decrease with the 

application of a transformation. 

There are many different ways to transform the data, using logarithmic, square mot, reciprocal 

and other transformations. Although a transformation can be applied to any variable, each one 

seems to work best for a particular type of variable. Of al1 the transformations available, the 

logafithmic (or log) transformation is useful in applying to variables representing physical 



characteristics and concentrations. Furthermore, the data must be non-negative, with values, 

which are not vezy close to zero['0L1. It is possible that a transfonnation will render the data more 

tractable, however the key to a simple, effective transformation is the knowledge of the 

phenornenon king studied. 

Results of Univariate Analvsis 

The first analysis was conducted on the as-collected data (Analysis 1). If the variable showed 

signs of normality, no additional analysis was conducted. A second analysis was conducted in the 

case when the frequency distribution plot indicated skewness, the box plot and stem leaf diagrams 

depicted outliers and the normal probability appeared to be cuwed. The outliers were removed 

and the pmess was repeated analyzing the data for normality. Full details are included in 

Appendix G, and it is summarized in Table 6-1 (Analysis 2). Furthermore, appropriate 

transformations were applied to the parameters when the COV was large, to improve the 

agreement with norrnality (Table 6- 1, Analysis 3). 

It is noted that, no transfonnation was applied for the corrosion potential even though the variable 

represents the concentration of oxygen in the Nenrst equation. The concentration has already been 

logged in obtaining the potential 4. ïhe  potential is not a direct measurement of the concentration, 

but represents the concentration indirectly given that these concentrations have been logged (see 

Equation (3-3)). For this reason, it was considered unreasonable to perfonn a second Iogarithmic 

transformation on this variable, which is already the result of a logarithmic transformation. 

Moreover, no transformation was applied to the percentage chloride content at the level of steel, 

even though the variable represents a concentration. With the transfonnation, the distribution ends 

up normalized (Appendix G); however, the COV increases to 1.4 1 (mi@ be due to the fact that 

the values are close to zero), hence, for this reason no transformation was applied. Full details are 

included in Appendix (G). 

Based on the above results, the variables chosen for further investigation are delamination 

(Delam), corrosion potential (&,) and compressive strength (Sn) fiom Analysis 1 ,  concrete 

cover (Cover) and percentage chloride at the steel level (YoCf) fiom Analysis 2, and corrosion rate 

( L O G ) ,  apparent difision coefficient (Log&), in-situ chloride migration coefficient (Log&,,& 

resistivity of the concrete (iogp) and the coefficient of permeability (LogkW) fiom Analysis 3. 





6.3.3 Regression of the lndividual Variables 

Relationships between the variables are often of interest when an association between the 

variables measured, or altematively a basis of prediction is needed. Prediction is, of course, 

important in planning and decision making, One type of analysis primarily concernai with the 

association between variables is the regression analysisF. This section considers the simple 

Iinear regression analysis, that is with a single regressor, X, that has a relationship with a response, 

Y, that is a straight line. The goal is to derive an equation that will link the values ofx, and y,, with 

the least amount of error possible. This is better understood graphically. Figure 6-25 shows a plot 

of Y vs. X. The goal is to find the line which runs through these points such that the vertical 

distances between the line and the y values are minimimi, Le., the values of e, are minimized. It 

follows that the n random variables having the values y, (i= 1, ..., n) are independentty normally 

distributed with the means (B. + P,x,) and the common variance d. The equation relating the 

values of each observation o f y  and x of the following form[Iw. 'O1]: 

where for any given x, the mean of the distribution of the y, is given by @, + &,) (portion of y, 

predicted by the straight line) and the e, is the portion of the y, that the straight line fails to predict, 

which is the error or the residual. The tenns fi, and represent the intercept and the slope. 

respectively. 

X, Coffosiari pabntiai (mV) 

Figure 625: Y vs. Xplor (Corrosion rare vs- corrosion potenrial) 



However, is it possible to detenine if the line represenu a good estimate of the relationship 

between X and Y? The answer lies in the study of the residuals, el. 

6.3.3.1 Residual Distribution 

The distribution of each variable has been studied in an earlier section. The distribution of the 

residuals arising fiom the regression of the independent variables with the dependent variable. 

that is corrosion rate, will be reviewed in this section. It is assumed that the el values are 

independent and are normally distributed random variables having zero mean and the common 

variance d. Note that this assumption is required to discuss the goodness of predictions based on 

Ieast-squares equations'wl. 

Hence, in this study, each independent variable (Xi) was regressed individually, to study the 

residual distributions for any signs of anomalies, and to keep track of the outliers on Y, that is the 

corrosion rate values. It is noted that earlier in the previous section, the outliers obtained were 

outliers on the X variable, while here, the outliers on the residuals are examined, that is the 

outliers on the mode1 chosen to fit the data. For each variable, the following information was 

extracted and exarnined: 

Number of observations N, SSE, Rlajmd, F-ratio; 

Outtiers identified by a :-score > 3; 

Outliers identified by a Cook's Distance (CD) > 1 ; and 

* Normal plot of residuals, histogram of residuals, 1-chart of residuals and a residual vs. 

predicted value of y (residual vs. fits). 

These concepts will be briefly described prior to the actual analysis, to get farniliar with the 

rneaning of each quantity and graph. 

Reauired Information 

The method most commonly used to calculate the magnitude of the error of the equation, is to add 

the squared values of each of the individual error. This value is referred to as the Error Sum of 

Squares, or SS&'()"': 



It should be noted that as the errors are squared, the effect of the larger values are emphasized. 

The result of this is that outliets, whose residuals are high, can have an enorrnous effect on the 

value of the SSE and, consequently, on the best fit line. 

It will not always be so obvious that a variable X is insignificant in predicting Y. The significance 

of X in predicting Y is established by comparing the SSE of the model including X, to the SSE of 

the model for the mean value of y, y '. This last model is refemd as the benchmark model, that is a 

horizontal line where the slope of the line is zero and the Iine runs through the y '  vaiue. ïhe 

equation relating X and Y using the benchmark model based on the mean value of y, Le., the 

horizontal line, is: y = 8, + e, where p, is equal to y'. The value of the error sum of squares is 

referred to this model, as SSY. A measure of fit that is very commonly used is the square multiple 

correlation, R>. This value represents how well a model predicts Y in comparison to the 

benchmark model. The coefficient of determination, &, is calculated as fo~lows['~* 'O1! 

R' = SSY - SSE 
SSY 

The value of k is always positive, and ranges between O and 1. The variable X is a good predictor 

of Y if the value of R' is close to unity. However, this model is based on nothing but the mean. 

One way to examine the validity of an equation to fit foreign data, that is to fit data, which were 

not a part of the observations used to create the equation itself, is to compare kMuVled (or ifd) to 

d. The decrease in 2 is called the shrinkage, and it represents the decrease in the predictive 

power of the equation when used on the population as a whole. 

The significance of the variable X in the prediction of Y is determined by examining another 

important parameter in statistics: the F-ratio. 1t is noted that the benchmark model will be termed 

the rrtmodel, and the model king tested as the L&model. Hence the value of the F-ratio is 

calculated as foIlows [IOO. 1011. 

SSEf - SSE(R ) 

F =  DOF(W) - DOF(Q) 
SSE ( S 2 )  

The degrees of fkedom, DOF is equal to the number of observations, N, minus the number of 

parameters king fitted by the model. Like k, the F-ratio is a measure of the improvement of one 
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model over another, however the F-ratio takes into account the number of variables that were 

needed to obtain this improvement. This is achieved by including the degrees of freedom ( D m  

in the Equation (6.4). The critical values of F that must be obtained in order to consider the 

model significant. These critical values are listed in standard tables of the Fdistribution, by using 

F{ 1 -a, ul, u?) where a is the level of significance, and v1 and u2 are DOF of the numerator and 

the denominator of the F-ratio, respectively. If the F-ratio calculated is larger than the appropriate 

critical value, the model Grnodel is considered significantP. 'O1]. 

The measurement of the outliers on the regressor variables have been considered up to this point. 

The z-scores can be calculated for the residuals obtained when a model is fitted to the data. These 

standardized residuals are used for finding the observations whose predicted y values are quite 

different Rom the sictual y value, Le., they do not fit the model well. If the standardized residuals 

are approximately normal ly distri buted, then an observation with a standard ized residual greater 

than 3 in absolute, is considered as potential outlier. This is because, in a distribution which is 

normal. about 99?? of the scores should lie within three standard deviations of the rneanr'O''. 

Alternatively, an outlier can be defined as a point, which if deleted, can produce a substantial 

change in at least one of the r epss ion  coeffkients. That is. the prediction equations, with and 

without the point, are quite different. A quantity that measures this change is the Cook's Distance 

(CD). Unlike the z-scores which identifi the outliers on Y or on the X's individually, the Cook's 

Distance measures the combined effect of a point k i n g  an outlier on Y and on the set of 

regressors. Cook and Weisberg indicate that a CD, > 1 would be generally be considered too 

large, and would therefore identiQ probable out~iers[ '~-  

In addition, the residuals (or standardized residuals) should be plotted in various ways to detect 

systematic deparhites. To check the normality assumption, a normal probability plot and a 

histogram of the standardized residuals can be constructed. In a normal probability plot, a straight 

line i s  characteristic of a normally distributed set of values and any non-linear curve would 

indicate a deviation from nonnaiity. The histogram illustrates if any of the observation has a 

standardized residual value greater than 3 in absolute. Moreover, a plot of the standardized 

residuals versus the predicted values is a major diagnostic tool to ver@ the constarit variation 

assumption. A standardized residual vs. fit plot with the appearance of a constant (horizontal) 

band indicates no violation of  the model. The last assumption that the error components are 

independently distributed is verified using an 1-chart of the residuals. A process experiencing only 

chance variations consistent with an established variability, a, is said to be in statistical control. 



Commonly used lirnits are the so-called 3a lirnits, where, in the case of a rnean value, or X, 
control chart upper (UCL) and lower (LCL) conbol limits are detined as p f 3c7/&, 

respect  ive^^'^^. "'1. 

Summarv of Resutts from Residuaf Analvsis 

The results fiom the residual analysis are tabulated in Tables 6-2 to 6-4. Separate analyses were 

conducted on the data of the two sides (east and west) of the deck and on the entire deck as well. 

The results for the entire deck suggest that the &, variable perfomed the besî, followed by 

Log& Str, %Cl and Logp as indicated by the R' results (Table 6-2). On the other hand, in the 

east side, the LogD,,,,, variable perfomed the best followed by &, O/oCIT SP and Logp, while for 

the West side the variable perfonned the best followed by Sh; Log&, LogkW and Delam. The 

influence of the chloride content (%CI) in the West side was negligible, Le. a & = 0.1%, a figure 

much higher is found in the east side (R' = 28.9%). A similar trend was noticed for Log&, and 

Logp which is expected as the D m ,  value is a direct measure of the difisivity of chioride in 

concrete while the p value is a indirect masure of difisivity. 

The analysis of the entire deck indicated that most of the variables were significant in predicting 

LogCR as the F-values are greater than the critical value for the corresponding DOF at a 0.05 

level of significance with the exception of Log& and Logk (Table 6-2). The same applies to the 

east side with the addition of the SP variable to the exceptions (Table 6-3). It is quite different in 

the West side as the only variables that are significant in predicting LogCR were Delam and 

Str. The Delam, Cover, and Logp variables indicated that observation number 17 (Site 5, 

reading on location 1) may be a possible outlier (Table 6-3). The decrease in k, that is the 

decrease in predictive power of the equation when used on the population as a whole are 

acceptable with some exceptions as shown in Tabies 6-2 to 6-4. Furthemore, the distributions of 

the standardized residuals were not perfectly normal as illustrated in Figure 6-26 and in Appendix 

H. The slight deviation fiom nomality suggested that another X variable should be added to the 

mode1 to account for the variance which was not accounted by the first variable. It is noted that 

only one example of the plots is included in this section, while the remaining plots can be found 

in Appendix (H). 

Overall single variable analysis is not much of a good tool to correlate the parameters because the 

data of the various tests are affected by the environmental conditions. Hence, low correlation 

coefficients (R') between the various tests data suggesting no significant relationship was 



Table 6-2: Rcsidunl irformnt iotî f r m  regress ion of the independent variahles wiih r he Jependent variable (Log(C'R)) 

Quantity Measurcd 

Mamination 

Concrete cover 

Percentage chbride 
at steei levd 
Apparent CI diffusion 
coeffiiient 

- - 

In-situ CI migration 
coeffiiient 

Coefficient of 
permeabilit y 

Concrete compressive 
st rengt h 

(a) Enlire bridge deck 

N SSE R1 k r e a u  
RL in R I  F-ratio F'mk,, 



Table 6-3: Rllsihal irI$orrnation/i.ont rc>grees4~ion of/hc indepentlent variables with the dependent variable (Log(C'R)) 

- ~ - -  pp 

Quantity Mcasured 

Mamination 

Cortcrete cover 

Percentage chloride 
ai steel Ievel 

Apparent Cl diffusion 
coefiicient 
. . - - - - . - - . -- - -. - - - . 

In-citu CI migration 
coefr ih l  

Wficient of 
prrmeability 

Concrete compressive 
sirmgth 

(b) East sMc af bridge dcck 



Table 6 4 :  Residual infîrntc~tionjhm regrcission ofthe independent variables W h  the dependent variable (Log(CR)) 

Quantity Measurcd 

. - -- - - - -- . 

Corrosion potential 

Mamination 

Concrete cover 

Percentage chloride 
at steel Ievd 

Apparent CI diffusion 
cueff~imt 

- 

I n 4 u  CI migration 
coefficient 

Coefficient of 
pemwabilii y 

Concreîe compresive 
st rmgt h 



Normal pbt of rieadwk 1-Chart of rrridwls 

Rduals m. Fits 

Figure 626:  Standardized residual model diagnostics for 'Log&,' (enrire bridge deck) 

6.4 Prediction of Corrosion Rate Using Multiple 
Linear Regression Analysis 

Multivariable analysis requires that the probabil ity distribution be nearly normal, hence, the 

dependent variable and some of the independent variables required transformation to make the 

data dispersed in a scattergram and nonnally distributed as  indicated earlier. When a dependent 

variable, Y,  relates to two or more independent variables XI, X2, ....> XC, a multiple variable 

regression analysis may be used. The relationship between these variables is presented as an 

additive linear model of the fordW. lool: 

where Po, pl, . . , , P' are constants and are referred to as regression coefficients. The parameters of 

the equation are obtained easily by making use of certain basic principles of rnatrix algebra. In the 

present study, these lengthy calculations were reserved for software packages (Minitab and Data- 

Analysis application in Excel). Multiple regression can be thought as fitting a line through a set of 



points in a three dimensional space, or of a higher dimension. The residual, e,, can be thought of 

as the distance in the y-direction between a point in space and the line. 

6.4.1 Selection of Variables 

In the previous section, the relationship between LogCR and each of the independent variables 

was studied. To identify the extent to which the dependant variables anz correlated, the correlation 

matrix of the set of independent variables, plus the dependent one was detennined. The 

correlation matrices for the data under study are presented in Tables 6-5 to 6-7, where the values 

represent the ~earson"' correlation coefficients, R (R=&). The ideal situation is one in which 

the correlation factors between the dependent variable (LogCR) and each independent variable are 

high, and the correlation between the independent variables themselves is low. This woutd result 

in the lem arnount of multicollinearity, i.e., redundant information, and it would lead to a 

situation where each variable that is added to an equation would provide new information and 

would serve to significantly increase the effectiveness of the equation. 

Table 6-5: Correlation rnarrir: (a) Entire bridge deck 

1 -0.459 0.447 -0.249 -0.405 -0.070 -0.109 -0.194 0.305 0.333 1.000 Str , 



Table 66: Correlation matrïx: (b) East side ofbridge deck 

Table 6 7 :  Correiarion matrir: (c) West side ofbridge deck 

An examination of the correlation between LogCR and the independent variables (Tables 6-5 to 6- 

7) will quickly reveal that the results are the same as those obtained in Section 6.3.3.1 when 

comparing the l? illustrated in Tabks 6-2 to 6-4. However, one important point here is that the 

sign of correlation between the variables can be investigated. ïhe  fact that a linear relationship of 

negative dope exists between and LogCR signifies that the corrosion process was subject to 

anodic control. This gives rise to the initiation and growth of pits on the surface of the steel["'. 



The slope of the lines illustrated in Figure 6-27, which represents the cathodic Tafel coefkient, is 

reasonably consistent with the value assumed in the calculations of corrosion rate, namely 120 

Figure 6-27: Corrosion rare vs. corrosion potenrial 

Another correlation of particular interest arises when the Logil,,,, values are regressed against 

LogCR and &, values, a Iinear relationship of positive dope exists between LogCR and Log&, 

and a negative slope between and LogD,,. Hence, as the Dm, values increase, there is an 

increase in the corrosion rate and the potential reaches the active zone; the relationship is more 

pronounced in the east side of the bridge. The relationship between the #,,, values and the 

corresponding %Cl values show a relatively strong negative correlation as expected (especially in 

the east side). Moreover, in the east side, the Log&, values have a relatively strong positive 

correlation with the 960 and Delam values, while in the West side, the correlation is poor. The 

%CI and Delam values have a similar correlation. As the West side was mostly delaminated 

(Table 5-2), this indicates that deiarnination affects both the in-situ and the profile tests. 

Another important fact observed fiom the correlation matrices is the negative and positive 

relationships that togp has with LogCR and &, respectively. This was expected, as resistivity is 

a rate determining factor once corrosion commences, hence it is encouraging and provides 

confidence in the data. However, the sign of the correlation that the LogkW values have with the 

various variables is opposite to what was expected. For example. one would expect that the 

correlation would be positive between LogCR and LogA;, i.e. the higher the permeability, the 



higher the corrosion rate, but this is not the case. This was already noticed in Section 5.2.10-2 

when analyzing the results shown in Figure 5-13(a). It must be kept in mind that the variable 

Logk, was obtained with an applied pressure that is too small as explained in Sections 3.5.5.3 and 

4.9.3, hence, the results should be dealt with caution. 

Most importantly, it must be emphasized that the single rnost important tool in selecting a subset 

of variables for use in a model is the knowledge of the area under study. Furthemore, it is 

important for the investigator to be judicious in the selection of predictors. if too many variables 

are used, the prospects of cross validation may be influenced negatively. In this study, the 

variables are analyzed under two headings, that is ' Assessment ' and ' Prediction' methods as 

explained in Section 6.3.1. Hence, the interactions between the variables obtained fiom the two 

types of methods are investigated. In the east side, the %Cl values have a strong correlation with 

the and Delum values. Another strong comlation of particular interest is between the &, 
and Delam values (on both sides of the bridge). These correlations indicate that the variables 

essentially provide the same information, hence, this shoutd be kept in mind when choosing the 

combination of variables amongst the 'Assessment Methods' to predict the corrosion rate values. 

It is noted that there is no particular correlation amongst the 'Prediction Methods', except the 

negative correlation between Logp and Log&, values in east side of the bride (Table 6-6). 

6.4.2 Determining Significance 

When regressing one independent variable (X )  against the dependent variable (Y), it is probable 

that the distribution will not be normal, e-g., as illustrated in Figure 6-26 and in Appendix H. This 

is because one independent variable ( X )  is not enough to account for al1 of the variance, but when 

another Xvariable is included in the mode1 it is expected to account for the variance that the first 

Xvariable did not. In order to determine if the addition of a variable has a positive influence, the 

significance of the chosen variables needs to be investigated. A variable is considered significant 

if the information provided by this variable is suficiently important, such that its addition to a set 

of variables increases the ability of the set to explain the phenornenon under consideration. A tool 

that is used to allow the analyst to quickly calculate the values of k, F, SEE, and A B  (mean 

squares) and check al1 of the relevant information at a single glance is the analysis of variance 

table, or ANOVA tabkipP. Table 6-8 shows a typicel ANOVA table indicating the 

appropriate values needed to constnict the table. 



Tabk 4-8: Typical ANOVA ta&99/ 

Difference 
I 1 DOF(Diff) (lJ SSE(Diff) " MS(Diff) "' F '6J 

~2 (2 

To determine the significance of a model f2 the following information is entered in the ANOVA 

table: 

A benchmark model, w, to which model R i s  cornpared; 

The error sum of squares, SSE, of each of the two models; 

The degrees of fkdom, DOF, of each of the two models; and 

The cntical F-ratio with which the calculated F-ratio is compared. 

An ANOVA table permits rapid calculation of the F-ratio and the correlation coefficient, p. 
Hence, in this study in order to determine the significance of each parameter in predicting LogCR, 

the results of a series of ANOVA tables were studied at each step to check whether the variable 

added was significant. In addition, the regression equations are valid over the range of the 

regressor variables contained in the observed data. That is, the equations obtained for one side of 

the bridge cannot be used to predict the corrosion rate in the other side of the bridge as they both 

exhibit different trends. 

6.4.3 Prediction of Corrosion Rate Using 'Assessment 
Methods' 

The parameters under study in this anaiysis, first presented in Section 6.3.1, were defined as king 

able to assess corrosion induced damage. Hence, the goal is to investigate if the 'Assessment 

Methods' are able to measure the corrosion occurring on the Dickson Bridge deck. The variables 



under investigation are only delamination, concrete cover thickness, corrosion potential, chlonde 

content at the steel level and the apparent chloride diffision coefficient. Table 6-9 summarizes the 

results of the multiple linear regression analysis for the entire bridge deck and for both sides o f  

the bridge separately. The ANOVA tables used to conclude with the results presented in Table 6-9 

are included in Appendix 1. It is noted that only the variables significant at a level of  a = 0.05 

were included in the model, that is when the F-value obtained fkom the ANOVA table satisfied 

the F-critical value. 

6.4.3.1 Entire Bridge Deck 

The data fiorn the entire bridge was used in the first model. The corrosion potential (&,) 

accounted for 36.6% of  the variability o f  the LogCR values, while Log& %Cl, Defam and Cover 

contributed to 5.2%, OS%, OS%, and O.O0/o, respectively. The total of  the explained variability 

was 42.8%, which is a rather low value. 

The value was cornputed to measure the shrinkage in the predictive power, that is the 

decrease in as it is measured in the wunple with the equation derived from it venus what it 

would be in the population as a whole using the same equation. It resulted in a shrinkage o f  3 1%, 

hence, the prediction equation derived h m  the sample data would not work as well on the 

population sample, that is the theoretical sarnple consisting of al1 possible data points. 

6.4.3.2 East Side of Bridge Deck 

Once again, the corrosion potential (&,) compared to the other variables accounted for most 

(3 1.7%) of the variability in the LogCR values, while YoCI and Cover contributed to 1 0.7% and 

7.4%, respectively. It is noted that the Delam and Log Du variables were not included in the mode1 

as they were not significant at a 0.05 level in the ANOVA tables (Appendix 1). The total 

explained variability was 49.8% with a shnnkage value o f  28%. The results indicate that there is 

quite a high variability (50.2%) in the LogCR which is not accounted by the 'Assessrnent 

Methods' and that there is a substantial decrease in the predictive power. The rnodel seems to 

provide linle information. 
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6.4.3.3 West Side of Bridge Deck 

The explained variability in the LogCR values accounted by the corrosion potential (&) variable 

was 39.0036, while the Ydr'l, LogDm Cover and Deiarn values contributeci to 10.W, 1 5.8%, 1 7.2%, 

and 0.3%, respectiveiy, totaling to 82.3% with a shfinkage of IV??.  The unexplained variability 

(1 7.7%) and predictive power values are much lower than the value obtained for the east side. 

6.4.4 Prediction of Corrosion Rate Using 'Prediction Methods' 

In Section 6.3.1, the definition of the 'Prediction Methods' was introduced which includeâ the 

parameters that quantifi the material properties of the concrete structure and enable a prediction 

of its durability. It is essential that the susceptibility to corrosion damage be detennined, hence, 

the goal of this anafysis is to answer the following questions: "Are 'Prediction Methods' able to 

predict the corrosion rate?", that is T a n  material properties be related to the corrosion rate?". 

Furthermore, "Are in-situ durability test appropriate (reliable) to predict the rate of corrosion on 

site?". It is noted that the variables under investigation are only in-situ chloride migration 

coeficient, resistivity of the concrete, coefficient of permeability and the concrete compressive 

strength. Table 6-10 summarizes the results of the multiple linear regression analysis for the entire 

bridge deçk and for both sides of the bridge separately, where only the variables significant at a 

level of a = 0.05 were included in the model, that is when the F-value obtained fiom the ANOVA 

table satisfied the F-critical value. The ANOVA tables used to conclude with the results presented 

in Table 6- 10 are included in Appendix 1. 

6.4.4.1 Entire Bridge Deck 

The LogD,,,, accounted for 3 1 -5% of the variability of the LogCR values, while Str, Logp, and 

LogkW accounted for 17.5%, 2.8%, and 1.2%, respectively (Table 6-1 0). The explained variability 

in the rnodel totataled to 53.0% with a shrinkage of 17%. The resuits are pretty much the same to 

what was obtained fiom the 'Assessrnent Methods' in Section 6.4.3.1. 



Table 6- 1 O: Results of the multiple lineur regression ~.ring 'Prediction Methodv ' 

Rerponse Regrerror Variabiliiy 
Analysis variable variable IntercePt Multiplier h d a r d  --....-,..-..--A--.-.-.....-. R I  ûecrease 

(ad f11g++8) errer Expbined Total Non-cxoiaid in R' 

(a) Entire 
bridge deck 

Log CR LWDmir: 1,3439 1.1241 0.3257 48.8Yo 

(b) Ead * 
of bridge 

k k  

(c) wcci cidc Lf@'R Sfr 1.7720 -0.0087 0,0035 36.7% 
of bridge L O W  0.0482 O. 1621 5.3% 

deck Log Dm& O. 1500 0.1618 3.6740 45.6% 54.4% 0.456 28% 



6.4.4.2 East Side of Bridge ûeck 

In the east side of the bridge, the Log&, accounted for 48.8% of the variability of LogCR, while 

the Szr, Log& and Logp values accounted to 23.0%, 4.6%, and 1.3%, respectively, totaling to an 

explained variability of 77.7% with a shrinkage of 16.0%. The unexplained variability in the 

LogCR using the 'Prediction Methods' is only 22.3% which is a lot lower than the value (50.2%) 

obtained fiom the 'Assessment Methods' in Section 6.4.3.2. The shrinkage is also lower. 

6.4.4.3 West Side of Bridge Deck 

The variability in the LogCR values explained by LogD,, was found to be marginal (3.6%) 

compared to the two previous models. On the other han4 the Str value accounted for 36.7% of the 

variability, where Logp contributed to 5.3% totaling to 45.6% with a shrinkage of 28%. It is noted 

that the unexplained varîability is 54.4% which is a lot higher than the unexplained variability 

obtained fiom the 'Assessment Methods' in Section 6.4.3.3. 

6.4.5 Summary of Multiple Variable Regression Analysis 

It is noted that by no means the models presented are suggested to be used to ptedict service life 

of existing structures. They represent the importance of the parameters included in the different 

models and their signi ficance compared to the existing condition of the w o  parts of this particular 

bridge deck. The models are only appropriate for this particular case or any other bridge deck 

with the sarne exposure conditions and other similar factors such as mix design. Hence, this must 

be kept in mind, There is too much generalization and this is why every structure needs to be 

closely monitored because unfortunately every structure is unique. 

The measurement of &, at the surface of concrete is one common and standard method of 

estimating the corrosion damage in reinforced concrete as also indicated by the results shown in 

Table 6-9. Alîhough this technique has been used on its own by many investigators, there are 

advantages in combining it with a suwey of the delamination, concrete cover and chloride 

profiling as shown by the rnultivariable anaiysis. This improves the assessment of likelihood of 

corrosion. 



Al1 processes influencing the corrosion of reinforcement are more or less controlled by transport 

processes (penetration of liquids or gases, diffusion of chlorides and oxygen). Therefore, the 

major parameter in connection with corrosion and protection of the reinforcement in both 

uncracked and cracked concrete is the quality of the concrete cover. During their lifetimes, 

structures are subjected to extemal actions or agents that in time may alter hem fiom a safe state 

to failure or a damaged stage. One of the processes that may trigger the onset of corrosion of steel 

embedded in concrete is the ingress of chloride ions that eventually reach the reinforcement, 

causing the passive film to rupture or breakdown. Tests that predict the chioride ingress and the 

resulting corrosion of the reinforcement steel are of immense importance. This was illustrated in 

the results shown in Table 6-10. The LogDm,, values were the most significant in predicting the 

LogCR values especially for the entire and east side of the bridge. 

In addition, it is interesting to note the influence that the compressive strengh (Str) values have in 

the models, especially in the West side of the bridge (6-10). This is not surprising as many 

researchers in modeling the crack propagation due to the corrosion have used the material strength 

in the prediction model. Also, the analysis using fiacture strength concepts uses strength13']. 

Therefore. strength cannot be ignored as is indicated in this investigation. To move away fiom 

strength completely would be erroneous as concrete structures are designed to cany a specific 

loading by using strength criterion of the materials. Thetefore, it is not correct to ignore this 

property and simply use the electrical resistivity and permeation properties when using the 

'Prediction Methods'. When intemal steel reinforcement corrodes, the strength of the reinforced 

concrete member is undermined in several ways. Until recently, developments in cernent and 

technology have concentrateci on achieving higher and higher strengths. It was assumed that 

strong concrete is durable concrete, the only special considerations being the effects of alternating 

freezing and thawing and some forms of chemical attack. It is now known that, for many 

conditions of exposure of concrete structures, both strength and durability have to be considered 

explicitly at the design stage. The emphasis is on the word 'both' because it would be a mistake to 

replace overemphasis on strength by overemphasis on durability. This is illustrated in the obtained 

rnodels shown in Figure 6-1 0. 

The compressive strength testing, whilst usefùl in assessing the variations in strength which occur 

on site, needs to be cornplemented by permeability, difisivity and resistivity testing in order to 

give a much better measure of the likely durability as indicated by the models shown in Table 6- 

10. The Logk,. values did not contribute much in the models as expected. It was expected because 

as mentioned previously (Sections 3.5.5.3, 4.9.3, 5.2.10.2 and 6.4.1), the k, values should be 



considered with caution. This does not mean that permeability is of less importance than the other 

properties of concrete. On the wntrary, but unfortunately the results in this investigation are not 

as reliable due to the magnitude of pressure applied during testing. Further research is required 

and is presently undergoing at The Queen's University of Belfast to make changes in the design 

of the Autoclam Permeation System. The Logp values were of relative importance; the 

measurements might be influenced by the moisture of the concrete. The most reliable results are 

obtained h m  the in-situ chloride migration and strength testing (Table 6-10) when the 

deterioration is not as advanced. The results of the different types of models are discussed. 

Both types of methods, 'Assessment' and 'Prediction' methods, were used to predict the corrosion 

rate of the east and the West sides of the bridge as weil as for the entire bridge. The two sides 

exhibited two different results as indicated in the previous section, however, what exactly do the 

results imply. First a s u m m q  is given: 

The 'Assessrnent Methods' were able to assess the symptoms already present and the damage 

of the structure for the West side of the bridge deck with a correlation coeficient k of 0.823 

when including the variables +,,, %Cl, LogDa, Cover, and Delam in the model to predict the 

corrosion rate. While for the east side. the correlation coeficient was only 0.498 when 

including the variables %CI, and Cover in the model. 

The 'Prediction Methods' were able to measure the material properties of the structure for the 

east side of the bridge deck with a correlation coefficient & of 0.777 when including the 

variables Log&,, SR, Logk and Logp variables in the model to predict the corrosion rate. 

While for the West side, the correlation coefficient was only 0.456 when including the 

variables SW, Logp, and Log&, variables in the model. 

For the analyses including the data of the entire bridge deck, the correlation obtained is 

approximately the same, that is 0.428 and 0.530 when using the two different types of 

methods for predicting the corrosion rate. 

The 'Assessment Methods' were more adequate to predict the corrosion rate for a porticn of the 

bridge (the West side) that reached a high level of corrosion damage, while the 'Prediction 

Methods' were more adequate for the portion of the bridge (the east side) that is at an earlier point 

of the deterioration prixess. This is quite an interesting result, because it emphasizes the fact that 

if a structure is monitored using 'Prediction Methods' at an early stage, preventive rneasures can 

be undertaken before the problem becomes excessive. The 'Assessrnent Methods' are not 



adequate to detect damage at an early stage (when the corrosion is at a lower level), as indicated 

in this study. They do not perform as weil, hence methods to predict durability should be included 

in bridge inspections h m  the beginning of construction and thereafier. The 'Assessment 

Methods' are able to detect the problem once the damage is at a point when it cannot be prevented 

and alternative measures need to be taken. For example, if the two types of methods were used on 

the Dickson Bridge deck, the darnage would have been detected at early stage from the 

'Prediction Methods' and maybe the City of Montreal would not have decommissioned the access 

to the bridge, as pteventive measures would have been able to be adopted prior to arriving at such 

a state. 

The actual safety and functional response of a structure in service depends pady on the 

parameters such as structural dimensioning, detailing, and choice of materials, and partly on the 

specified or presumed parameters, which in reality depend on the subsequent service conditions. 

Unfortunately, these service conditions are unpredictable and this also holds tme for the ageing of 

the materials. Hence, there is a need for regular inspection routines in order to maintain 

confidence in the stmctural integrity, performance and safety of the structure, and in order to 

assess the possible needs for safety of the structure, and in order to assess the possible needs for 

maintenance, repair, strengthening, as the case may require. The findings of the analysis afirm 

the fact that it is the material properties and the exposure parameters which decide the 

susceptibility of the concrete to deterioration and it is the darnage that it is measured with al1 other 

methods. When a structure is at an earlier stage in the deterioration process, measuring the 

material properties and the exposwe parameters is more usehl and helps to maintain the 

structure, while at a later stage the darnage can only be assessed. Regular and systematic 

inspections should be performed in order to identify and quanti@ possible ongoing deterioration. 

Inspection constitutes an integral part of structural safety and serviceability by providing a link 

between the environmental conditions to which the structure is subjected and the manner in which 

it performs with time. The nature and fiequency of the inspection procedures should be 

determined with this in mind. The strategy towards improved durability should incorporate 

systematic inspection routines for structures in service, decision models based on forecasting of 

the rate of degradation (corrosion), and economic consideration of short-term or long-terrn 

remed ial measures. 



Conclusions and Recommendations 

Based on the detailed tests and the results reported in this thesis, the following conclusions and 

recommendations have been drawn. 

Conclusions 

With regard to the collected data and the analysis of the results, the folfowing conclusions are 

drawn: 

The on-site measurement of the corrosion state of the concrete reinforcement on the Dickson 

Bridge deck was conducted using the Linear Polarization technique. The technique was 

suitable to be applied on-site, however, care had to be taken to refer the Rp value to the steel 

surface really polarized. The confinement was achieved using a controlled 'guard ring'. By 

means of this method, the corrosion rate vatues were obtained. The corrosion rate values 

indicated that the bridge deck was in a critical condition. 

The existing state-of-health vis-a-vis corrosion damage and concrete quality was detemined 

by having a close examination of the data obtained fiom the experimental program. 

Considering al1 of the data available, it appeared that the corrosion process of reinforcing steel 

at the Dickson Bridge deck was a tesult of high level of chlorides enhanced by highly 

unfavorable environmental conditions prevailing in the region such as high relative humidity 

and fieezing and thawing cycles. Overall, the rnethods that assess the corrosion damage, such 

as half-cell potential, corrosion rate, delarnination, and chloride content indicated that the top 

portion of the grid was at hi& risk of corrosion. In addition, the darnage was more 

pronounced in the West side of the deck. The West side displayed a high level of deterioration 

due to the greater extent of delamination, higher corrosion rates and potentials, and much 

higher chloride content, while the east side was at an earlier stage in the process, displaying 

less delamination and with lower chloride contents. The results of the cover survey seemed to 

contradict al1 other resulîs. Lower covers were found at the bottom of the grid suggesting that 

these particular sites would be more susceptible to deterioration and thicker covers at the top 

of the grid. However, it was seen that at the bottom of the grid, the damage was less compared 



to the top. This suggests that the performance of the cover-zone is dependent on both the 

cover thickne: . and on the concrete quality of the covercrete. 

+ Moisture is continuously transported in the form of liquid and vapour from the swrounding 

environment. The rate of water and ion ingress through the concrete depends on the physical 

structure of the paste. Precise characterization of this physical structure is, however, 

extremely dificult, if not impossible. Therefore, the average values of penneability, 

diffisivity, and resistivity have been used to mode1 the transport mechanisms through the 

complex pore structure. In the present study, the quality of the concmte cover in terms of its 

permeation properties and electrical resistance pmved to be of great importance. The areas of 

hi& diffûsivity and low resistivity were found to coincide with the locations of sipifkant 

reinforcement corrosion. The permeability results were not consistent with the other results as 

the applied pressure used during the testing was too small, hence the permeability results were 

treated with caution. 

Considerable effort has been directed into the development of on-site techniques to measure 

the corrosion rate of the reinforcing steel such as the linear polarizarion resistance. However, 

measurements of the corrosion rate do not give the complete picture of the problem due to the 

Iimited amount of information. They do not provide insight into the quatity of the concrete in 

the vicinity of the rebar which are instrumental in initiating and sustaining corrosion. Hence, 

in this investigation, the methods used consisted of techniques able to indicate either the 

causes of deterioration or the e-xtent of the corrosion darnage. Quite often methods used to 

improve the durability of concrete aim at preventing the causes of deterioration, however, 

occasionally methods which can limit the extent of darnage are employed. In this context, and 

in order to propose which test can assess the durability of existing structures, it was essential 

that a thorough analysis of the various relationships between the material properties and the 

corrosion rate was carrieci out. A multivariable statistical analysis proved to be the most 

appropriate way of quantiQing and correlating the results of the various tests. Both the 

'Assessment' and the 'Prediction' methods (measuring damage, and measuring material 

properties and exposure parameters) have been used to predict the corrosion rate of the east 

and the West sides as well as for the entire bridge. The adequacy of the two methods at the 

two different stages of service life displayed on the Dickson Bridge are as follows: 

- Overall, the measurement of the corrosion potential was of important significance in 

assessing the corrosion damage. However, to improve the assessment of probability of 

corrosion of the reinforcirig steel, it was advantageous to combine this technique with a 



survey of the delamination, concrete cover and chloride profiling as show in the 

multivariable analysis. 

In relative terms, durability testing is in its infancy, however, in this study it has been 

demonstrated that the measurement of the permeation pmperties, in particular the 

difisivity, gives an extremely useful insight. The in-situ chloride migration coefficients 

were the most significant in predicting the corrosion rate values especially for the east 

side of the bridge. The compressive e n g t h  values had a great importance in the models. 

Hence, strength cannot be ignored as is indicated in this investigation. The steel area 

decrease, the concrete cracking and the deterioration of bond at the steel-concrete 

interface, would affect the load canying capacity of concrete structures. The corrosion in 

a reinforced concrete structure influences the load carrying capacity of structures, hence, 

it is not surprïsing that the compressive strength played such an important role in the 

models. 

- The 'Assessment Methods' were more adequate to predict the corrosion rate for a portion 

of the bridge (the West side) that reached a high level of corrosion damage, while the 

'Prediction Methods' were more adequate for the portion of the bridge (the east side) that 

is at an earlier stage of the deterioration process. 

The conclusion drawn from the two types of models is that if a structure is monitored 

using 'Prediction Methods' at an early stage, preventive measures can be undertaken 

before the problem becomes "excessive". The 'Assessment Methods' are not adequate to 

detect damage at an early stage (when the corrosion is at a lower level), as indicated in 

this study. They are able to detect the problem once the damage is at a point when it 

cannot be prevented and alternative measures need to be taken. Hence, the methods to 

predict durability should be included in bridge inspection programs fiom the beginning of 

construction, and thereafier. 

Recommendations 

The overall efforts in this study were directed to gain hands-on knowledge and experience with 

the in-situ durability tests. The results are consistent and these in-situ testing techniques are 

promising. However, with regard to the actual tests carrïed out on the bridge, some other 

information would have k e n  beneficial and most probably stronger correlations would have 

resulted. The following recommendations are made: 
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it has to be taken into account that electrochemical measurements are "instantaneous", thus in 

order to get meaningful conosion rates they have to be related to the climatic conditions at the 

time of measurement. Thus the relation between instantaneous and average corrosion rate has 

to be studied. This applies to al1 of the parameters. Data needs to be collected with different 

intervals for at least one year in order to get information on seasonal, weekly and daily 

changes. 

To expose the reinforcing steel underneath the sites where the conosion rate was measured 

and to obtain the weight loss of the cross section of the bar in order to compare the two 

quantities. Thus the accuracy of the corrosion rate would have been established. 

In addition to the concrete compressive slrength, it would have been beneficial to know the 

constituents of the original concrete mix design, such as the waterlcement ratio, cernent 

content, etc.. . A petrographic examination would have provided a complete assessrnent of the 

quality of the concrete and its constituents, thus revealing the causes for concrete distress or 

poor pefiormance. The variations in the constituents would have provided a more appropriate 

criterion to classi@ the concrete. The variations of the tests results would have been better 

interpreted, thus allowing a complete analysis of the results. 

Reliable testing techniques for determining the in-situ strength of concrete have been 

available for many year, however, experienced users have found it best not to rely on a single 

test. Hence, a combination of nondestructive testing such as the pullout test and coring 

should have been used. 

The research program was fundamental and unique in nature. The scope of the project was not 

onfy to do a post-mortem of the Dickson Bridge deck, but to illustrate that on-site monitoring is 

important, even though there are still uncertainties in the techniques. Further work needs to be 

invested in on-site monitoring as it is the only manner that researcher and engineers can interact 

with the real problems encountered in reinforced concrete structures. The initial concrete quality 

to protect the steel should not be taken for granted once the structure is in use. This protective 

quality is an important factor that makes it possible for concrete structures to be built and this 

needs to be assured on site. The only way to know is to monitor structures on site. Modelling and 

accelerated corrosion research work in the laboratory needs to be correlated to the field work. 

However, laboratory work can never replace what is happening in a real structure as there are so 

many unknown factors. There have been some attempts in the p s t  to propose specification 

criteria based on laboratory tests, however, proposais are needed which are based on in-situ 

methods. The structure and physical characteristics of the concrete change with time, hence its 
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sustenance in service environment needs careful consideration rather than simplistic appmaches 

currently been u d .  The durability of concretes is not a static property, Le., it is not constant with 

tirne. The continuous change of the microstnicture of the concrete due to its response to the 

service environment may increase or decrease the properties (permeation properties, elecmcal 

resistivity and strength) of the concrete. 

There are many new concrete mixes and new techniques available to the researchers for use in 

their investigations. Corrosion engineers spend much of their time trying to find ways of stopping 

corrosion of steel by applying protective coaîïngs. Metals such as zinc or polymers, and acrylics 

or epoxies are used to stop corrosive conditions h m  reaching the steel surface. The passive layer 

is the corrosion engineer's dream coating as it forms, maintains and tepairs itself as long as the 

passivating (alkaline) environment is there to regenerate it if it gets damaged. if the passivating 

environment can be maintained, it is far better than any artificial coatings that can be consumed or 

darnaged, allowing corrosion to proceed in damaged areas. Measurement of chtonde ion diffusion 

is by far the most important concem, as it is the chloride ion that promotes depassivation of  the 

reinforcing steel, resulting in the initiation of corrosion- Difisivity is a parameter that can be 

used to assess the present condition of a concrete structure and also to predict the future risk. 

Because both engineers and researchers need a rapid method to evaluate existing structures and 

new materials and treatments, the new in-situ chloride migration test appears to satis* the 

engineering requirements. The main challenge is for the practicing engineers to work in tandem 

with those involved in the relevant research. Thus, practicing engineers, and especially those in 

the industry involved in testing, are encouraged to increase the use of in-situ testing for durability 

so as to build up an essential pool of knowledge and experience. This will ultimately lead to the 

realization of the fbll potential for the in-situ test methods. 

There is a need to foster collective agreement and thinking to develop an integrated approach to 

reseaxh and development for rational and intelligent infiastructure renewal. Good management 

and maintenance of steel reinforced concrete structures requires fiequent monitoring of the risk of 

reinforcement corrosion as it is essential that every concrete structure must continue to perform its 

intended functions in terms of the required strength and serviceability conditions, during the 

specified expected service life. Visual evaluation techniques and a few assessrnent methods are 

used in inspection prograrns. However, it is very dificult to make long-term recomrnendations 

based on these techniques because none of these methods can suggest future needs of repair and 

maintenance. Therefore, the owner (different levels of govemment or owners from the private 

sector) might not be able to prioritize bridges with the present level of information about the 
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durability of bridges. On the other hand, if tests such as the in-situ chloride tests (afier M e r  

research to standardize the apparatus and testing procedure) would be included in the inspection 

program, it would enable the future maintenance needs to be established. 

A benefit of monitoring reinforced concrete structures is that information on the in-situ 

performance of the concrete in the service environment can be collecteci, used to verifi whether 

the original specifications have been met, or whether it was appropriate, and then fed back into 

the design pmess. The use of these modem in-situ tests will mean less reliance on destructive 

testing which are expensive and limited because it c m  weaken the structure and, if testing on a 

periodic basis, it is unacceptable to remove cores fiequently. Long tenn durability monitoring is 

technically valid, and it can be a cost effeçtive method of maintaining the structures in g d  

regime by evaluating repair options and monitoring the stmcture and its environment with respect 

to corrosion. The prediction of the corrosion rate is very important for tirnely implementation of 

preventive maintenance strategies that slow down the deterioration processes thereby extending 

the service life of reinforced concrete stxuctures. The preventive actions are generally much more 

cost effective when implemented in the early stages of the deterioration life cycle, as compared to 

waiting until deterioration problems become quite advanced and visible. At this stage, they are 

extremely costly to repair or rehabilitate; in some case the system or a part may have to be 

replaced at a much high cost. Hence, it is recommended to measure the 'state of health' of the 

structure upon its completion and then check it regularly duhg its 'Iife' by fiirther routine tests to 

monitor the progress of condition changes. It is necessary to update the database of the bridge 

record with the information h m  the inspections so that the condition of the bridges can be ranked 

and priorities for repair and rehabilitation can be developed. 
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Appendix A: Bar Charts of Experimental Results 

The following are supplementary graphs for Chapter 4 and Chapter 5. The corresponding 

parameten calculated h m  the experimental data as indicated in Chapter 4 are plotted showing 

the values obtained for each site at the location where the test was conducted. These values were 

used in Chapter 5 to plot Figures 5-8 to 5- 13. 

Site Number 

Figure A-1 : Concreîe cover thickness survey 



Sie Number 

Fiiu r e  A-2: Deluminarion survey 

Sie Number 

Figure A-3: Resisrivity ofconcrete readings 
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Figure A-6: In-situ chloride migration coeflcienr values 
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Figure A-7: Percentage chloride al steel l a e l  
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Figure Al%: Apporenr chloride d~@ksion coeflcienr values 
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Figun A-9: Relarive humidity reudings 



Figu n A- 10: Coe#icient ofpermeability values 
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Figure A- 1 1 : Water absorption values 
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Figure A-1 2: Concrete compressnle srrengrh vahes 



Appendix B: Linear Polarization Curves 

Due to the large amount of readings (a total of 140 LPR tests), only a sample o f  the 

polarization resistance curves are included in the present appendix to illustrate the consistency o f  

the readings in the achievement of the linear relationship between the potentiai and the cumnt 

density values, which made it possible to calculate the polarkation mistance, Rp (Equation 

(3.1 1)). 

b: -0.02 Vto 0.02 V. 0.125 mVls. 2 Jpt 
4,: -0.591089 V 
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Figure B- 1 : Polarkation resistance plot (Site 24 location I )  
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Figure B-2: Polarkation resistance plot (Site 24, location 2) 
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Figure &3: Polarùation resisrance plot (Site 24, location 3) 
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Figure B-4: Polarization resistonce plot (Site 24, location i f )  
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Figure 5 5 :  Polarkation resistance plot (Sire 25, location I )  
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Figure B-6: Polarkation raistance plot (Site 25, location 2) 
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Figure &7: Pokarizazion resisrance pior (Site 25, location 3) 
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Figure B-û: Polarkation resistance plut (Site 25, locution 4) 

Polarkation Resistance 
'pols27-1 .&a' W W f  9W-l9:44:4îû 

- -- . - . . - - 

Pstat #l 
Sam: -0.02 V to 0.02 V. 0.125 mVls. 2 s/pt 
ex:  4.574073 V 
Arse: 55.359 an2 
EkcErods: 7.87 grn/m'. 27.92 giEpuw 
Conditiming: OFF 
Delay: ON, 500 s 
IR Comp.: ON 

NOTES: 

POLRES RESULTS 
Region = -19.9 mVto 20.1 mV 

Figure B-9: Polarkation reshtance plot (Site 2 7, location 1) 
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Figu ru 5 1 1 : Polarkation resistance plot (Sire 2 7. location 3) 
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Figure 5 1 2: Polarization resistance plot (Site 2 7, location 4) 
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Figure B- 13: Polarkation resistmce plot (Sire 32, location 1) 
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Figure & 14: Polarkation resirtance plot (Site 32, location 2) 
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Figure & 1 5: Polarkation resistance plot (Sire 32. location 3) 
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Figure B- 16: Polarkation resisrance plor (Sire 32, location -1) 



Append ix C: Caicuiation of Chloride Migration 
Coefficient 

Equation (3-29) was required to calculate the flux, J, fiom the test results. The value dc/& 

(ppm/hour) was obtained fiom the linear portion o f  the concentration versus time graphs (Figures 

C-1 to C-3). The J values were converted (mol.cm".s-') using appropriate conversions. Table C- l 

includes al1 the above mentioned calculations and also the calculation of the in-situ chloride 

mi e t  ion coefficients using Equation (3 .î8). 

Tabk C-1: CaIcufation of chloride migration co@cient (D,,d 

Site No. J 
(mai.cm-ls-') 
- - --- - - - - 

3.1 SE46 
1.70E-06 
3.93E-06 
4.46E-06 
2.ME-06 
3.49E-06 
7.32E-06 
6.16E-06 
3.30E-06 
! .04E-05 
1.31 €45 
1.4OE-05 
4.36E-M 
3.93E-06 
7.61 E-06 
4.61 E-06 
6.30E-06 
6.64E-06 
6.59E-06 
6-21 E-06 
9.45E-ûô 
9.31 E-06 
6.93E-06 
1 -1 3E-05 
6.45E-ûô 
4.46E-06 
5.04E-06 
1.25E-05 
2.38E-06 
8.1 0E-06 
1.1 OE-OS 
4.80EQ6 
6.74EQ6 
5.24E-06 
3.1 0E-06 
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Figure C-l : Steady state dope of concentration vs. rime graphs (sites 1-3, 5- 7. /8-22 and 24) 
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Figure C-2: Sfeody store dope ofconcenrrarion vs. rime p p h  (Sites 8-12. 14. 25-28. 31 and 32) 
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Figure C-3: Steady state dope of concenîration vs. rime graphs (Sires 4, 13, 16, 1 7, 23. 29. 30 and 33-35) 



Appendix D: Chloride Profile Evaluation 

The objective of this appendix is to illustrate an example of the calibration series (Figure D-1) 

conducted to plot the chloride profiles. Also, supplemenm chloride profiles to those included in 

Section 4.8.2.4 are included in the present appendix (Figures D-2 to D-5). Lastly, details of the 

calculation o f  the apparent chloride diffusion coefficient fiom the profiles are provided in Table 

D-I . 

Date: August 7,1998 

Calibratioa tabk: Sampks: 1,2,3,6, 18and 19 

Tri J s  
1 
2 
3 
4 
5 
6 
7 
8 
9 

. . 
10 

AVERAGE 
(mv) 

Max DEYlATlûN 
(mv) 

C becks: It is noted that the maximum deviations are Iess or equal to the maximum al lowable deviations, 
therefore, the average of the ten readings listed betow with the corresponding logarithm of the 
chloride concentrations were used to plot caiibration curve s h o w  in Figure 4-19 (Section 4.8.2.2). 

Values plotteci: 

Figu rc D-l : Potentials obtained for calibrating solutiom: Series 1 



Threshoid value 

Figure D-2: Chloride profiles (Sites 25.30 and 32-35) 

Sites 
- - - - -- - - - - 
+ x  + 10 + 31 

ThmshoM value 

Figure D-3: Chloride profies (Sites/ O, 2 1, 26. 28 and 3 1) 



ftimshoid value 

Figure D-4: Chloride profiIes (Sires -1, 1 9, 20, 22. 23 and 29) 

ThreshoM value - 

Figure û-5: Chloride profles (Sites 5, 7 and 13- 16) 



Calculation of Aooarent Chloride Diffusion Coefficient 

A l inear regression analysis of the transformed variables (y values obtained fiom Equation (3.22) 

against depth, x) was required to calculate the q and a values (the y-intercept and the dope of the 

straight line (Equation (3-21)). Table D-1 includes the values of q and a and the calculation of the 

apparent difision coefficient using Equation (3.25), assuming a chloride exposure period, t, of 35 

years (Section 4.8.3.2). 

TI bk D- 1: Calcula~ion of apparent dtmion coeficienr (DJ 

Site No. 



Appendix E: Caicuiation of Coefficient of 
Pemeability 

Due to the large arna.int of readings (a total of 105 water permeabilîty tests, that is three per 

site). only a sarnple of the volume of water versus time graphs are included in the present 

appendix to illustrate the consistency of the readings in the achievement of steady state (second 

portion of the graphs), which made it possible to calculate the rate of flow (Figures E-1 and E-2). 

In order to obtain a representative value of the whole site, the rate of flow of the three locations 

for each site were averaged as shown in Figure E-3. It is noted that readings for sites 19,20 and 

23 at location one are much latger than the values obtained for the other locations in the same site. 

The presence of cracks under the testing area might have been the cause even though when cross- 

checked with the delarnination survey (Figure A-2), sites 19 and 20 were not delarninated white 

site 23 was delaminated. During testing, water might have escapeci through the cracks in the 

concrete into the delarnination voids undemeath, instead of penetrating through the pores. The 

values were kept in the analysis, that is when calculating the average of each site, however, they 

were carehlly studied when conducting the univariate analysis in Section 6.3.2.1. This average 

value was used to obtain an average coeficient of permeability for each site as show in Table E- 

l using Equation (3.30) and a calibration factor of 0.207 x lo5 (Section 4.9.3). 
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Figure E-1: Sreu& srare dope of volume of wafer vs. rime graphs for S i m  4 and 5 
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Figure E-2: Slea4 srare dope of volume of wuter vs. fime graphs for Sire10 
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Appendix F: Presentation of Force versus 
Displacement Plots 

- -- - - 

Supplementary force versus displacement plots to the one included in Sectior? 4.1 1.2 are included 

in the present appendix (Figures F- l to F-5). 
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Figure F- 1 : Force versus dkplacemenr plot (Sires 1-5) 
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Figure F-2: Force versus displacement plot (Sites 6- 13) 
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Figure F-4: Force versus displocentent plot (Sires 23-29) 
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Figure F-S: Force versus displacement plot (Sites 30-35) 



Appendix G : Univariate Analysis 

The objective of this appendix is to illustrate supplementary details for Section 6.3.2. Stem-and- 

leaf diagrams, box-and-whisker plots, frequency distribution diagrams, and normal probability 

plots are included for al1 of the various parameters under investigation. It is noted that only the 

analysis for the entire bridge deck is included in the present appendix. The same procedure was 

performed for the east and the west sides of the bridge and the results are summarized in Tables 5- 

1 and 6- 1. As indicated in Chapter 6, Analyses 1, 2 and 3 are the analyses undertaken to the as- 

collected data, without outliers and afier application of transformation, respectively. 

Corrosion Potential 

The fiequency distribution plot indicates that the data is skewed slightly negatively (log-normal 

distribution). However, no outliers are present. The normal probability plot is slightly curved. No 

transformation is applied as the &, variable represents the concentration of oxygen in the Nernst 

equation and it has already been logged in obtaining the potential 

- - -  - -- - - - - -. - -- - - - -  - - - - . . - - 
Stem-and-teaf diaamm for N-and-Whisker dot of & 
Leaf Mit = 10 

1 -?O 
8 6 7665555 -1 + I 
19 -644433321110 
41 -5 Q9w99WWTTir776665555 --+---A---+---+---+--+ 
57 -5 4444433322222OOO -no 6oo a -360 -240 -120 

( 1 3) -4 9998888f766ôô 
67 4 433333321 100000 
52 -3 9999777'76865555 
37 -34222211110 
27 -2 99988655 
19 -244442221000 
8 -1 97765 
3 -1 442 

Figure C- 1 : Anuiysïs l for corrosion potenrial (enrire deck) 



Corrosion Rate 

The frequency distribution plot indicates that the data is negatively skewed. This generally 

indicates the presence of outliers in the lower end of the distribution, and this is quite evident 

when the stem-and-leaf diagram and box-plot are studied (Figure G-2). There are eight outliers in 

the lower end. The normal probability appears to be curved. Besides the outliers, the data points 

seem to give a log-nonnal distribution. 

In order to determine the nonnality of the variable, the eight extreme values are removed and the 

process is repeated. The COV reduces to 0.48, but it is still high (Analysis 2 in Table 6-1). The 

normal probability plot is not linear and it appears still to be slightly curved. The data points 

seem to give a log-normal distribution (Figure G-3). 

Frequency distribution diagram 

E 3 " -  
,g ' O .  - - 

Figure G-2: Analysis 1 for corrosion rate (enrire deck) 
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Figure G-3: Analysa 2for corrosion rate (entire deck) 

Even though it is accepted that corrosion rate exhibits a log-normal distribution, for later analysis 

(multivariate analysis), it is better to apply a logarithmic transformation to the variable in order to 

make the data d i s p e d  and nonnally distributed. The transformation is appiied and the process is 

repeated. The COV reduces to 0.16 (Analysis 3 in Table 6-I ), which shows the transformation 

contributes to a great improvement (Figure G-4). The normal probability plot is now linear and 

the data points seem to give a normal distribution (Figure G4). 



Figure El: AnaQsis 3 for corrosion rare (entire deck) 

Concrete Cover Thickness 

Presence of outliers in the lower end of the distribution is quite evident when the stem-and-leaf 

diagram and box-pIot are studied (Figure G-5). There are two outliers in the lower end. The 

normal probability plot is linear and besides the outliers, the data points seem to give a nearly 

normal distri bution. 

The two extreme values are removed and the process is repeated. The COV reduces to 0.45 

(Analysis 2 in Table 6-1). The normal probability plot is linear. The data points seem to be 

slightly positive skewed (Figure G-6). 
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Figure G-5: Anatysis I for concrere cover rhickness (entire deck) 
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Figure Cd: Analysis 2for concrere cover rhickness (entire deck) 



Percentaae Chloride at Steel Level 

The frequency distribution plot indicates that the data is negatively skewed. This generally 

indicates the presence of outliers in the lower end of the distribution, and this is quite evident 

when the stem-and-leaf diagram and box-plot are studied (Figure G-7). There are two outliers in 

the lower end, 

The two extreme values are removed and the process is repeated. The COV reduces to 0.60, but it 

is still hi& (Analysis 2 in Table 6-1). The normal probability plot improved. in fact it appears to 

be linear (Figure G-8). The data points seem to give a log-normal distribution. No transformation 

is applied even though the %CI variable represents the concentration of chloide ions at the steel 

level. With the transformation, the distri bution becomes normalized, however, the COV increases 

to 1 -4 1, therefore, for this reason no transformation is applied. 
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Figure G-7: Analysis l for percen~age chloride or sreel level (enrire deck) 
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Figure G-8: Analysis 2 for percenzage chloride ut steel levd (entire deck) 

Apparent Chloride Diffusion Coefficient 

The fiequency distribution plot indicates that the data is negatively skewed indicating the 

presence of outliers in the lower end of the distribution shown in the stem-and-leaf diagram and 

the box plot (Figure G-9). There are two outtiers in the lower end. 

The two extreme values are removed and the process is repeated. The C O V  reduces to 0.62 

(Analysis 2 in Table 6-l), but it is still hi&. The normal probability plot is still not linear (Figure 

G- 10). 

A common transformation used for physical properties is the logarithmic transformation to ensure 

normality. The transformation is applied and the process is repeated. The C O V  reduces to 0.40, 

which shows the transformation contributes to an improvement. The normal probability plot is 

linear and the data points seem to give a positively skewed distribution, which is common for 

difisivity (Figure G- 13). 



Figure G 9 :  Anaiysis I for apparent chloride difiion coefficient fenrire deck) 
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Figure E I O :  A ntllysis 2for apparent chloride dimion co&cienr (enrire deck) 
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Figure E l  1: Analysis 3 for apparent chloride &%ion coflcient (entire deck) 

In-Situ Chloride Miaration Coefficient 

The fiequency distribution plot indicates that the data is negatively skewed indicating the 

presence of one outlier in the lower end of the distribution as show in the stem-and-leaf diagram 

and box-plot (Figure G- 1 2). 

The extreme value is removed and the process is repeated. The COV reduces to 0.46 (Analysis 2 

in Table 6-1). The normal distribution plot is linear and the data points seem to give a log-normal 

distribution (Figure G-13). 

The COV is quite high (0.46), hence the transformation is applied and the process is repeated. The 

COV reduces to 0.30, which shows that the transfomation contributes to a great improvement. 

The normal distribution plot is linear and the data points give a nearly normal distribution 

(slightly positively skewed), which is common for difisivity (Figure G-14). 
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Figure G12: Anaiysis l for in-siht chloride migration coement (enrire deck) 
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Figure E13: Anaiysis 2 for in-situ chloride migration coeflcient (entire deck) 
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Figure G- 14: Anatvsis 3 for in-situ chloride migration coeficient (entire deck) 

Electrical Resistivitv of Concrete 

The frequency distribution plot indicates that the data is negatively skewed indicating the 

presence of 19 outliers in the lower end of the distribution (Figure G- 15). The normal distribution 

plot is very much cuwed. 

The 19 extreme values are removed and the process is repeated. The COV teduces to 0.43 

(Analysis 2 in Table 6-l), but it is still high. The normal distribution plot is still not linear and the 

data points seem to give a log-normal distribution (Figure G- i 6).  

The COV is quite hi&, hence the transformation is applied and the process is repeated. The COV 

reduces to 0.35 indicating that the transformation contributes to some improvement. The normal 

distribution plot is nearly linear and the data points seem to give a slightly positively skewed 

distribution, which is common for resistivity (Figure G- 1 7). 
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Figure C- 15: AnuiysrS I for resistivity ofconcrete (entire deck) 

Figure G16: Anulysis 2for resislivity ofconcrete (entire deck) 
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Figure G 1 7: Analysis 3 for resistiviy ofconcrete (entire deck) 

Coefficient of Perrneability 

The frequency distribution plot indicates that the data are negatively skewed indicating the 

presence of four outliers in the lower end of the distribution as shown by the stem-and-leaf 

diagram and box plot (Figure G-18). The normal probability plot is very much curved (Figure G- 

IS). 

The four extreme values are rernoved and the process is repeated. The COV reduces to 0.76 

(Analysis 2 in Table 6-1). The normal distribution plot is still not Iinear and the data points seem 

to give a lognormal distribution (Figure G-19). 

A logarithmic transformation is applied and the pmcess is repeated and the COV reduces to 0.37, 

which shows that the transformation contributes to a great improvement. The normal distribution 

plot is nearly linear and the data points seem to give a slightly positively skewed distribution, 

wh ich is cornmon for permeability (Figure G-20). 
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Figure G-18: Andysis I for coeflcienr ofpermeabifity (enrire deck) 
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Figure G19: Anaiysis 2 for coeficient of permeabiliry (enrire deck) 



Figure C-20: Anaiysis 3 for coeficient of permeabifiry (entire deck) 

Com~ressive Strenath 

The fiequency distribution pIot indicates that the data is normal. This generally indicates absence 

of outiiers, and this is quite evident when the stem and leaf diagram and box plot are studied 

(Figure G-21)- The normal probability plot is linear and the data points seem to give a normal 

distribution. No  transformation is required. 
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Figure G-2 1 : Analysis I for compressive strengrh (entrie deck) 



Append ix H : Residual Model Diagnostics 

The objective of this appendix is to illustrate supplementary details for Section 6.3.3.1. Normal 

plot of residuals, histograrn of residuals, 1-chart of residuals, and midual versus fits plot are 

included for al1 of the various parameters under investigation. It is noted that only the analysis for 

the entire bndge deck is included in the present appendix. The same procedure was undertaken for 

the east and West sides of the bridge and the results are summarized in Tables 6-2 to 6-4. 
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Figure H-l : Standardized residual model diagnostics for (entire deck) 
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Figu rc H-2: Standardked residual model diagnostics for 'Delarn ' (enrire deck) 
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Figure H-3: Srandardized residual model diagnostics for 'Cover ' (entire deck) 
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Figure H4: Srandardlzed residual model diagnostics for 'O/oCl' (enrire deck) 

Normal pbt of rduals 
2 0  

1 5  

1 4  1 5  1 6  1 7  

Fit 

Figure H-5: Standardired residual model diagnostics for 'LogD, ' (enrire deck) 
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Figure Hd: Slandardized residual mode1 diognosrics for 'Logp '(enrire deck) 
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Figure H-7: Standardized residual mode1 diagnostics for 'Logk, '(entire de& 
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Figu rc H-8: Standardized residttal model diagnosrics for 'Str '(enrire deck) 



Appendix 1: Multivariate Statisticat Analysis 

The objective of this appendix is to illustrate supplementary details for Section 6.4. A list of 

ANOVA tables is included to detemine the significance of the addition of a variable in a model. 

The summary of these results are listed in Tables 6-9 and 6-10. The analysis is subdivided in two 

as explained in Section 6.3.1, that is using the 'Assessment' and the 'Prediction' methods 

sepmtely. Three models are obtained i.e. (a) the entire bridge deck, (b) the east side of the bridge 

deck, and (c) the West side of the bridge deck. 

The procedures most commonly used to select a model are the forward, backward and stepwise 

selection. The forward selection procedure is used in this study. The first predictor that enters the 

equation is the one with the highest simple correlation with y. If this predictor is significant, the 

remaining variables are tested in tum and the F-ratio and k are calculated to consider if the 

addition of the variable is significant (at an a = 0.05 level of significance). At some point, a given 

predictor is not significant and the procedure is terminated. It is noted that in the forward selection 

procedure, once a variable enters the equation, it is not removed''"! There are an infinite number 

of ANOVA tables, which can be constnicted from these variables, but only the tables considered 

relevant are presented here. The model tested (n) and the model against which it was tested (w)  

are presented along with F-ratio and the result of the significance test, i-e., whether it is significant 

or not. 

Multiple Linear Rearession Usina 'Assessment Methods' (Entire Bridoe Deck) 

The first step of the analysis is to determine if the variable with the highest simple correlation 

with LogCR is significant. The results (Table 1-1) indicate that the &, variable is indeed 

significant in predicting LogCR as the F -ratio value is rnuch greater tharr the Fc,t,aI value (3.84). 

Table 1-1: One variable (enrire bridge deck) 

SOURCE DOF SSE MS F R2 

Difference 

Intercept -+ &, (R) 

Intercept (a) 



The next step is to determine which variable can be added to &, significantly. Each variable is 

tested in turn (Table 1-2), and the results indicate that LogD,, YoCï and Delam can be added to the 

model, with variable LogD, perfonning best. There is an increase in k of 5.2% and the F-value is 

greater than the acceptable value (3.38 with a DOF of 28). 

Table 1-2: Two variables (entire bridge deck) 

AR2 F-VALUE 

Delam 

Cover 

YoCl 

The next step consists of determining which variables can be added to #,,, and LogD, 

significantly. Each of the remaining variables was tested in turn (Table 1-3), and the results 

indicate that al1 three variables can be added to the model, with variable % C I  perfonning best. 

Table 1-3: Three variables (enrire bridge deck) 

VARIABLE R2 AR2 F-VALUE SSE DOF 

Delam 

Cover 

Each of the remaining variables was tested in turn (Table I 4 ) ,  and the results indicate that Delam 

performs the best when be added to &,, Log& and Y $ .  

Table 1-4: Four variables (entire bridge deck) 

VARIABLE R2 AR2 F - V U E  SSE DOF 

Delam 

Cover 



The last step is to determine if the last variable, Cover, can be added to &,, Log& YoCI and 

Delam significantly. The results indicate that there is no improvement in the correlation 

coeficient when adding the variable to the model (Table 1-5). However, the F-value is larger than 

the critical value of 2.66, indicating that the Cover variable is significant when added to the 

model. 

Ta b k  1-5: Proposed 'Assessment Merhods ' model (enrire bridge deck) 

SOURCE 
I 

Di fference I 5 0.85647 0.17129 3 -29 0.428 
t 

Intercept + &,, +Log& + 
%Cl + DeIam + Cover (R) j 

r Intercept + &,, +LogDa + , 27 2.00 179 
%CI - Delam (O) j 

Multiple Linear Remession Usina 'Predidion Methods' Entire Bridae De&) 

To determine the significance of a model a the sarne procedure as in the previous section is 

followed using ANOVA tables. The first step of the analysis is to determine the first variable to 

be included in the model. The LogDmc variable was selected as it performed the best in the 

regression of the individual variables. The following ANOVA table results: 

Table 1-7: One variable (entire bridge deck) 

SOURCE 
-- - 

DOF SSE MS F R2 

Difference 1 ! 
i 

Intercept + LogD,, ($2) 1 
Intercept (a) i 3 1 2.02300 

The results indicate that the LogDme variable is indeed significant (Table 1-7). Each variable is 

tested in tum (Table L8), and the results indicate that Str, Logp and Logk can be added 

significantly to LogD,,,, with the variable Szr perfonning best. 



Tabk 1-8: Two variables (enrire bridge deck) 

VARIABLE AR2 F-VALUE 

L O ~ P  

Logk,,. 

Each of the remaining variables was tested in tum (Table 1-9), and the results indicate that both 

variables cm be added to Log& and Str significantly, with variable Logp perfoming bat. 

Table 1-9: Three variables (enrire bridge deck) 

-- -- 

VARIABLE R2 M2 F-VALUE SS€ DOF 
1 

L O ~ P  I 5 1.8% +2.8% 9.30 0.9 1475 l 
26 

L O ~ ~ , .  i 1 50.7% + 1.7% 7.88 0.94264 23 

The last step consists of detennining if the fast variable, Logk, can be added to LugD,,,, SR and 

Logp significantly. The results indicate that there is an improvement in correlation coeficient 

when adding the variable and the F-value is larger than the critical value of 2.84, hence, the 

addition is significant (Table 1-1 0). 

Table 1- 10: Proposed 'Prediction Methods ' mode! (entire bridge deck) 

SOURCE S E  MS U2 
I 

Difference I I 4 0.95935 0.23984 5.93 0.530 
I 

Intercept + Log&, + Sm + ; 21 0.84938 0.04045 
Logp + Logk,,. (cl) I I 
lntercept + LogD,,,, + Str + 1 25 1.80873 
Logp (0 1 1 



Multide Linear Remession Usina 'Assessrnent Methods' East Side of Decl<) 

The first step of the analysis is to determine the fitst variable to be included in the model. The 

variable was selected as it performed the best in the regression of the individual variables. The 

results indicate that the variable is indeed significant (Table 1-1 1). 

Table 1- 1 t : One variable (east side of deck) 

SOURCE 

Difference I 1 1.8116 1.81 16 29.24 0.3 17 

Intercept + &, (Q) I l 63 3.9038 0.0620 

Intercept (a) , 64 5.7 155 

The next step is to determine which variable can be added to &, significantly. Each variable is 

tested in turn (Table 1-12), and the results indicate that al1 four variables can be added, with 

variable %Cl perfonning best. 

Table 1- 12: Two variabIes (easr side of deck) 

-- 

VARIABLE AR2 F-VALUE SSE 

Delam 

Cover 

Each of the remaining variables was tested in turn (Table 1-1 3), and the results indicate that only 

the Cover variable (Fcn,,cd = 3.59) can be added to and !%di/ significantly. 



Tabk 1- 13: Three variables (easr side of deck) 

VARIABLE R2 F-VALUE SSE DOF 

Cover j 49.8% +7.4% 3.63 0.77046 1 I 

Each of the remaining variables was tested in turn (Table 1-14), and the results indicate that 

neither of the two variables add significance to the &,, and YdlI and Cover rnodel. Even though 

the correlation coefficient increases with the addition of Delam or L a ,  the F-ratio is smaller 

than the FCnI,c0/ (3.48 and 3.63, respectively). Hence, the proposed model is without the addition of 

Delant and Log& (Table 1-1 5). 

Table 1- 14: Four variables (easr side of deck) 

VARIABLE AR2 F-VALUE SSE DOf 

Table 1- 15: Proposed 'Assessrnent Methods ' model (east side ofdeck) 

SOURCE DOF SSE MS F R2 

Di fference 3 0.7635 1 0.25450 3.63 0.498 

lntercepti#,,+o/oCI+ 1 I I  0.77046 0.07004 
Cover (CI) 1 

l 
Intercept i- &, + YoCi (a) 1 14 1.53397 

Multi~le Linear Rearession Usina 'Prediction Methods' East  Side of Deck) 

The first step of the analysis is to determine the first variable to be included in the model. The 

LogD,,,, variable was selected as it performed the best in the regession of the individual 

variables. The following ANOVA table results: 



Ta bk 1- 16: One variable f e m  side of deck) 

SOURCE 

Difference 

Intercept + LogD,, (R) 1 
lntercept (a) 1 

The results indicate that the Log&, variable is indeed significant (Table 1-16). Each variable is 

tested in turn (Table 1-1 7), and the results indicate that Sh; and Logp can be added significantly to 

Log&,, wiîh variable Sir perfiorming best. 

Ta bk 1- 17: Two variabfes ( e m  side ofdeck) 

M2 F-VALUE 

Logk,. 

str 

Each of the remaining variables was tested in twn (Table 1-18), and the results indicate that both 

variables cm be added to Log&, and Sm significantly, with variable Logk,,. perforrning best. 

Table 1-1 8: Three variables (east side of deck) 

VARABLE R2 AR' F-VALUE SSE OOF 

The last step consists of determining if the last variable, Logp, can be added to Log&, Str and 

LogkW significantly. The results indicate that it is indeed significant (Table 1-1 9). 



Table 1-19: Proposed 'Prediction Methods ' rndelteasz side ofdeck) 

SOURCE 

Difference ~ 
Intercept + LogDmtg + Sh. + , 
Logk, + Logp (n) l 

i 

Muitide Linear Remession Usina 'Assessrnent Methods' (West Side of Deck) 

To determine the significance of a model the same procedure as in the previous section is 

followed using ANOVA tables. The first step of the analysis is to determine the first variable to 

be inc Iuded in the model. The variable was selected as it perfonned the best in the regression 

of the individual variables. The following ANOVA table resuits: 

Table 1-20: One variable (west side of deck) 

SOURCE 

Difference ! 1 1.2230 1.2230 44.73 0.390 

Intercept + &,, (52) 1 i 70 1.9 142 0.0273 

Intercept (a) i 7 1 3.1372 

Each of the remaining variables was tested in tum (Table 1-21), and the results indicate that al1 

four variables can be added significantly to model, with variable Y 6  perforrning best. 

Table 1-2 1 : Two variables (wesr side ofdeck) 

VARIABLE R2 M2 F-VALUE SSE 0 0 F  

Delam 

Cover 

%CZ 

LogDa 



Each of the remaining variables was tested in tum (Table 1-22), and the results indicate that al1 

three variables can be added significantly to #cm and YoCI, with variable LogD, performing best. 

Tabk 1-22: Three variubks (west side of deck} 

VAIUA8î.E R2 AR' F-VALUE S E  DOF 

Defam 

Cover 

The next step consists of determining which variables can be added to YoCI and Log& 

significantly. Each of the rernaining variables was tested in mm (Table 1-23), and the results 

indicate that both variables can be added, with the variable Cover performing best. 

Ta bk 1-23: Fow variables (west side of deck) 

VAR1 A R E  AR2 F-VALUE 
-- - 

SSE 

Defam 
I 

! 66.6% +1.8% 4.48 O. 14808 9 

Cover 1 
i 82.OYo + 1 7.2% 1023 0.07985 1 9 

The last step consists of determining if the 1s t  variable, Delam, can be added to #,,, O/oC/, LogDa 

and Cover significantly. The results indicate that it is indeed significant as the F-ratio is greater 

than the critical value (Table 1-24). 

Table 1-24: Proposed 'Assessmenr Methods * model (west side ofdeck) 

SOURCE 

Difference 1 
lntercept -+ gico, +Log& + 
%Cf -+ Cover + Delam (0) i 
Intercept + +Log& -t. 

%Cl + Cover (u) i 



Multi~le Linear Resrression Usina 'Predidion Methods' West Side of 

The first step of the analysis is to determine the first variable to be included in the model. The Str 

variable was selected as it performed the best in the regression of the individual variabfes. The 

results indicate that the Str variable is indeed significant in predicting LogCR (Table 1-25). 

Ta b k  1-25: One vwiable (west side of deck) 

Difference 1 1 0.17526 0.17526 9 -29 0.367 
1 

lntercept + Srr (R) 1 
/ 16 0.30 1 87 0.0 1887 

Intercept (a) 1 17 0.477 13 

The next step is to determine which variable can be added to Str significantly. Each variable is 

tested in tum (Table 1-26), and the results indicate that al1 three can be added, with the variable 

Logp performing best. 

Table 1-26: Two variables (west side of deck) 

VARIABLE R2 AR2 F-VALUE SSE fXW 

Logk,. 1 41 -6% +4.9% 4.27 0.23445 12 

Each of the remaining variables was tested in turn (Table 1-27), and the results indicate that the 

variable LogD,,,, can be added significantly to the model. 

Ta bk 1-27: Three variables fwest side of deck) 

VARIABLE R2 M2 F-VALUE SSE DOF 



The 1 s t  step consists of determining if the last variable, Logk, can be added to SR Logp and 

L a ,  significantly. The results indicate that it is not significant (Table 1-28). ). Hence, the 

proposed model is without the addition of Logk (Table 1-29). 

Tabk 1-28: Four variables (wesr side ofdeck) 

Difference 

Intercept + Srr + Logp + ' 
LogDrnt + Logkw (n) I 1 
Intercept + Srr + Logp + i 

L0gDrntg (0 1 j 

Tabk 1-29: Proposed 'Predicrion Merhods ' model (wesr side of deck) 

SOURCE DOf SSE MS F R2 

Difference I 3 O. 15446 0.05 149 3 -63 0.456 

Intercept + Srr + Logp t i 13 O. 1 8447 0.01419 
Log&, ! 

1 
Intercept + Str + Logp ( w )  j 16 0.3 3893 




