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ABSTRACT 

In the last few decades, there has been an increasing 

worldwide problem of deteriorati.on of reinforced concrete 

structures, caused primarily by the corrosion of the steel 

reinforcf':ment embedded within the concr~te. Several factors 

can influence the corrosion process in different types of in

service structures. This thesis reviews the basic principlea 

of the reinforcement corrosion. Various protection and 

rehabilitation schemes that can be undertaken in the repair of 

deteriorated concrete structures are presented. In particular, 

three specific types of structures in the Montreal region 

which have undergone rehabilitation are presented as typical 

case studies. Additionally, major research work done in the 

area of reinforcement corrosion over the last twenty years is 

reviewed. 

This thesis reports the results of an experimental 

research program carried out at McGill University dealing with 

accelerated electrochemical corrosion testing of reinforced 

concrete. The main objective of this study is to determine the 

importance and influence of the depth of the concrete cover 

thickness on the rate of corrosion of steel reinforcement and 

thereby, on the resistance of concrete. Appropriate 

conclusions and recommendations regarding the construction 

variables affecting the corrosion process are brought forth. 

These conclusions and recommendations can be summarized 
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ABSTRACT (continued) 

as follows: 

1. Operating potential values of reinforced concrete versus 

a saturated calomel reference electrode (SCE) lower than 0 mv 

May indicate the potential for corrosion activity. 

2. An electrical current reading of 3 mA and .:lbove signifies 

corrosion activity at the leveI of the reinforcing steel. 

3. A minimum caver of li in. (38 mm) over the reinforcing 

stael should be specified in order to ensure that the concrete 

will offer the corrosion protection in the design 

requirements . Furtherrnore, for concrete exposed to severe 

chloride attack, a minimum clear cover thickness of 2 in. (51 

mm) is recommended. 

4. An increased concrete cover ~hickness is no substitute 

for poor quality concrete cover. 
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RESUME 

Durant les dernières années, la déterioration des 

structures en béton, dont. la cause principale est la corrosion 

de l' ac ier d r armature, est devenu un probleme d'ordre mondial. 

Plusieurs facteurs peuvent influencer le processus deI la 

corrosion dans différentes structures. La première parti~ de 

cette thèse révise les principes fondamentales de la corrosilon 

de l'acier d'armature de béton. Divers méthodes de protecti\Qn 

et de réfection, qui peuvent être utiliser pour la réparatio'n 

de structures en béton, sont p.resentées. En particulier, trohl 

genres de structures situé dana la région de Montréal, qui ont 

eté soumis à un programme de rehabilitation, sont analysées 

comme cas typiques. De plus, les recherches principales faites 

pendant les vingt dernières ar'nées à l'égard de la corrosion 

de l'acier d'armature sont présentées. 

La deuxième partie de cette t.hèse présente les détails et 

les résultats d'un programme d'étude expérimentale faite à 

l'université McGi11 sur la co,::,rosion accélérée de l'acier 

d'armature de béton conventionnel. L'abject if principal de 

cette étude est de déterminer l'importance et ltinfluence de 

l'épaisseur de la couverture de béton sur le tau, de corrosion 

de l'acier d'armature et ainsi, 3ur la resistance du béton. 

Certaines conclusions et recommandations concernant les 

variables de la construction en béton, qui peuvent influencer 

le processus de la corrosion, sont aussi présentées. 
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RESUME (suite) 

Ces conclusions et recommmandations peuvent être 

résumées: 

1. Un potentiel électrique de l'acier d'armature de béton 

conventionnel, par rapport à un électrode de référence, en 

dessous de 0 mV indique un risque de corrosion. 

2. Un courant électrique de 3 mA et plus indique la présence 

de corrosion au niveau de l'acier d'armature de béton. 

3. Une épaisseur minimum de li po. (38 mm) de la couverture 

de béton sur l'acier d'armature devrait être spécifiée pour 

que le béton offre une protection suffisante contre les effets 

de la corrosion. De plu~, pour les bétons exposés aux attaques 

sévères de chlorure, UI!e épaisseur minimum de la couverture de 

béton de 2 po .. (51 JDIIl) sur l'acier d'armature devrait être 

spécifiée. 

4. Une augmentation d'épaisseur de la couverture de béton 

sur l'acier d'armature ne remplace pas une couverture de béton 

de piètre qualité. 

, 
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CHAPTER 1 

INTRODUCTION 

Concrete is a structural material quite different from 

other natural or man-made materials. It is usually 

manufactured from materials available locally and does not 

arrive "ready-made" at the construction site. When exposed to 

a nonaggressive environment, concrete is a strong and durable 

building rnaterial. Despi te the important developments and 

advances in the area of concrete durability, there has been a 

growing concern around the world, in the last few decades, 

wi th the problern of deteriorat.ion of reinforced concrete 

structures. The rnaj or cause of this deterioration is the 

corrosion of the steel reinforcement, that can cause 

disfigurernent on a small scale and yet, can lead to structural 

problerns and occasional catastrophes on a large scale. 

with respect to in-service concrete, most, if not aIl of 

the critical factors influencing the corrosion of steel are 

1 
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understood, along with the effect of the environment on these 

factors. It would appear that by utilizing this available 

knowledge on corrosion of steel reinforcement, concrete 

structures could be made more durable. However, the design of 

a structure, the concrete used, and the construction practices 

employed may be deficient, and the varying environment 

influencing the performance of cancrete may nat be as 

expected. 6 Therefore, it is desirable to include a greater 

degree of performance assurance than would be required in 

ideal conditions to protect the embedded reinforcement. 

Other leading causes of concrete deterioration, resulting 

ultimately in reinforcement corrosion, include frost action in 

cold climates and physico-chemical effects in aggressive 

enviranments. A rise in chemical aggressivity of the 

environment through the increasing use of de-icing salts, and 

an increase in land, water, and air pollution, has a1so 

contributed to the deterioration of concrete structures. 

The design principles and construction practices have nat 

been modified sufficiently despite the rapidly escalating use 

of chloride based de-icing salts. The durability problem, that 

has emerged, was caused mainly by the shortcomings of the 

accepted industry standards. As a result, rehabilitation is 

required essentially for aIl existing reinforced concrete 

structures unless immediate steps are taken to improve their 

durability.167 

More concrete structures are presently suffering fram 

durability problems than was the case fifty years ago. Their 
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"natural" deterioration and inadequacy has drawn the attention 

of engineering professionals and the various leveis of 

government. It is weIl known that Canada's infrastructures, 

including roads, bridges, and water and sewage facilities, are 

in need of major repairs. The various levels of government 

seem ta provide the major funding required from time to time, 

however, the responsibility of coping with this inadequate 

funding and keeping the infrastructure operational remains 

with the municipalities. A report published by the Federation 

of Cônadian Municipalities (FCM) in June 1985 showed that the 

costs for the upkeep of infrastructures had almost tripled in 

most categories, with the major component burdens as roads 

(40%), water and sewage treatment (37%), and bridges (10%).166 

Similar difficulties are being encountered in all parts of the 

world. Table 1.1 shows a $3 billion shortfall between the 

expenditures allocated ny the three levels of government and 

the actual estimated need for the maintenance and repair of 

the transportation infrastructure in Canada. 

There is increasing deterioration of concrete structures 

in Canada, especially in the province of Quebec. As mentioned 

previously, the structures largely affected include roadways, 

bridges, and parking garages. In terms of road maintenance, 

the monetary budget in Quebec has increased from $267 million 

in 1977 to $473 million in 1988. 167 Nevertheless, the portion 

of the provincial government's budget allocated ta roadways 

has decreased from 25% in 1965 ta 2% in 1986, despite the fact 

that the amount of total roadway requiring repair has 
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Actual Estimated 
Expendi tures Needs 

($ billion) ($ billion) 

Federal 0.15 0.20 
Provincial 4.00 5.91 
Municipal 4.29 5.31 

Total 8.44 11.42 

Table 1.1: Canadian Highway Maintenance and Repair Funding 
Fiscal Y'ear 1988 - 1989166 

increased. 167 The primary reasons for the degradation of the 

road network is the increased use of de-icing agents and 

cyclic freeze-thaw action, along with substantial increnses in 

traffic volumes. 

parking structures are also subjected ta deterioration 

due to corrosion of steel reinforcement. In the early 1980's, 

it became apparent that most parking garages were built with 

inadequate protection for resisting the deleterious effects of 

de-icing chemicals. Over the last decade, expenditures have 

increased in the area of repairs and i'.nprovements, whereas 

maintenance and cleaning costs have been reduced considerably. 

In order to serve as a basis for the evaluation of the various 

repair techniques and strategies, the Canadian industry 

association ini tiated a five year study, including a sample of 

49 types of parking structures across Canada. Of the data 

collected thus far 1 a comparison between the annual repair and 

maintenance expenses, per square meter of parking surface, is 

shown in Table 1.2. 168 

In order to better prote ct the embedded steel 

1 
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YEAR REPAIR CLEANING TOTAL 

-----
1982/1983 $10,924 $21,194 $32,118 
198311984 $19,448 $9,971 $29.419 
1984,1985 $52,546 $17,772 $70318 
1985.1986 $18,259 $6.447 $24,706 
198611987 $64,867 $4,380 $69,247 
1987/1988 $24,361 $3,644 $28,005 
198811989 $37,680 $37,680 

TOTAL $228,085 $63,408 $291,493 

Table 1.2: Yearly Expenditures per Square Meter on Repairs 
and Improvements, and on Cleaning 168 

reinforcement from the onset of corrosion and thereby increase 

the service life of a reinforced concrete structure, 

additional research is required in this area of steel 

reinforcement corrosion, possibly allowing design principles 

and construction practices to be rnodified in order to prevent 

the deterioration of reinforced concrete structures. 

The objectives of this research program are to examine 

the accelerated electrochemical corrosion process of steel 

reinforcernent in concrete. Chapter 2 reviews the basic 

principles of reinforcernent corrosion, including the different 

factors affecting the corrosion activity and the numerous 

types of corrosion processes. Chapter 3 presents the various 

protection and rehabilitatlon rneasures that can be undertaken 

for the repair of a reinforced concrete structure. This 

includes the various techniques used in a detailed survey to 

determine the condition of the existing structure. Chapter 4 
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deals with three different types of structures, namely a 

street bridge, an elevated highway, and a parking garage, in 

the Montreal area, which have undergone rehôbilitation over 

the past few years. 

The maj or research work done in the area of reinforcement 

corrosion over the last twenty years is reviewed in Chapter 5. 

The development of the various codes of construction practice, 

as weIl as comparisons among the available international 

codes, are also presented. Chapter 6 presents the details of 

the research program carried out at McGill university during 

the year 1990-91. Results of the experimental investigations, 

including the preliminary and the final test series, are 

discussed. 

The main objective of the research study is to determine 

the importance and influence of the depth of the concrete 

cover thickness on the resistance of concrete, and ultimately, 

on the rate of corrosion of steel reinforcement. Analysis and 

correlation of the resul ts obtained from the experimental 

study are discussed in Chapter 7. In addition, comparison of 

the results with previous studies of similar nature are 

presented. Finally, Chapter 8 contains sorne appropriate 

conclusions and recommendations regarding the construction 

variables affecting the corrosion process. 

It is hoped that the state-of-the-art of the corrosion 

phenomenon and the results presented in this thesis will be 

use fuI to the construction industry in the rehabilitation of 

reinforced concrete structures. 
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CHAPTER2 

PRINCIPLES OF REIN FORCEMENT 
CORROSION 

Reinforcing steel embedded in concrete is normally 

protected against corrosion by the high alkaline environment 

provided by the surrounding concrete. The penetration of 

corrosion-inducing elements, such as oxygen, water, carbon 

dioxide, and chloride ions, is further limited by a concrete 

environment of low permeability. Furthermore, this low 

permeability retards the flow of electrochemical corrosion 

current due to increased electrical resistivity of the 

concrete. 5 

As a result of inherent protective characteriatics of the 

concrete, reinforcement corrosion does not normally occur, 

provided that the surrounding concrete ia of suitable quality 

and is properly proportioned for the intended environmental 

exposure. Nevertheless, corrosion can resul t if the above 
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criteria are not met or if other factors are not as 

anticipated or have changed during the life of a structure. 

In sorne cases, the corrosion or "rusting" of the steel 

permeates to the surface through cracking. This phenomenon 

occurs because the corrosion product, iron oxide, has a volume 

several times greater than that of the metallic iron from 

which it formed. Thus, the concrete tensile strength is 

exceeded by the expi'\nsive force generated, resulting in 

cracking. Surface distress May be a result of rust staining, 

cracking, and concrete debonding at the reinforcement level. 

Additionally, the reduced cross-section of the steel, 

accompanied by a reduction in its tensile capacity, May lead 

to possible failure. 

Different mechanisms May be responsible for steel 

corrosion. Within reinforceù concrete, electrochemical 

corrosion is believed to be essentially the major cause of aIl 

the corrosion distress. This is due ta the indirect oxidation 

resulting from dissimilar or non-uniforIi'i metals or from 

dissimilar environments. 5 

This chapter reviews the basic principles of the 

electrochemical process and the different classifications of 

reinforcement corrosion. Factors influencing the 

electrochemical process are discussed, and the various 

protective measures that can be utilized are presented. 
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2.1 ELECTROCHEMICAL CORROSION PROCESS 

2.1.1 Key Terms and Definitions 

Some basic definitions are presented in this section to 

describe the corrosion process in reinforced concrete. This 

will enable the reader to have a better understanding of this 

phenomenon and be able to use this as a quick reference guide. 

Activation polarization: electrochemical process that is 
controlled by the reaction 
sequence at the metal-electrolyte 
interface 

A1kalinity: quality or condition of basicity 

A1kali-aggregate reaction: chemical reaction of aggregates 
containing silicates with alkali 
(sodium and potassium) contents 
of cement. 

Anode: electrode releasing electrons (positive polarity) 

Base metals: metals having a more negative potential than 
the hydrogen electrode 

Cathode: electrode consuming electrons (negative polarity) 

Electrochemical series: standard electrode potentials of 
defined electrochemical reactions 

Electrolysis: decomposition of a chemical compound into its 
ions by the passage of an electrical current 

Electrolyte: aqueous medium able to conduct electricity 

Electromotive force (amf): driving force producinq current 
flow resulting from chemical 
reactions tak.i.ng place at the 
anode an.d tht:! cathode 

Electronic current: flow of electrons from the anode to the 
cathode 

Galvanic series: list of metals and alloys arranged 
according to their relative potentials in a 
qiven environment (e.g., sea water) 
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Half-cell potential: potential of a half-cell reaction 

Half-cell reaction: chemical reaction at the anode or 
cathode 

Ionie current: flow of ionic charges 

Noble metals: metals having a more positive potential than 
the hydrogen electrode 

Permeability: ease of diffusion of liquids or gases 

pH: indicator of acidity or alkalinity (basicity) 

Polarization: shift of electrode potential away from the 
reversible potential for a current flow. 

2.1.2 Basic Corrosion cell 

The basic principles of electrochemical corrosion are 

analogous to the components of an electrolyte cell. In order 

for the corrosion process to proceed, an anode, a cathode, an 

electrical conductor, and an electrolyte medium must be 

present. The body of the metal itself provides the electrical 

connection, while the moist concrete is the electrolyte 

conductor required for the flow of ions. At the anode, iron is 

oxidized to ferrous ions by the fOllowing equation30 : 

(2.1) 

The ferrous ions are subsequently transformed to iron oxides 

through a series of complex reactions. 

At the cathode, the electrons produced at the anode are 

consumed, typically through oxygen reduction. 't'he cathodic 

reaction is as follows~: 

(2.2) 

Figure 2.1 depicts the corrosion cell in reinforced concrete • 
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Figure 2.1: Corrosion Cell in Reinfcreed Conerete10 

As the electrolyte conducts current mainly through ionie 

diffusion, specific minimum ion and water contents must be 

present to p~rmit the flow of ions. ll Current flows between 

the anode and the cathode, passing through the metal and 

returning through the electrolytic medium. Any non-uniformity 

within the electrolyte can produce a difference in potentials 

(emf). Examples include dissimilar metals (active and noble 

metals), oxygen concentrations (availability at the ion 

location), and temperature differentials (gradients). 

The current completes the circuit back to the anode in 

the forro of negative hydroxyl ions (OH-). Once at the anode, 

the OH- ions can combine with the Fe2
+ cations to fom a 

relatively soluble ferrous hydroxide as follows ll
: 

Fe2+ + 20H- ... Fe(OH)2 (2.3) 

In the presence of sufficient oxygen, insoluble hydrated red 

rust can forme However, in the absence of cracks, mtygen 

usually cannot diffuse quickly enough at the anodic site to 

support this reaction, keeping iron in its ferrous state. 

There are severaI important facets of the corrosion celI 
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to considere The anode and the cathode areas are physica11y 

separated by a certain distance. Oxygen is not invo1ved at the 

corrosion site, but rather its presence at the anode can limit 

or prevent corrosion. Fina11y, "breakage" of the 

electrochemical cell can be accomplished by cutting the 

metallic conductor, preventing oxygen from reaching the 

cathode, or drying out the ce11 (i.e., removal of water) at 

any location between the anode and the cathode. lo 

2.1.3 Factors Affectinq Corrosion Activity 

Three majn factors influence the activity of a corrosion 

celle These include the ratio between the surface areas of the 

anodic and cathodic regions, po1arization, and the resistivity 

of the electrolyte. 

2.1.3.1 Area Ratio 

The density of the current f10w is an indication of the 

corrosion rate. As the ratio of anodic to cathodic area 

increases, the current density at the anode decreases, 

signifying a decrease in the corrosion rate. 

2.1.3.2 F~larization 

Electrochemical polarization can be classified in three 

main categories, which app1y to both the anode and the 

cathodell
•
30

: 

1. Concentration polarization oceurs when the concentration of 

the electrolyte changes in the vicinity of the e1ectrode. 

l 
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2. Activation polarization refer to the electrochemical 

processes controlled by the reaction sequence at the metal

electrolyte interface. 

3. Ohmic polarization occurs because of the ohmic resistance 

of the electrolyte (i.e., moist concrete) and of any films on 

the electrode surface. This produces an ohrnic potential drop 

(equal to the current times the resistance) in accordance with 

Ohm's Law. 

The formation of a thin passive, or nonconducting, layer 

on the metaI surface results in passivation of the corrosion 

cell, a special case of activation polarization. When the 

layer becomes thick enough to hinder partially or fully the 

current flow, corrosion activity ceases. Formation and 

breakdown of the passive layer depends on a number of factors, 

including the ionic concentrations and the pH level within the 

electrolyte. ll 

2.1.3.3 Electrolyte Resistance 

The potential corrosion rate is inversely proportional to 

the resistance of the electrolyte. As the corrosion current 

flows through the electrolyte by ionie conduction, the 

resistance depends on temperature, moisture, and ionic 

content. 

2.2 CORROSION OF STEEL REINFORCEMENT IN CONCRETE 

2.2.1 Depassivation 

The electrochemicai corrosion process described ia 
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normally prevented by a "passivating" iron oxide film layer on 

the surface of the reinforcing steel. The water-soluble 

alkaline products formed during the hydration of the cement, 

along with the presence of moisture and oxygen, enable the 

protective layer to forme The principal soluble product is 

calcium hydroxide, Ca (OH) 2. 5 This film prevents iron cations 

(Fezi ) from entering into the electrolyte solution and acts as 

a barrier to prevent oxygen anions (02-) from contacting the 

steel surface. 

The initial concrete alkalinity is at least equal to that 

of saturated lime water (pH value of approximately 12.4). 

Additionally, small amounts of sodium and potassium oxides in 

the cement further increase the alkalinity. 

Two general mechanisms exist that may result in the 

destruction of this passivating effectll : 

1. Neutralization of the Portland cement paste system by 

leaching of alkaline substances with water or by reaction with 

atmospheric carbon dioxide CO2• The latter reacts with the 

calcium hydroxide Ca(OH)2 in the cement gel to form insoluble 

CaC03 and water. This results in a significant reduction in 

the pH value due to the removal of hydroxyl ions (OH-) from 

the pore water solution. 

2. Electrochemical action involving exposure to certain 

aggressive environments, especially the intrusion of chloride 

ions (Cl-) in the presence of oxygene 

since carbonation affect is not normally a concern because it 

proceeds at a slow rate, more emphasis is placed on the 
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presence of chloride ions within reinforced concrete. 

2.2.2 Role of Chloride in Reinforcement Corrosion 

Almost aIl researchers agree that the chloride ion acts 

as an essential catalyst of the corrosion reaction. 11 Chloride 

ions appear to be specifie and unique destroyers of the 

protective oxide film surrounding the reinforcing steel. The 

ions may be introduced in the concrete in several ways. Sorne 

are included intentionally as an accelerating admixture, sorne 

are included accidentally as contaminants within aggregates, 

or penetration may occur from deicing salts, sea water spray, 

salt brine, etc. 

Oespite widespread agreement on the influence of 

chlorides present within concrete, various concepts have been 

postulated as to their precise role in the corrosion reaction. 

There exist three modern theories to explain the 

electrochemical effects of chloride ions on steel corrosion. 

2.2.2.1 Oxide Film Theory 

This theory postulates that chloride ions penetrate the 

protective oxide layer through pores or defects in the film 

easier than other ions (e.g., sulphates). Alternatively, the 

chloride ions may colloidally disperse the oxide film, thus 

making penetration easier. 30 

2.2.2.2 Adsorption Theory 

This theory presumes that as chloride ions are adsorbed 
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on the metal surface, the hydration of the metal ions 

increases and dissolution of these ions is thus facilitated. 

The chloride ions are in competition with the dissolved oxygen 

or hydroxyl ions. 30 

2.2.2.3 Transitory Complex Theory 

According to this concept, chloride ions compete with 

hydroxyl ions (OH-) for the ferrous ions produced by the 

corrosion process. A soluble chemical complex of iron chloride 

forms and diffuses away from the anode, destroying the 

protective layer of Fe(OH)2. Eventually, this compound breaks 

down, precipitating iron hydroxide and releasing the chloride 

ion to transport more ferrous ions from the anode. 2 It is the 

expansion of iron oxides, as they are transformed to higher 

oxidation states, that produce internaI stresses, which 

eventually crack the concrete. 30 

2.2.3 Threshold Chloride Concentration 

Usually, the tricalcium aluminate (e
3
A) content in 

Portland cement is high enough to combine with a significant 

amount of chloride ions, forming an insoluble calcium 

chloroaluminate compound. 11 However, large quantities of 

chloride ions are mobilized or "free" when concrete is in a 

hardened state than when it is in a plastic state. Researchers 

agree that a threshold concentration of chloride ion exists 

which must be exceeded before initiation of corrosion occurs. 5 

An increase beyond this "limit" results in the increased rate 
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of corrosion up to the point where the availability of the 

necessary oxygen is reduced. These localized concentrations 

occur primarily in voids in the concrete matrix that are in 

direct contact with the oxide film. 

The concept of the chloride threshold concentration is 

shown schematically in Figure 2.2. This demonstrates that 

increasing chloride concentrations can he tolerated provided 

there is a corresponding increase in the alkalinity (pH 

value). The thre.shold value increases as the alkalinity of the 

cement paste increases. 

Based on empirical data from the previous research, a 

probable corrosion threshold value is at about a 

chloride:hydroxyl ion molar activity ratio of 0.6 in solution 

f 
z 
o 
~ 
0:: 
0: o 
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~ 
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~ 
0: 

1 

--CHLORIDE CONCENTRATION ~ 

Figure 2.2: Rate of Corrosion vs Chloride concentrationS 
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at the iron-paste interface. 6 Figure 2.3 shows that the 

amount of chlorides required for corrosion initiation 

increases as the pH at the iron-liquid interface increases. 

Another commonly accepted value for the corrosion threshold ls 

0.20% total chloride ion expressed as weight of cement. 2 • U 

However, no widely accepted chloride threshold concentration 

has been established and further research is required in this 

area. 

It is important to note that distinct differences in 

chemical behaviour exist between sodium and calcium chlorides. 

Calcium chloride increases the chloride content and reduees 

alkalinity due to an increase in the total ionie strength of 

t 
w c -
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(CI-)~06 
(OH-) - · 

1 NO CORROSION 1 \ 
~c:~ _______________________ 1 

11.5 --p H ------1 ...... 

Figure 2.3: Chloride Content vs pHs 
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the resulting liquid phase. On the other hand, sodium chloride 

also increases the chloride content but the alkalinity of the 

paste liquid increases above that of the saturated calcium 

hydroxide. 5 

2.2.4 Types of Reinforcement Corrosion 

Carbonation or chloride ingress creates cond1tions for 

corrosion of the steel reinforcement te proceed. Nevertheless, 

these are insufficient and additional factors must be present 

for corrosion to occur. These include availability of oxygen 

and moisture, and a low-resistivity path through the concrete. 

The following describe sorne of the common types of 

reinforcement corrosion that can occur. 

2.2.4.1 General Corrosion 

As discussed prevjously, this corrosion process is 

modeled to an electrochemical cella The rate of corrosion is 

governed by the availability of oxygen at the cathodic sites 

and by the electl:l.cal resistance of the surrounding concrete. 

Under these conditions, corrosion takes place uniformly over 

the entire steel surface. The expansive corrosion products 

result in induced cracking and subsequent spalling. 3 

2.2.4.2 Pitting Corrosion 

This corrosion initiates with a localized breakdown of 

the protective oxide layer at isolated locations. Figure 2.4 

depicts pitting corrosion in a freely corroding re-bar. Metal 
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loss at the anodic sites leads ta the creation of a pit and 

further 10ss occurs from the bottom of the pit rather than 

around the mouth. The reduction in cross-sectional area 

results in fai1ure to support the applied loading. Sorne time 

may elapse before any visual signs of distress are noticed, 

since the products of the pitting attack (ferric chlorides) 

are soluble and disperse in the concrete matrix. 3 

, f.... ft .. , .' , 

t " 1 ( ~ • c. • "1. 

~ • l " • "G)' , , .' :~': :. J (, t,' :.). 1 
." • 0.. , ,. , 'J • t , 1> 

,0, • f. C U • .', 

l e e ~ e e 6, 

Piqure 2.4: Pitting Corrosion3 

2.2.4.3 concentration Cella 

Varying amounts of soluble ion in concrete create a 

potential difference between the steel in each area, 

permitting corrosion initiation at the anodic sites. An 

examp1e of a concentration cell is shown in Figure 2.5. 3 

Day 1 Day 2 Day 3 
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Fiqure 2.5: Concentration and Differential-Oxygen Cells3 
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2.2.4.4 Differential-oxygen Cells 

This type of corrosion cell arises due to the 

differences in the oxygen supply to the various parts of the 

reinforcement. The movement of oxygen is governed largely by 

the porosity of the cement paste. Vllriations in oxygen level 

can be introduced by localized repair work or concrete cast 

over an extended period (daily weather conditions). Figure 2.5 

depicts both a "micro" and a "macro" differential-oxygen cell 

in concrete. 3 

2.2.4.5 Galvanic Cells 

Galvanic cells develop when steel is in direct or 

incidental contact with a different metal or alloy lower in 

the galvanic series. The ensuing cell can force the steel to 

qorrode in the presence of a moisture path (i.e., concrete). 

The electrical potential developed, along with the relative 

sizes of the two metals, determine the rate and the degree of 

steel corrosion. 3 

2.2.4.6 stray Current 

This type of corrosion applies to direct current being 

"picked up" in sorne forro so as to cause certain areas of the 

reinforcing steel to be more anodic th an others. This induced 

accelerated metal corrosion can be controlled in most cases. 3 

2.2.4.7 Bacterial corrosion 

In anaerobic (oxygen-less) conditions, bacteria are 
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introduced naturally in reinforced concrete structures. The 

bacteria can permeate to the steel surface and create a series 

of iron sulphides, enabling the corrosion reaction to proceed 

despite the lack of oxygene This intense reaction may lead to 

severe structural damaqe. 3 

2.3 EFFECTS OF THE CON CRETE ENVIRONMENT 

2.3.1 Portland Cement 

A well-hydrated Portland cement may contain 15 to 30% 

calcium hydroxide, Ca(OH)2, by weiqht of the cement content, 

usually sufficient to maintain the concrete solution at a pH 

value of approximately 13. A well-proportioned, continuous 

grain size distribution improves the cement's resistance to 

chemical effects. If a greater proportion of fines exists, 

more mixinq water will be required, thus resultinq in a lower 

density and reduced permeability of the hardened concrete. 

The chemical and physical properties of cement have a 

minor effect on the reinforc~nq steel corrosion. The 

properties of the tricalcium aluminate (C3A) content have the 

greatest influence on the corrosion process. Increasing the 

C3A content decreases the corrosion tendency, since the 

chloride ions react with the hydrated tricalcium 

sulfoaluminate in the hardened cement paste to produce an 

insoluble tricalcium chloroaluminate compound. 2.12 This 

process prevents any free chloride ions from promoting 

corrosion. 

Nevertheless, as the presence of chlorides increases, the 
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benefits of the C
3
A complexing characteristics become less 

perceptible. Furthermore, increased C
3
A content provides a 

lower resistance to sulphate attacks. Normal Type l c~ment ls 

3 to 5 times more effective in removing chloride ions than 

sulphate-resisting Type V cement. The C
3
A contents of typical 

Type l and Type V cements are between 9-12% and 3-5%, 

respectively.2 Research has shawn that increasing the cement 

factor with no reductions in the water-cement ratio causes no 

noticeable reduction in reinforcement corrosion.12 

2.3.2 Aggregates 

Since aggregates constitute approx:i.mately 70% of the mix 

volume, they play a major role in determining the permeability 

of concrete. The permeability increases as the maximum coarse 

aggregate size increases, aince most mineraI aggregates have 

permeability co-efficients 10 to 1000 times greater than that 

of the cement paste. 2 However, the aggreyates have larger 

pore diameters than the cement paste, and thereby they cannot 

compete with the paste for the available moisture on the basls 

of capillarity. The only role played by the aggregates in the 

transport process is to replenish moisture in the paste. 2 

Any aggregates supplying a source of chioride ions may 

have serious effects on reinforcement corrosion. These include 

sea dredged aggregates or porous aggregates. Additionally, the 

gradation of aggregates may also have significant effects if 

it leads ta bleeding and segregation, resuiting in voids. 
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2.3.3 Mixing Water (Moisture Content) 
,( 

'l The water-cement ratio (i. e., moisture content) strongly 

influences the hydration process, the pore size distribution, 

and the permeability of the cement pas te . The water content is 

the primary rate determining factor in the corrosion process 

and in controlling concrete strength and quality. 21 An 

increase in water content leads to an increase in porosity. 

This results ultimately in more rapid diffusion of chloride 

ions to the steel surface, easier ingress of oxygen, and lower 

concrete electrical resistivity. For high quality concrete of 

low permeability, the suggested water-cement ratio should be 

less than 0.45." 

2.3.4 Adaixtures 

Nwnerous chemical admixtures, bath organic and inorganic, 

have been suggested as specifie inhibitors of steel corrosion. 

These include water reducers, plasticizers, and air-entraining 

agents that reduce the water-eement ratio and are beneficial 

in retarding eorrosion. 2 Air entrained conerete has shown 

improved resistance to reinforcement corrosion when subject to 

numerous freeze-thaw cycles .111 Wi th sorne admixtures, 

corrosion inhibition occurs only at addi tion rates 

suffieiently high to counteract the effects of chlorides. 

Some admixtures may retard the time of setting of cement 

or actually be detr1mental at later stages. 30 For example, use 

of calcium chloride (CaC12 ) as an accelerator in cold weather 

concreting operations tends to promote reinforcement 

, 
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corrosion. 2,79,90 The detrimentai effect is limited as long as 

the concentration ls smail and concrete is sufficiently dense. 

Prestressed concrete has been found more susceptible to high 

CaCIa contents than normal reinforced concrete. 1 Non-chioride 

accelerators that do not lead to rein forcement corrosion ace 

being developed. 105 

Use of pozzolans also markedly reduce concrete 

permeability, increase its electrical resistivity, and reduce 

bleeding and segregation. Pozzolans of high fineness, used as 

cement replacements, are effective in reducing expansion due 

to aikali-silica reaction and sulphate attack. 19 Different 

types of pozzolans, including fly ash57 ,101, 112, silica fume 122,11l, 

and ground granular blast-furnace (GGBF) s1ag108
,122,145, have aIl 

been found to have a beneficial effect in retarding 

reinforcement corrosion. !t is important to note that when 

pozzolans are used, it is more appropriate ta consider the 

water-cementitious materials ratio rather than simply the 

water-cement ratio. 

2.4 EFFECT OF CONSTRUCTION VARIABLES 

2.4.1 Consolidation 

The degree of consolidation of concrete, especially near 

the embedded steel, has a direct effect on reinforcement 

corrosion. Normally, good consolidation can be achieved by 

internaI vibration. Insufficient consolidation provides 

channeis of ingress for corrosion-inducing elements. 'A reduced 

consolidation effort leads to a reduction in the initial time 
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to corrosion. If using low slump concrete, normal construction 

practices cannot be used for adequate consolidation. 2,21 

2.4.2 Cover Thickness 

The concrete cover to steel reinforcement is the single 

most important design parameter influencing corrosion 

deterioration. A fundamental prerequisite i5 having concrete 

cover of adequate quality and thickness, consistent with good 

structural design, severity of the service environment, and 

cost exp~nditure. Cover also plays a significant role in the 

extent of cracking in fresh concrete occurring over top 

reinforcement due to settlement restraint of the concrete. 19,21 

The effect of cover thickness is not a simple linear 

relationship. The following empirical expression relates 

several variables influencing reinforcement corrosion: 2 

where Rt 

w/c 

(2.4) 

= time to deterioration of concrete exposed 
continuously to saline water (years) 

= 

= 

= 

depth of steel below surface (cm) 

chloride ion concentration (ppm) 

water-cement ratio. 

For normal diffusion of an electrolyte into a porous 

solid without chemical reaction, the relationship is shown in 

Figure 2.6. In the case of cement paste, the chloride ion 
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diffusion is accompanied by a chemical reaction of chloride to 

form calcium chloroaluminate. This reduces the concentration 

of ions at any particular site and hence, the tendency for 

inward diffusion is further r,~duced (see Figure 2.6).5,30 

Therefore, the depth of cover is of obvious importance in 

protecting reinforcing steel from adverse factors promoting 

corrosion. Nevertheless, the amount of cover is no substitute 

for the qvality of the caver. 
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2.4.3 Curing TilDe 

The curing process is the final and one of the most 

essential elements in Any concrete construction. The curing 

period affects the porosity of hardened concrete. A short 

curing period is not sufficient to allow a fully protective 

passive film to be formed before the ingress of chloride ions. 

Table 2.1 shows a significant decrease in permeability as 

curing time progresses. 

DaYlof Coefficient of 
c:uring permeability 

f .. th paste 1,150,000,000 
1 36,300,000 
2 2,050,000 
3 191,000 
4 23,000 
5 5,900 
7 1.380 

12 195 
24 46 

Table 2.1: Effect of Curing on Permeability 5 

The effects of steam and water curing on the time to 

corrosion of embedded steel can be determined by the following 

empirical expression2 : 

(2.5) 
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p = time to active corrosion potential for 
partial immersion in saturated sodium 
chloride solution (days) 

D = time of underwater curing following 
initial curing (days) 

a = constant (6.33 for steam curing; 6.0 for 
water curing) 

b = constant (0.66 for steam curing; 0.90 for 
water curing). 

It can be observed that water curing provjdes significantly 

greater resistance to corrosion than steam curing. However, 

the effect of curing will not be as pronounced due to 

bleeding, degree of consolidation, aggregate permeability, and 

due to the fact that water will still be available in the 

capillary pores after curing is complete. 
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CHAPTER3 

REINFORCEMENT CORROSION: 
PROTECTION AND 

REHABILITATION MEASURES 

3.1 CORROSION PROTECTION IN NEW CONSTRUCTION 

Protecti ve measures used in the construction of new 

t'einforced concrete structures can be qrouped into two 

functional classes: Ci) those that must be introduced when 

concrete is cast and placed, and C ii) those that may be 

applied after concrete has hardened and cured. These measures 

can also be divided into three categories: 30 

Ci) design and construction practicesi 

(ii) concrete surface treatments; and 

(iii) techniques preventing corrosion directIy. 

These are briefly discussed in the following sections. 
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3.1.1 Design and Construction Practices 

Careful design and good construction practices can 

maximize the protection provided by the Portland cement 

concrete. Normally, proper detailing of steel reinforcement 

can ensure an extended service life of a reinforced concrete 

structure. 

For those members exposed to chlorides and subject to 

intermittent wetting, the first line of defense is ensuring an 

Adequate depth of cover to the reinforcing steel, a high 

quality high cement content, and low permeability concrete 

(i.e., low water-cement ratio). For those members continuously 

submerged, the corrosion rate is controlled by the rate of 

oxygen diffusion and to a lesser degree by the concrete 

quality or the concrete cover thickness. 

The designer has little control over the change in the 

use of a structure or the service environment. Nevertheless, 

the chloride content added to the concrete mix ingredients can 

be controlled. When the chloride concentration exceeds the 

threshold limit, unacceptable corrosion may occur provided 

that the other necessary conditions, namely moisture and 

oxygen, exist to support the chemical reactions. Worldwide 

investigations have brought forth various limits as to the 

total chloride content permissible in concrete. These limits 

vary depending on the environment of the service exposure 

condi tions and on the type of reinforced concrete construction 

(conventional versus prestressed). Furthermore, a distinct.;'Qn 

is made as to whether the chloride content determined 
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analytically is acid-soluble or water-soluble. 30 Section 5.3 

compares the desiqn codes of practice from various parts of 

the world for chloride threshold limits. 

When exposed to chlorides, the concrete should be made 

with the lowest water-cement ratio consistent with achieving 

maximum consolidation and density. Fiqures 3.1 and 3.2 

demonstrate the effects of water-cement ratio and degree of 

consolidation on the rate of inqress of chloride ions. As is 

shown, a low water-cement ratio is not necessarily sufficient 

to ensure a low concrete permeability. 

Adequate deplh of cover thickness of proper quality must 

a1so be present for cl'.>ncrete components exposed ta chlorides 
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Fiqure 3.2: Effect of Consolidation30 

and intermittent wetting and drying. 30 In determining the 

specified concrete cover thickness, tolerances of 

reinforcement placing, method of construction, and level of 

inspection should be considered. Construction practices must 

ensure that the specified cover is achieved. To obtain the 

actual minimum cover 90% of the time, the specified cov~r must 

be increased by ~ in to ~ in. (12.7 mm to 15.9 mm). 19 

3.1.2 concrete Surface Sealants 

There are basically two types of concrete sealants: those 

providing a barrier at the outer surface, retarding the 

penetration of corrosion-forming products to the interior, and 

i 

j 
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those penetrating and sealing the capillary pore system of 

concrete, preventing the ingress of corrosion elements and 

immobilizing any that may already be present. 2 

waterproof JDeIIlbranes are used quite extensively and they 

are uaually protected by asphalt concrete wearing surfaces. 

There are two basic types of waterproof membranes: pre-formes 

sheet-type and liquid-applied systems. The most important 

acceptance criterion in field evaluation is permeability of 

the membranes. Two common problems are encountered: 

installation for proper sealing (entrapped gases causing 

blistering) and limited serviceability life due to wearing of 

the asphal t course. 2,30 

Other techniques can be applied to the cone:'""" 3 surface. 

One of these is polymer iIIlpregnation. This consists of filling 

sorne of the voids in the hardened concrete with a monomer and 

in-situ polymerization. Despite the fact that polymer

impregnated concrete is strong, durable, and almost 

impermeable, the processing is lengthy, monomers are costly, 

and the concrete has a tende ne y to crack during heat 

treatment. 7 ,30,120 Alternatively, thick overlays of impervious 

concrete can be used as sealants. These incl ude: 7,30 

1. Low-slump concrete overlays that depend solely on the use 

of conventional materials and good quality workmanship (low 

water-cement ratio, air-entrainment, water-reducing admixture, 

proper consolidation, and adequate curing). 

2. Latex-modified concrete overlays, consisting of a polymerie 

latex emulsion added to conventional Portland cement concrete. 
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The concrete produced has a low water-cement ratio, gvod 

durability, good bonding characteristics, and a high degree of 

penetration resistance to chlorides. styrene-butadiene latexes 

are used most widely. The most serious deficiency with these 

ovcrlays is the occurrence of shrinkage cracking in the 

overlay. 

3. Polymer concrete overlays, consisting of aggregate in a 

polymer binder. The main problem in the application has been 

the occurrence of blistering, as in waterproof membranes. 

3.1.3 Reinforcinq Steel Protection 

To prevent corrosion of the reinforcing steel in a 

corrosive environment, either noncorrosive steel must be used 

or a barrier coating must be applied on the surface of the 

steel. Noncorrosive steels include stainless steel 

reinforcement and stainless steel-clad bars, yet these are too 

expensive and do not actually prevent corrosion-inctucing 

elements from reacting with the reinforcing steel. 30 ,96 

On the other hand, barrier coatings interfere by 

preventing corrosive materials from coming in contact with the 

steel. There are two categories of metallic coatings: 

sacrificial, having a more negative potential than steel (zinc 

and cadmium) 1 and noble, having a more positive potential than 

steel (copper and nickel). In general, it appears that 

metallic coatings provide on\y a slight increase in service 

life. The most widely used and commercially available 

nonmetallic coating is fusion-bonded epoxy powder. The process 
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consists of electrostatically applying finely divided epoxy 

powder to thoroughly cleaned and heated bars. The main 

difficulty in using epoxy-coated bars has been in preventing 

damage to the coating during transportation and handling. 2,8,9,30 

Cathodic protection (CP) is another method of steel 

protection, although Most installations have been in existing 

structures. It consists primarily of supplying a current flow 1 

either by applying direct electrical current or by using 

sacrificial anodes, to suppress the galvanic corrosion cell 

through polarization of the steel surface. z,3 Problems arising 

with cathodic protection include installation of durable 

permanent anodes in electrical contact with the steel surface, 

and designing a system capable of overcoming large variations. 

Recently, cathodic protection has been used increasingly to 

protect concrete structures in several parts of the 

world. 4 ,80,118 

3.2 ASSESSMENT OF CORROSION DAMAGED CONCRETE 

The previous section described some of the precautions 

that may be undertaken to prevent corrosion of the 

reinforcement steel. Nevertheless, on numerous occasions, the 

start and progress of the corrosion process can lead to damage 

and deterioration of the concrete. In these cases, a careful 

examination of the con crete structure must be undertaken. This 

would involve various methods of identifying the exact cause 

and extent of the active corrosion and concrete deterioration. 

This would enable some predictions to be made about the 
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remaining service life of the structure. The various means of 

assessing corrosion damaged concrete are presented in the 

following sections. 

3.2.1 Initial Condition Survey 

The first stage in inspecting and testing consists of an 

initial condition survey. This makes use of simple methods to 

establish whether or not there is a need for repair and 

rehabilitation of the structure. The first step is a visual 

survey of the structure and of the service environment. Visual 

examinations can range from a simple inspection to a very 

detailed investigation, where aIl cracks and other evidences 

of physical deterioration (rust staining, efflorescence, 

surface "pop-out", etc.) are recorded on scaled diagrams. 

Photographs may also be taken of any particular detaiis. 

To delineate hollow areas or delaminations caused by 

corrosion, precticaIIy any sounding device can be used for 

this purpose. These devices range from liqhtweiqht$hammers or 

simple chain-drags for slab surfaces to more sophisticated 

apparatus, such as the automated Delamtect for surveying large 

surface areas. 13 ,30 

Testing the concrete to discover where loss of alkalinity 

has occurred can be use fuI in determining the exact locations 

of rein forcement corrosion. By breaking the testing surface 

and spraying it immediately with a pH indicator solution 

(phenolphthalein in dilute alcohol) , immediate visual 

indication of the depassivation front relative to the steel 
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can be obtained. The indicator solution has a very strong pink 

colour that is visible on concrete havinq retained its 

alkalinity (pH value of approximately 13), yet remains 

colourless on the carbonated portions. The maximum, the 

minimum, and the apparent average depths of oarbonation can be 

recorded. 4.20 

The chloride 4eteraination is a very important aspect of 

the initial condition survey. For this purpose, samples must 

be obtained by breaking off pieces of concrete or by drillinq 

holes and cOllecting the dust produced (see Fiqure 3.3). 

Obtaininq samples by drillinq is a quick and simple procedure, 

allowinq many samples to be taken so as to obtaln 

representative results. The concrete samples are then treated 

with acid to dissolve the cement, and the chloride content ls 

Drlllllmples .re coUected .t • r.nge 
of depths. ego 0-10 mm, 10-25 mm, 

~~ ..... 25-60 mm .nd sa on to estlbllsh • chlOllde profile. 

Rubber or pl.ltle cup to 
colllCt concrete dUit 

Piqure 3.3: Concrete Surface Drilling4 



39 

determined by titration against silver nitrate. 28 Chloride ion 

meters and rapid field test methods for in-situ analysis may 

also be used. 2 •4 

3.2.2 Detailed Condition Survey 

After the results of the initial examination indicate the 

likelihood of repair, a thorough survey and testing of the 

representati ve parts of a structure must be performed. This is 

to allow a repair scheme to be designed and its cost to be 

estimated. The extent of this detailed inspection depends 

largely on the required degree of sophistication as weIl as on 

the cost allocated to performing the examination. More 

specialized equipment and instrumentation, along with a 

correct understanding of their utilization, are required to 

assess properly the damage resulting from corrosion. 

The following tests are normally inciuded in a detailed 

condition surv~y: 

1. Mapping the half-cell potential of the concrete surface 

relative to the reinforcement. This is carried out by llsing a 

copper-copper sulfate half-cell (CSE) , a high-impedance 

voltmeter, and lead wires to connect the half-celi and the 

reinforcing steel to the voltmeter (see Figure 3.4). 

The potential values obtained provide information only on the 

presence or absence of corrosion and not on the corrosion 

rate~ Table 3.1 summarizes the significance of the results 

obtained, according to ASTM Standard C876. The potential 

values in volts (V) are measured versus a copper-copper 
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Millivoltmeter 

COPllcr elcctrode 

Saturlted capper lulphlte solution 

Jl!l:Ma~- Copper sulphlte crystals 

Sponge 
Porous plug 

piqure 3.4: Copper-Copper Sulfate Half-Cell· 

sulfate half cell (CSE). Isopotential contour maps of the 

POTBR'l'IAL (V va CSB, PROBABILITY or CORROSION 

> -0.20 < 5% 

< -0.20 but > -0.35 approximately 50% 

< -0.35 > 95% 

Table 3.1: Interpretation of Half-Cell Measurements 

entire concrete surface can be plotted. Large potential 

differences generally indicate high corrosion rates. Z,3,ZO,30 

2. Measuring the electrical resistivity of the concrete. This 

gives a measure of how easily the corrosion current can flow 

as a resul t of the potential differences caused by the 

corrosion conditions. This can help in the interpretation of 

the electrode potential results. The resistivity of concrete 
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is usually measured by the four-probe method (see Figure 3.5) • 

Figure 3.5: Resistivity Measurement With Four-Probe Method4 

An electric current is passed between the outer probes and the 

measured potential difference between the inner probes can be 

used to determine the resistivity in a local area. 3•4 ,20 

3. Locating areas of delamination and voids by measuring the 

ultrasonie pulse-veloeity (UPV) through the concrete. Pulses 

are sent from a transmitting probe on one side to a roceiving 

probe on the other side (see Figure 3.6). Any air gap within 

the concrete greatIy increases the transmission time. 4 

4. Locatinq the exact position of the rein forcement embedded 

in concrete and determining the thickness of the caver over 

the steel. This is performed with a paoho •• ter, with automatic 

data recording equipment to facilitate the speed of conducting 

the survey. This information is essentiai if it ls desired to 

extract con crete samples and is use fuI in determining the 

i 
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Figure 3.6: Ultrasonic Pulse-Velocity Test4 

corrosion potential. 

5. Testing core samples for concrete strength, permeability, 

contamination, composition, and density. The samples can also 

be examined petrographically and analyzed chemically to 

determine the cement content and type, chloride content, 

water-cement ratio, aggregate type, and grading. 4,20 

6. Measuring the surface vater absorption of in-situ concrete. 

The results give an indication of the danger that chlorides or 

carbon dioxide will penetrate to the reinforcement and of how 

freely oxygen can pass through the concrete to sustain the 

corrosive reactions. 4 

various other concrete properties can be determined as 

part of the detailed condition survey. These include original 

concrete mix constituents, ultimate load-bearing capacity, 

abrasion resistance, surface hardness, penetration resistance, 

sulphate content, and structural integrity. These can be 

obtained using both destructive and non-destructive testing 
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methods . 13.20 

3.3 REMEDIAL MEASURES 

The remedial measures undertaken are based upon the 

complete assessment of the concrete conditions and their 

interaction with the structural system, along with the type of 

facility to be repaired. Any repair made to a structure should 

fulfill three basic requirements: 32 

1. Arresting deterioration by preventing further corrosion of 

the reinforcing steel (i.e., ingress of oxygen, water, and 

chloride ions must be averted): 

2. Restoring structural integrity (e.g., concrete properties): 

and 

3. providing an aesthetically acceptable finish (i. e., uniform 

appearance) . 

Repair techniques must be selected according to the 

degree of damage and the level of repair to be accomplished. 

These can be classified into two types: (i) where damage is 

limited to moderate cracking; and (ii) where damage involves 

extensive cracking and spalling of concrete bonded to the 

reinforcing steel. 38 

3.3.1 Crack Repair 

The first step in repairing cracks is the removal of 

laitance by an abrasive blasting method. Afterwards, having 

identified previously the type and nature of the cracking, a 

suitable repair method can be selected. 
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Plastic shrinkaqe cracks occur during or very saon after 

construction and should be sealed with polymer-modified qrout. 

In the case of ahear and transverse cracking, the simplest of 

repairing is by pressure-injection of epoxy resins. The epoxy 

resin and hardener are usually premixed and fed into the crack 

under gravit y or applied pressure. Resin injection is a highly 

skilled process depending larqely on the experience of the 

operator. 4 ,38,39,43 

In some instances, cracks are "active" (moving) and must 

be widened at the surface and sealed. The sealing groove must 

follow the line of the crack and the sealant must be prevented 

from "stickingll to the groove bottom (see Figure 3.7). Cracks 

that have been caused by the build-up of rust forming on the 

reinforcement cannot be repaired without removinq and 

replacing the concrete cover. 4 

Bond muat be preventld 
Il the bottom of the 

~--4- Joint ... llnt 

~I--_-',.- Concrete broken awlV 
to form ... ling groove 

..... I---l-.-S.WCutl de'ine edges 0' the I,allng groove 

Pigure 3.7: Joint Sealinq of Cracks· 
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3.3.2 Patch Repairs 

3.3.2.1 Concrete Removal 

The first step in repairing larger distressed areas 1s 

the removal of aIl contaminated concrete surrounding the 

reinforcing steel. Several techniques can be used to achieve 

this goal. High pressure water blastinq, or hydrodemolitioD, 

is the quickest way of removing large areas of concrete and 

helps in removing the concrete behind the reinforcement. Water 

blasting usually removes the weaker concret.e, leaving the 

remaining aggregate intact. 45,46 

Another frequently used and less ~xpensive method is the 

use of pneumatic hammers or mechanical chippers. since these 

mechanical devices dre not very precise in removing the 

required thickness and tend to shatter the aggregate that is 

not removed, it is advised to make a perpendicular saw-cut of 

at least 15 mm (0.59 in) aIl around the area to be removed. 

This will also ensure that the replacement material is 

properly contained by the surroundings and does not come to a 

"feathered" edge. 4 ,46 

There is usually sorne doubt as to the exact extent and 

depth of concrete removal. It is obvious that concrete must be 

removed to a depth that includes all of the affected 

reinforcement and sorne roonl for replacement behind it. If the 

concrete removed is carbonated only and the reinforcement is 

surrounded by new uncarbonated concrete providlng an adequate 

cover thickness, no additional portions need to be removed. 

However, if chloride contamination is the cause of distress, 
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the chloride ions can spread from the contaminated ta the new 

concrete. Therefore, it will often be necessary ta remave 

contaminated concrete in areas where there is no apparent 

rusting of the reinforcement to repair presently rusted 

areas. 4 Figure 3.8 depicts concrete removal in a zone of 

carbonation. 

Zone of Clrbonlted concrete 

,.~~;::-_Concret. removed to depth 
of It lellt 20 mm beyond rein forcement 

20 mm lIWCut provides 
1 perpendiculer edge 
fOf the replir 

Figure 3.8: Cancrete Patch Repair in Carbonated Zone4 
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3.3.2.2 Surface and Reinforcement Preparation 

The single most important aspect of any patching or 

overlayment of concrete depends upon the preparation of the 

substrate surface. Removal of any laitance or debris is 

necessary, and the remaining concrete must be sound and 

clean. The most economical methods of removing surface 

weaknesses are sand or high pressure water blasting. 39,40 

The reinforcing steel exposed must be inspected. It is 

essential to remove ~ll rust from the surface. Water-abrasive 

blasting (abrasives entrained in water jet) should be used to 

remove any rust. This combination of abrasives to remove solid 

contamination and water to dissolve chlorides is one of the 

best ways to ensure a chloride-free steel surface. 

Nevertheless, a thorough visual inspection must be carried out 

to ensure removal of rust from the "blind" side of the 

reinforcement. 4 ,40,46 

If rusting has reduced the cross-sectional area of the 

reinforcement by more than 20% additional reinforcement may 

have to be lap spliced to the weakened bars. The additional 

bars can be bonded with epoxy resin in holes drilled into the 

concrete. 

The exposed rein forcement is subsequently coated to 

further protect the steel surface from the intrusion of 

corrosion-inducing elements. The coatings that could be used 

can be broadly classified as follows: cement slurrYi cement 

slurry modified with polymer or latex emulsioni epoxy resin 

(with or without alkaline admixture)i inhibitive primer; and 
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zinc-rich sacrificial primer. The most commonly used coating 

is an electrostatically-applied or liquid-applied epoxy 

coatinq, especially in very aggressive environments. Where 

there is a risk of damage to the coating, it is important that 

no uncoated reinforcement is nearby. Intense local corrosion 

at the anodic "breaks" in the coating may be produced by the 

corrosion current generated by the uncoated reinforcement. 4 

Additionally, it is important to remember that a coatinq is no 

substitute for removing chloride contamination nor will it 

prevent corrosion by chlorides already present on the surface 

of the reinforcing steel. 46 

3.3.2.3 Material Replacement 

The concrete surface must be replaced with an adequate 

material ta provide the necessary protection of the 

reinforcing steel. An evaluation of the repair materials 

should be made before final selection. For this purpose, the 

follc..\wing phenomena can be explained32
: 

adhesion/bond strength; 
shrinkage, thermal movement, and cracking; 
permeability; 
chemical passivation of reinforcing steel; 
mechanical strengthi 
ease of application; 
freeze-thaw resistance; 
chemical resistanc~; and 
overall performance (long-term exposure testing). 

Monetary considerations for the overall expenditure wauld 

include the labour and the "down time" costs, in addition to 

the actual material costs. 

There are five basic methods of restoring concrete to a 
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sound condition. These include: 4 

1. Recasting using conventional Portland cement concrete. The 

old concrete surface must be saturated prior to casting. In 

sorne cases, it is necessary to apply a bonding coat (cement 

grout, pOlymer-modi f ied bonding grout, or water-compatible 

epoxy resin). The repair mix should be made with the same 

aggregate type as the in-place concrete, and have a high 

cement paste content and a low water-cement ratio. The most 

practical means of achieving good compact ion is by placing the 

concrete in small amounts and vibrating it as the work 

proceeds . 4.40 

2. patching with trowel-applied cementitious mortar. Use of a 

bonding coat creates no special problems since there is no 

formwork to adjust. The mortar can be applied immediately 

after the application of the bonding coat, especially in hot 

dry weather. The mortar can contain polymer admixtures to 

increase adhesion and tensile strength. 40 

:;. spraying-on new concrete (llshotcreting"). This simple 

technique is widely used in high volume repair work. It 

involves pneumatically applied concrete at high pressures 

through a hose and nozzle system. There are two distinct ways 

of shotcreting: the dry process, whereby water is supplied at 

the nozzle he ad to a dry mix, and the wet process, whereby air 

is supplied at the nozzle to a prewet mixe Shotcreting depends 

highly on the expertise and experience of the nozzle operator. 

Latex additives or silica fumes can be cornbined to increase 

permeabil i ty. 40,46 
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4. prepackinq dry aqqreqates, which are subsequently grouted 

to fill the spaces between the aggregates. 4
,40 

5. Patching with trowel-applied resin-based moxtar. Epoxy 

resins are the Most commonly used and are the only resins 

capable of making mortars with structural properties suitable 

for load-bearing applications. AlI resins require either a 

reactive hardener or a catalyst for proper application. The 

final properties are influenced by the large variety of resins 

and hardeners commercially available. 4 

AlI types of cementitious repair materials need thorough 

and continuous curing for at least 3 4ays in a temperate 

cl imate or 7 days under hot drying conditions. This is 

essential to develop the impermeability of the repair material 

and to minimize drying shrinkage stresses while bond strength 

is developing. 4 

3.3.3 surface Treatments 

The final protective system is the treatment of the 

concrete surface that will provide the necessary 

waterproofing, abrasive, and corrosion protec~ion. Selection 

of the appropriate treatment should include the following 

con~,iderations39 : 

resistance to corrosion-inducing elements; 
esti~ated service life; 
content of the solids; 
thickness of the protective system; 
tempe rature condition of the application; 
ease of application: 
ease of repairing damaged areas; 
total applied cost; and 
unit co st ($/m2 or ft2

) per year of service. 
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The above list will serve as a guide in the final selection 

amongst the many commercially available surface protective 

systems. These include: 4 

1. Hot-applied mastic asphalt tankinq (bituminous layer); 

2. Preformed sheet materials (bituminous base or pvc 

polyurethane fabric); 

3. Buildinq paper (bitumen on organic paper)i 

4. Polyethylene sheets; 

5. Liquid surface coatings (coal-tar epoxy; epoxy resin; 

solvent-based acrylic; methacrylate; emulsion-based acrylic; 

styrene-butadiene polymers); and 

6. Water-repellent treatments (silicone, silane). 

Complete instructions for repairs and material properties 

of the selected surface treatment must be obtained directly 

from the manufacturer. Moreover, there will be an unavoidable 

maintenance expense as the surface treatment will have to be 

recoated or reapplied periodically during the expected service 

life of the structure . 
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CHAPTER 4 

CASE STUDIES 

The basic principles and mechanisms of corrosion of 

reinforcing steel embedded in concrete were presented in the 

previous chapters. Assessment techniques of corrosion damaqed 

concrete and the importance of proper repair procedures were 

also discussed. This section examines three cases of 

rehabilitation of concrete structures in the Montreal region. 

These include a downtown bridge, an elevated six lane 

autoroute, and a parking structure. 

4.1 DORCHESTER STREET BRIDGE 

The Dorchester Street Bridge in Downtown Montreal is a 

familiar siqht to many Canadians, despite the fact that few 

realize it is actually a bridge. The development of the 
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Downtown area in the 1960's made the bridge appear as an 

ordinary city thoroughfare. The asphalt-surfaced roadway wall 

enlarged to a width of 80 ft. (24.4 m) to carry six traffic 

lanes, with 12 ft. (3.7 m) wide sidewalks on either side. 

Figure 4.1 shows the gene!:'al location of the Dorchester street 

Bridge. At this t ime, lower levels of the bridge were 

transformed into boutiques and a parking garage. 

In 1980, the underneath of the bridge deck showed 

evidence of concrete spalling and corrosion of embedded 

reinforcing steel. Damage to the parkin~ areas and boutiques 

resulted from a water leakage. The increased use of salt as a 
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de-icing agent was perceived as the main cause of distress. In 

1985, hotel reconstruction work nearby indicated that the 

underlying concrete was in a deteriorated state. It appeared 

that water was infiltrating through the sidewalk curb. 

In 1986, a complete field investigation was carried out 

to properly assess the existing conditions of the bridge deck. 

Results of the study were as follows: 4B 

- The chloride ion content was found to be 5 to 15 times 
the threshold value to initiate corrosion. 

- Evidence 
corroded 
areas. 

of concrete spalling, 
reinforcing steel was 

delamination, and 
noted at various 

- The inside faces of the abutments were always wet and 
showed signs of rust staining and efflorescence. 

- The steel beams ,ind columns carrying the deck loading, 
as a result of surface run-off leakage, were 
heavily corroded (see Figure 4.2). 

- At one location, no core sample could be extracted 
because of the presence of loose granular material. At 
another location, the core split at a depth 
characterized by severe honeycombing. 

A second investigation was carried in June, 1988 and 

similar results indicated an advanced state of deterioration 

of the bridge deck. In addition, a structuJ.:,,,-_ evaluation 

revealed that the load carrying capacity of the deteriorated 

bridge deck had decreased by approximately 40%. At this time, 

the city of Montreal, as an immediate safety measure to 

protect the public using the structure, posted a weight 

restriction for vehicular traffic. Plans were undertaken to 

design a new bridge deck. 
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Pigure 4.2: Corroded Steel Beam4a 

The major steps for the rehabilitation phase were as follows: 48 

Construction of temporary shelters at the underground 
parking level to ensure normal parking operations. 

- Removal of the suspended ceiling, lighting, and 
ventilation systems underneath the bridge deck. 

- Deviation of traffic flow and installation of new 
street signaIs. 

Demolition of the bridge deck. special care was taken 
during demolition to avoid debris from falling on the 
level below. Further precautions had to be taken due 
to the presence of major telephone and power lines 
under the sidewalks. Figure 4.3 shows the demolition 
of the concrete bridge deck. 

- Installation of eight neoprene pad bearings, four 
intermediate transverse joints, and two longitudinal 
joints. 

Sandblasting and repa1r1ng or replacing of the steel 
beams and columns supporting the deck. 

Installation of formwork and reinforcing steel and 
casting concrete for the new deck. The new reinforced 
deck is 7-\ in. (190.5 mm) thick of 30 MPa (4350 psi) 
concrete. Epoxy coated reinforcing bars were used. A 
special depression within the bridge deck was 
provided to serve as a future floral median. 
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J'i91lra ".3: Demolition of Concrete Deck48 

- Application of the waterproofing membrane and wearing 
surface. The membrane consisted of a composite of 
rubberized asphalt and woven polypropylene mesh, 
followed by a 3 in. (76 mm) thick asphalt wearing 
surface. 

The construction work was carried out in two phases, wi th 

the major consideration that traffic was to be maintained at 

aIl times by keeping two lanes open in each direction. Figure 

4.4 shows work during the first phase of construction. After 

completion, traffic was rerouted over the newly finished 

portion of the bridge and the second phase was completed in a 

similar fashion. The construction work started in May 1989 and 

the traffic was re-established completely in November 1989. 48 

1 
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Figure 4.4: First Phase of Construction"8 

4.2 METROPOLITAN BLVD. (AUTOROUTE 40) 

One of the first urban expressways built in Canada was 

the Metropolitan Boulevard (Autoroute 40). Its construction 

was first conceived in the early 1950's and was comple-ted 

towards the end of that decade. It forms a link in the Trans

Canada Highway and runs across the northern part of the Island 

of Montreal, following an approximate east-west direction (see 

Figure 4.5). The autoroute provides three express lanes in 

each direction and has a two to four lane service road on 

either side. Much of the expressway is elevated weIl above 

grade on a reinforced concrete structure, thus facilitating 

north-south traffic mobility on cross-streets of surrounding 

neighbourhoods (see Figure 4.6). 

Over this period of thirty years, lack of adequate 
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Fiqure 4.5: Metropolitan Blvd. (Autoroute 40) lÔj 

( Fiqure 4.6: Traffic Flow on Metropolitan Blvd. 164 

n 
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maintenance has led to damage and deterioration of the road 

surface and the supporting concrete structure. This is 

particularly noticeable on the elevated sections of the 

expressway. The main cause of deterioration has been the 

corrosion of the reinforcing steel due to the intrusion of 

chemicals and moisture. As a result of Canada's prevailing 

climatic conditions, the concrete deck is continually exposed 

to snow and rain. The increase in traffic volume has led to 

greater use of de-icing chemicals, further contributing to the 

problem. According to 1987 statistics, the autoroute carries 

approximately 125,000 to 150,000 vehicles per day 1 weIl in 

excess of the design daily traffic volume capacity of \:he 

expressway.162 

An infrared thermographie survey conducted in 1989 

revealed that approximately 14% of the concrete decy in the 

elevated sections of the Metropolitan Boulevard was 

deteriorated and had to be replaced at variable depths. 

However, the exact extent of the deteriorating concrete was 

not determined from the conditional field survey. This lack of 

knowledge prevented accurate estimates of time 1 equipment 1 

materials, methods, and costs to be incurred during the repair 

work. 

However, it seemed impossible to execute the proper 

rehabilitation procedures without a significant disruption of 

the traffic flow. For this reason, le Ministère des Transports 

du Québec (MTQ) decided to proceed with the necessary repair 

work during one single period, fr.om April to October 1990. 
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Rehabilitation was undertaken only on the express lanes sa as 

ta kcep the Sf'rv ice lanes free of any encumbrance, providing 

an alternative for the users. The estimated cost of repair and 

rehabilitQtion on these elevated portions was approxirnately 

$19 million. 16
/ The exact extent of the distressed concrete 

was ta be known only during execution of the work. 

Seven specialty contractors were involved in the repair 

work on the elevated sections of the Metropolitan Blvd. Sorne 

of the aspects of the repair work included:24.162 

- Demolition of the existing median barrier, previously 
moulded of polymer-modified concrete, and the 
construction of a new median divider with conventional 
Portland cement concrete (see Figure 4.7). The existing 
fence and light supports were temporùrily rernoved and 
replaced within the new median barrier. In certain 
portions, steel or sliding formwork was used to 
facilitate casting of the new concrete. 

Figure ".7: Demol i tion of Existing Median Barrier164 

l 
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Removal and replacement of aIl existing exp~Hlsion 
joints, along with the removal of contaminated concrctc 
near the joint locations using mechanical ch i ppers. 'rhc 
new joints were installed using latex-modirit.."!ù 
concrete, providing greater initial strength and botter 
adhesion between the exist ing and the new conL'rete. On 
average, one out of every three expansIon Joints wen." 
eliminated and the structure was cast monol ithkdlly 
with the same type of latex-rnodified concrete. 'l'h0 
initial strength developcd by this type of concrete W,lS 

22 MPa (3,190 psi) after 24 hours, that is, about 1~~ 
of its final compressive strength. 

- Removal of the asphalt wearing surface and dIt of. the 
contaminated concrete in the elevated deck portions 
(see Figure 4.8). This was performed using either 
pneumatic hamjners or robotic hydrodemolition equiprncnt, 
including water-blasting machines exerting pressurc[·:; up 
to l400 kg/cm2 (20,000 psi). The distressed areél~3 were 
properly cleaned and reconstructed to the or iq inéll ro'H.l 
specifications using latex-modified concrctc, h .. w l nq d 

28-day compressive strength of 30 MPa (4350 pSI). 

- Placement of a waterproof membrane on the concretc doc)\. 
surface, properly applied and soldered, to prevent the 

Figure 4.8: Removal of Contaminated Concrete Deck 
substrate164 
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intrusion of chloride ions into the newly repaired 
concrete. Approximately 200,000 ml of deck surface was 
covered (see Figure 4.9). 

Figure 4.9: Appl ication of Waterproof Membrane164 

- Application of two layers of bituminous material after 
the installation of the waterproof membrane on 
the concrete deck. The particular mixture utilized was 
su ch as to reduce the phenomenon of scaling and 
abrasive wear. A different aggregate grading, along 
with more angular coarse aggregates, were used in 
combination with polymer-impregnated bitumen. 

- Rehabilitation of the underside of the concrete deck 
slabs, along with the supporting columns. AlI 
distressed concrete was removed and replaced by 
shotcrete containing silica fumes and polypropylene 
fibres (see Figures 4.10 and 4.11). These additives 
help retard the initiation of cracking and increase the 
adhesion and resistance of the concrete. The 
replacement material was made more compact and thus 
more impermeable. 

, 
~ 
; 
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pigure 4.10: Concrete Removal by Hydrojetting164 

-- Figura 4.11: Concrete Removal wi th Mechanical Chippers 164 
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- Removal and replacement of the entire drainage system 
in the elevated sections of the expressway. AlI cast 
iron piping was removed and replaced by polyethylene 
ducts of 200 mm (8 in.) diameter, hlghly resistant to 
ultra-violet rays, vibration, impact loading, and 
freeze-thaw cycles. Roadside catch basins were replaced 
with new materials. 

- Preservation of the existing underground drainage 
system. This will be cleaned periodically and 
moni tored through a network of television cameras. 
Furthermore, additional manholes were installed to 
allow easier access in the system for the MTQ 
maintenance teams. 

The rehabilitation project of the elevated sections of 

the Metropolitan Boulevard comprised of three distinct phases 

from April to October 1990. Phases l and II, each of a three 

month duration, dealt with repair work to be performed 

directly on the elevated deck. The provisions included 

alternate closing of expressway lanes, demolition, removal, 

and repair of deteriorated concrete, replacement and 

elimination of expansion joints, and installation of a new 

drainage system. Phase III of the project, with a duration of 

six months, was carried out simultaneously with the first two 

phases. It consisted of aIl restoration required to the 

existing structure and drainage system not involving access by 

the expressway lanes or the entry and exit ramps. The repair 

procedures consisted of removal of deteriorated concrete from 

the deck underside and columns, surface and reinforcement 

preparation, and vertical and overhead replacement with sound 

concrete. Additionally, installation of new piping and 

thorough cleaning of the underground drainage leading to the 

city's storm sewers was executed. 163 Most of the 
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rehabilitation work on the elevated portions was completed by 

the end of October 1990, at an overall cost of approximately 

$85 million. 154 

4.3 SIR WALTER SCOTT PARKING GARAGE 

Most parking structures have strength, servic~ability, 

and durability problems associated with their unique 

structural requirements and exposure to the elements. Early 

signs of concrete deck deterioration are visible in many 

parking structures in Canada that are exposed to a deicer 

environment. These include reinforcement corrosion, surface 

scaling due to cyclic freeze-thaw damage, and through-slab 

water penetration. This was the case of the Sir Walter Scott 

parkirg Garage, a two-Ievel parking structure located in Côte 

st. Luc constructed about 15 years ago. The structure consists 

of two structural slabs (rpferred to as BI and B2) and two 

slabs-on-grade (referred to as B3 and B4). The total surface 

area of the concrete slabs is approximately 33,000 sq. ft. 

(3066 m2). Figure 4.12 shows a schematic cross-section of the 

parking structure. 

The Sir Walter Scott Parking Garage displayed signs of 

distress (cracking) on the deck surface and on the slab 

softits, as weIl as water retention (i.e., ponding) at various 

locations throughout the garage. It was decided to remedy the 

situation before further damage occurred. The delaminated 

areas of concrete were scaled and mapped by the contractor 

prior ta any repair work carried out. The duration of the work 

• 
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l'iqure ... 12: Parking Garage Slabs165 

was estimated to be one month and the total cost to be 

approximately $150,000. 

The major steps in the rehabilitation of the parking 

structure consisted as follows: 165 

- Removal of contaminated concrete on the deck surface. 
The defective areas were delineated by 1/2 in. (13 mm) 
deep saw-cuts. Demol i tion of the defecti ve concrete 
proceeded until sound concrete was encountered. This 
was carried out to at least 3/4 to 1 in. (19 to 25 mm) 
beyond the level of the corroded reinforcement, 
wherever encountered, in order to al10w for complete 
exposure of the rebars. The thickness of the concrete 
surface varied from 2 to 4 in. (51 to 102 mm). Figure 
4.13 shows the surface delaminated areas of f100r leve1 
Bl. 

- Cleaning of exposed corroded reinforcement by 
sandblastinq and subsequent epoxy coating applied (see 
Figure 4.14). The substrate was airjet-sprayed to 
remove aIl latency. The concrete surface was kept under 
moist condition for two hours and th en treated with a 
latex bonding agent. six to eight percent of the 
emulsion was a1so used as an additive, prior to p1acing 
new concrete on the existing surface. 
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Fiqure 4.13: Surface Delaminated Areas - Floor Leve! Bl16~ 

Replacement of the deck surface with a 30 MPa (4,350 
psi), 3 in. (76 mm) s!ump concrete. A superplasticizer 
was added to the concrete mix for increased workability 
and strength. The fresh concrete surface was then water 
cured for a minimum period of five d~ys. 

Application of a waterproofing membrane on the new 
concrete deck surfaces. Prior to the application, the 
slabs were thoroughly cleaned by high water 
pressure/air pressure method and then treated with a 
primer coat. A "Hydrotech" membrane was then installed, 
flood-coated at a temperature not exceeding 200·C 
(392 0 F). A "Remay" fabric was applied to the first coat 
of the membrane and then was flood-coated with a second 
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Figure 4.14: Cleaning Rebars by Sandblasting165 

coat to achieve a thj ckness of 3/16 in. (4.8 mm). The 
membrane was turned up ± 6 in. (152 mm) along the 
colurnns and walls for additional protection against 
splashing of salts (see Figure 4.15). 

- Appljcation of an asphaltic wearing surface ("Trinidad 
Mast.lc") to a thickness varying between 3/4 to 1 in. (19 
to 25 mm). 

- Installation of twenty (20) additional drains in areas 
where water ponding occurred in order to ensure maximum 
surface drainage. The entire slab surfaces were flooded 
to verify watertightness and to locate areas where 
additional drains were requiren. Minor slope 
corrections were carried out around the drains. Figure 
4.1.> shows the locations of the drains installed. 
Additional pipe connections and flanges were also 
provided. 

- Removal and replacement of aIl un sound concrete in the 
slab soffit regions. prior to the repair of the soffit, 
aIl corroded electrical pipes had to be removed and 
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Figure 4.15: Fabric Reinforced Membrane Applicationlfi~ 

replaced by new ones. Exposed rebars were cleaned by 
ei ther sandblasting or air-blast and the rebars 'Nere 
epoxy coated. The substrate was then coated with a 
latex bonding agent before the application of the 
mortar. The mortar w~s then applied in thin layers. 

- Injection of aIl cracks with a high penetrating epoxy 
agent. 

The rehabilitation work was completed by the end of 1988 

at a cost of $160,000. 165 It is important to remember thilt a 

maintenance program and its related monitoring must form 21 

integral part of the general caretaking to ensure an extended 

service life of the repaired system. Regular sweeping by hand 

and/or mechanical means is required ta remove debris and 

crystallized road salts during the winter periode This aiso 
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Figure 4.16: Location of New Drains - Floor Level 82 165 

helps to prevent clogging of the drainage system . 
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CHAPTER 5 

REINFORCEMENT CORROSION 
RESEARCH 

Most deterioration problems related to corrosion of 

reinforcement embedded in concrete are manifested and normally 

studied in the field. However, valuable information can be 

obtained from laboratory studies and testing of the resistance 

of the concrete to aggressive elements. From early 

investigations, and based on the resul ts of various 

experiments and observations, information on the chloride 

content at the level of the reinforcement, and the onset and 

progress of corrosion process, has been obtained. Most of this 

information has been incorporated in the provisions of the 

various codes of practice presently used in construction in 

different parts of the world. Therefore, the design features 

of a new structure, that incorporate methods to provide 

effective protection against corrosion, are based essentially 
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on the previous research results. Furthermore, experimental 

research and development has provided engineers and 

construction practitioners with suitable methods of repairing 

distressed concrete in existing structures. 

5.1 REVIEW OF PAST RESEARCH WORK 

This section reviews basically some of the laboratory 

studies performed over the last twenty years in the general 

area of corrosion of concrete-embedded reinforcing steel. Most 

of these are based on previous experimental research work. 

However, the main developments towards practice have occurred 

over the past twenty years. Tables 5.1 to 5.3 summarize 

chronologically most of the research studies undertaken mainly 

in English-speaking countries between 1970 to 1979, between 

1980 to 1985, and from 1986 to the present. 



INVESTlGATOR(S) 

R. F. Stratfull 75 

K.C. ClearJO 

TYPE OF RESEARCH 

Measurement of half-cell 
potentlal of steel ell'bedded 
in concrete specImens in 
laboratory tests and 
relation to vlsual 
observations of concrete 
cracking. 
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Determination of the 
relatIve time to corrl)sion 
of reinforcing steel 
embedded ln concrete slabs, 
fabricated trom varlous mix 
designs and constructIon 
practices. 

GENERAL CONCLUSIONS 

- Electrlcal potentlal measurements con Indicate 
active or passive steel condItion. 

- Differences in electrical half-cell potentials 
are assoclated with "solution potentHII" of 
steel as weil as voltage gradlcots re~ultlng 
from current flow. 

- ln a voltage gradient, the measured half-cell 
may not necessarily reflect the true half-cell 
of the steel located nearest bccau~e the 
vol tmeter can onl y indlcate the hlghest vol tage 
at that po \nt_ 

- To detect r')rrosion-caused electrlcal current 
flow, It Is not always necessary to 
electrically connect the voltmeter to the 
reinforcing steel. 

- The best measure of electri cal hal f-cell 
potentlal is a direct electrlêal connectlon to 
the reinforcing steel under .t~sldcratlon. 

- Under the condition of electrldil current flow, 
011 half-cell potentlal mC.:Isur('lllCnts are 
dlstorted by the arithmetlc dlfference of the 
associated voltage gradIents. 

- Conventional bridge deck concrete, placcd WI th 
strictest "quallty" control, IS IlOt 
impermeable to chlorldes. 

- The water-cement ratio of bridge dcck concrete 
should be 8S close to 0.4 as poSSIble. 

- Some method should he uscd to ensure a mlntRUn 
in-place denslty of 98X of the roddcd unIt 
weight of concrete. 

- The mintl11llll clear cover over reinforclng steel 
should be 2 ln.(50.8 mm) for concrete wlth a 
water-cement ratio of 0.4 and 3 In.(76.2 mm) 
for concrete with a water-cement ratio of 0.5_ 

~------------+----------------------~------------------------------------~ 

C.L. Page 
M.N. Al Khalaf 
A.G.B. Ritchien 

M.A. Taylor78 

Concrete modelling of 
parameters affecting 
corrosion process. 

Effect of mlX 
characteristics and steel 
surface condItion on tenslle 
strength of bond between 
steel and different mortars. 

Effect of ocean salts on 
compressive strength of 
concrete. 

- It is possible to model the progress of 
corrosion by a second degree p<1rabola. 

- Changes ln properties of steel oXlde fIlm 
Influence the bond strength. 

- The relatlonshlp bct~een bond strength and 
potential resembles an electrocaplliary curve. 

- Influence of ocean salts IS affectcd by 
chemistry of cement_ 

- Dromatic Increase wes noted ln the 28-day 
cOll'pressive strength for Type J J cement for 
either NaCl or ocean water, for up to 5X by 
weight of water_ 

Table 5.1: Experimental Investigations (1970 - 1979) 



INVESTIGATOR(S) 

E.N. Thei .. fng 
P. Heat-Wardenle 
G. de Wlnd~ 

O.E. GJ.rv 
•• VemeslarJO 

TYPE OF RESEARCH 

Effect of cOllbinlng lodil .. 
chlorlde (NeCl) and calchn 
chlorlde CaC l,) with 
various hardened cement 
pastes. 

Diffusion of chlcrlde ions 
fre. leawater into concrete 
of different water-ceMent 
ratfos and cement types. 
Effect of cathodlc 
protection on chloride 
penetration. 
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GENERAL CONCLUSIONS 

- De.lnatfng ch_fcal reactlons occur wfth 
hydrated c .... t CClq)Onentl and adsorption. 

- Acceleration bV CaCl. Leeds to lower chlorfde 
concentrati ons in the Hnal pore system. 

- ln sa.. cases, the NaCl content of aggregate 
det .... lnes the final chloride 
concentration. 

- Chloride will lnevltably reach the level(a) of 
relnforce.ent. 

- The water-c...nt ratio effect i. li.ited to 
the lurface layer and Ihort tl .. perlods. 

- The ce.ent type ha. greater influence for 
greater depthl of penetration and longer 
duratlons of chloride exposure. 

- Diffuaiçn of chloride ions il dependent on the 
pen.eability and capacity of chloride 
blndlng, and on the ion exchange capacity of 
the Iy.tem. 

Table 5.1 (cont'd): Experimental Investigations (1970 - 1979) 



1 NVESTIGATOR(S) 

K.G. Kawedkav 
Krl shnamoortht' 

C.L. Page 
N.R. Short 
A. El TarrasR 

A.D. Jensen 
S. Chat ter j i 
P. Christensen 
N. Theulow 
H. GuŒuldsson13 

C. Boqi 
H. Dinghai 
G. Hengquan 
z. YinghaoM 

I.L.H. Hansson 
C.M. Hansson" 

Ie.H. Wong 
P.E. Weyers 
P.D. cadyM 

TYPE OF RESfARCH 

Durabllity of concrete. 
Behavlour ln salt solutions 
employing accelerated 
testing techniques such as 
the use of small-slzed 
specimens and sodiUll 
chlorlde concentrations. 

Diffusion of chloride ions 
in hardened cement pastes. 
Influence of cudng 
conditions, Interfaclal 
zones of segregation, and 
other cement types are 
studied. 
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Alkali-silica reactivity of 
35 sand types by both 
"German" and NaCl bath 
lllethods. 

Ten-yesr field exposure 
tests on endurance of 
reinforced concrete in 
harbor works (China). 

New experimental lllethod to 
measure electrical 
resistivity of Portland 
cement-based materials. 

Effectiveness of alkyl
alkoxy silane treatment 
of concrete on reduc 1 ng 
the rate of corrosmon of 
reinforcing steel in the 
presence of chlorldes. 

GENERAL CONCLUSIONS 

- Strong concentrations of c~ lalt eppearl 
to caUle loss of Itrength and _Icrostructure 
changes of hardened cement. 

- Hydrostatlc pressure produces accelerated 
effects of deterloratlon. 

- Diffusion of chloride ions ln ordlnary Portland 
cement pastes was higher than that for 
diffusion in normal aqueous solutions. 

- Curing conditions had a marked etfect on 
the ability of the mature cement peste ta 
transport particles. 

- Diffusion of chloride ions is strongly 
influenced by cement coqxJsition. 

- NaCl beth method is preferable sinee it can be 
used to detect the alkali-silici reactivity of 
an aggregate. 

- Use of low alkali cement with a reactive 
aggregate may not be protectfve of external 
sodiUM salts migrating and concentrating. 

- Damage/failure occurred mostly above the 
Iverage high tide level. 

- No difference in reinforcement corrosion is 
found below the Iverage high tide level. 

- No effect of W/C ratio on the endurance of 
concrete. 

- Penetratfon of chlorfde fons toward 
relnforcement can effectively be retarded by 
Increlsing thicknesi of concrete cover. 

- As cover thickness increasel, the crlticsl 
value of the chlorlde content resulting in 
reinforcement corrosion also increases. 

- Reinforcing bars in freshwater harbours are 
less rusty thln those in seawater harbours. 

- Low-alloy steel bars rust more eosily thon 
ordinary carbon steel bars. 

- New technique is developed providing 
i nformat i on on potar! zat i on of cement resut t i Mg 

fram applied electricel field as well IS both 
A.C. and D.C. electrical reslatlvltles. 

- Alkyl-alkoxy silane was effective in reduclng 
the rate of rebar corrosion. 

- Allowlng tlme after treatment to permit the 
ethanol carrier to evaporate and exposlnu the 
treated surface to water was beneflclal. 

- SodiUM chlorlde ln concrete tends to Increase 
the corrosion current. 

- Water-cement ratio ln the range of 0.45 to 
0.50 does not appear to have a sfgnfflcant 
effect on the corrosion process. 

'l'able 5.2: Experimental Investigations (1980 - 1985) 



INVESTIGATOIt(S) 

D.W. Hofflllllml1 

H.G. Midgley 
J.M. IL lston" 

C.M. Hansson-

C.M. Hansson 
Th. Fr.hrd 
J.B. Markussenlll 

I.L.H. Hansson 
C.M. Hansson" 

B.B. Hope 
A.K. Ip 
D.G. Meming'" 

P.J.M. Monteiro 
O.E. GjiJrv 
P.K. Mehtall3 

8.8. Hope 
J.A. Page 
J.S. Polancf4 

TYPE OF RESEARCH 

Changes in structure and 
chemfstry of cement .artars 
stressed by a sodium 
chloride solution. 

Measurement of penetration 
of chlorldes Into hardened 
cement pastes. 

E lectrochemical process in 
steel corrosion. 
Measurements of the rate of 
corrosion of steel. 
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Effect of chloride cation 
type on corrosion of steel 
in concrete by chloride 
sal ts. 

Factors controlling 
electrical conduction in 
cement-based materials are 
investigated. 

Corrosion and electrical 
impedance in concrete is 
investigated. 

Interface between corroding 
steel and cement pas te 
containing chloride. 

Detennfnatlon of chlorfde 
content of concrete. 

GENERAL CONCLUSIONS 

- ane-sided stresses of cement IIOrtara by sodhn 
chlorfde show signs of distress at a 
particular depth of penetration. 

- The greater the water-cement ratio, the greater 
the c:lepth of penetration by chloride ions. 

- The concentration of chloride ions is 
depelldent on surrOUlding solution. 

- Chlorlde ions react with the anhydrous 
tricalcium aluminate (CJ') in the remaining 
tn'tydrated cement. 

- Chloride ion distribution alters the pore size 
distribution (the greater the chloride 
content, the smaller the pores). 

- The higher the CJ' content of cement, the 
greater the resistance to reinforcement rusting 
since lesa chloride fons are left after the 
fo,...tion of chloroaluminate. 

- The currently used laboratory techniques of 
corrosion rate measurements of relnfovcing 
steel in concrete are explained and discussed. 

- Addition of CeCla has two deleterious effects: 
f) .are open pore structure, aUowing easier 

diffusion and higher electrical 
conductivUYi aild 

li) reduc.s pH of pore solution. 
- Lesser extent of corrosion ff NaCl or KCl are 

added. 
- Neither the chloride content al~~ nor that 

of the pore solution alon-> ... n be used as a 
.. asure of the corrosion rate. 

- Concentration and mobillty of ions ln the pore 
solution, and the porosity and pore size 
distribution, are important factors of time 
depelldellcy of the electrfcal conductlvity of 
concrete. 

- Resi.tivity increases with age incr.ase. 
- Resistivity increases with a water-cement ratio 

decrease. 
- Resistivity increases with lIOisture decrease. 
- Resistivity increases with temperature 

decrease. 
- Half-cell potential of steel is highly 

dependent on lIOi.ture content (potential 
incr •• ses with fncreasina IIOf.ture content). 

- Interfacial filM of large lime crystals 
covered .ost of the steel surface. 

- Pore solution of concrete with silica fume 
contafned a higher chlorîde/hydroxyl ion ratio 
for a given total chloride content. 

- Resulta of hot and cold water extraction 
..thods depend upon the subdivision of the 
semple and the nature, temperature, and 
duration of the extraction step. 

1 

Table 5.2 (cont'd): Experimental Investigations (1980 - 1985) 1 



1 NVESTIGATOR(S) 

C.L. Page 
N.R. Shcrt 
IoI.R. HoldenM 

D.N. IoIinslow· 

N.R. Buenfeld 
J.B. Newman'7 

K. Byfors 
C.M. Hansson 
J. Tritthart" 

B.B. Hope 
J.A. Page 
A.K.C. Ip" 

Rasheeduzzafar 
F.H. Dakhil 
M.A. Baderl3 

P.S. Mangat 
K. GurusamylOO 

Table S.3: 
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TYPE OF RESEARCH 

Influence of dlfferent 
cements on chloride-indueed 
corrosion of relnforcing 
steel. 

High strength, low-alloy 
weathcring steel as 
reinforcement in the 
presence of chloride ions. 

Resistivity of mortars 
immersed in sea-water. 

Pore solution expression 
as a method to determine 
the influence of mineral 
additives on chloride 
binding. 

Corrosion rates of steel 
in concrete. 

Toward solving the concrete 
deterioration prOblem ln the 
Arabian Gulf region. 

Chloride diffusion in steel 
fibre reinforced marine 
concrete. 

GENERAL CONCLUSIONS 

• Slgnlficant differences ln pore solutIons 
between sulphate-reslsting Portland cement 
and ordinary Portland cement. 

· Dlffuslvltles of chlorlde Ions in hardened 
cement pas tes have been used to rank cements ln 
teMIIS of their abfllty for lImitlng chlorlde Ion 
supplY to anodlc corrosion sites. 

· Under a typical exposure and saltlng schedule, 
high strength, low-alloy steel 18 much 
superfor to plein carbon steel. 

- All mixes tested showed increased resistfvity 
upon exposure to sea·water. 

• This increase ia due to two independcnt 
.icrostructurel .echanisms: 
1) developMent of highly sensitive 

aragonite/bruclte surface layer on sea
water exposed face; and 

ii) ~ificetion of cement paste pore 
structure resul ting in volune reduction of 
larger pores. 

- Concrete mixing conditions do not have a grcat 
effect. 

- Differences in chloride binding appear to be 
related ta bath the original alkallnity of the 
cement and Hs f ineness. 

- Both OC polarhatlon and AC Iq>edance 
techniques yield simiLar vaLues for 
polerization and charge transfer resistances. 

- Use OC pol.rization measurements only to 
estlmate corrosion rates in ~ corroding 
systems. 

- Mass transport of particles through the cement 
paste appeared to be a major factor 
in control Ling the rate of corrosIon ln the 
active system. 

- Passive fiLM resistance appeared to be ft major 
factor in the non-corroding system. 

- Type 1 cement performs better than Type V. 
- To produce a hlgh quallty, dense, and 

impervious concrete, a maximum water-cement 
ratio, minimum cement content, ard an optImum 
blnary aggregate proportioning should be 
speclfied. 

- Chloride cor~entr8tions are s\gnlflcantly 
greater in laboratory cured specimens relative 
to those cured on the beach. 

- ChLoride concentrations incrcase wlth 
Increasing crack widths, although the 
influence of small crack widths of ~ 0.2 mm 
(0.008 i~ Is marginal. 

Experimental Investigations (1986 - present) 



1 1 NVESTIGATOR(S) 

O.\I.S. Ho 
R.K. Lewis t01 

C.J. Newton 
J .M. 'iykes tQ2 

C. Arya 
N.R. Buenfeld 
J.B. NewmantOiS 

R. Szilard 
O. \lallewllet04 

K.C. Clear7 
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TYPE OF RESEA~CH GENERAL CONCLUSIONS 

----~------------------------------~ Carbonation of concrete and 
its prediction. 

Effect of salt additions 
on the alleal init)' of Ca(OH)2 
solutions. 

Assessment of semple methods 
of detel'llinlng the free 
chlorfde ion content of 
the cement paste. 

Effectiveness of concrete 
cover in corrosion 
protection of prestresslng 
steel. 

Effect of special treatments 
on refnforcfng bar corrosion 
in concrete. 

- For conerete wlth ll~ited initial curing, the 
water-cement ratio was the most reliable 
parameter in predicting resistance of concrete 
to ca rbona t 1 on. 

- Under short-term test conditions, carbonation 
proceeded f n proport f on to the square root of 
time. 

• Fly ash concrete have lower reRI.tances to 
carbonation. 

· AmoU'lt of salt eddition required ta change the 
pli value alters in a m8t'lfMlr determincd by the 
amount of excess solid Ca(OH)a present in 
'!olution. 

• Addition of NaCl causes nJ change in pli value. 

• Seve~al extraction techniques .. y be used to 
estfmete the free chloride Ion content of the 
cement paste. 

• The total chlorlde content will dlctate the 
most approprlate technique. 

- The percentage of free chloride inereases ln 
direct proportion ta the total chlorlde 
content. 

- Bound chloride content increases as tolrl 
chloride content increases. This Is almost 
certainly attributable to the associated 
cation. 

- Main factors Influenclng effectlveness of 
conerete caver are: 
i) eoncrete alkallnity (high atrength)i 
il) permeabillty of coveri 
Iii) qualfty of concretei 
Iv) thlekness of caver; and 
v) corrosive envlronment. 

- Minimum concrete strength Is necessary but not 
a sufficient requirement for good quality 
concrete. 

- Optimum water-cement ratio is in vieinity of 
0.40-0.45. 

- Perlodlc wetting and drylr~ by chemically 
aggressive liquids is a ~r~ crltlcal 
condition than complete aubmergenee. 

- Total i~regnatlon of Portland cement (PC) 
concrete wlth methyl methacrylate and ln 
subsequent polymerizatlon appears to render 
concrete vi rtuall y i...,enneable • 

• Properly-consolidated. law water-cement ratio. 
Portland cenent concrete overlay prevented 
aubatantial .tgratlon of chlorlde quantlties to 
a 1 in. (25 l1li1) depth. 

- The styrene-butadlene. latex-modlfied Portland 
cement concrete also prevented substantlal 
~igratlon of chlorides to a 1 in. (25 l1li1) 
depth. 

- EpoxY'~ified Portland CeMent concrete 
contained large. locelized channel. whlch 
C8USed qui cil corrosion init .. tion when ch.Mels 
coincided with reinforcing steel. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 
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,f INVESTIGATOR(S) 

J.R. Clifton 
H.F. Beeghlr 
R.G. "athey 

S. poPOViCS'07 

N.1. Fattuhi'OII 
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TYPE OF RESEARCH 

Feaslbllftyof using organic 
coatlngs to protect steel 
reinforcing bers entIedded in 
concrete bridge decks from 
rapfd corrosion. 

Effects of two non-chlorfde 
acceleratlng agents on 
setting characteristics of 
Portland cement mortars. 

A calcium, nitrite-based, 
non-corrosive, non-chloride 
accelerator. 

Strength-increasfng effects 
of a chloride-free 
accelerator. 

Effect of cementitious blast 
furnace slag on chloride 
permeabllftyof concrete. 

Eff,çts of dffferent curing 
regimes on rate of c~rete 
carbonation. 

GENERAL CONCLUSIONS 

- Sorne epoKy cOlltin3, if properly IIpplfed, should 
adequately protect steel reinforcfOli bers from 
corrosion. 

- EpoKY'Coated bars had acceptable bond and 
creep charllcteristics, enabllOli them to be 
used ln eKisting brldge designs. 

- Law or IIIOderate dosages of the two non-chlorlcle 
accelerators can reduce tlme to achleve 
initial set by '-2 hours. 

- More effective setting char&cteristics are 
obtained th an for cement wi thout accelerators. 

- Accelerators are more effective at 40.F (4.4.C) 
than at 700F (21.1 o C). 

- Admixture is effective in accelerating setting 
time and early strength development of normal 
and fly ash e"'1Crete. 

- The accelerator fs not only non-corrosive, but 
it Is Ictually a corrosion Inhibltor. 

- potentfll and linear polarlzatlon r.~lstance 
_.surement tests provide a quick indkation 
of the potential corroslvity of a non
chloride accelerator. 

- Accelerltor increases strengths of 1 vide 
variety of cementitious compositions. 

- Greater ~trength increases vith Type III 
Celllent • 

• Greater strength increases at higher curlng 
t..,eratures. 

- Sizeable strength increa.es also It later ages 
(six IIIOOths). 

- Greater strength Increlses vith delayed 
addition. 

- Per.elbilfty reductions are achieved as slag 
replacetRent level goes frOIII 40 to 651 of total 
celllentitious Mterlal by IIIISS. 

- Cunerete per.eabflity, containing ground 
granuler bl.st-furnace (GGBF) sll' fs less 
affected by Increases ln v.ter-cement ratio 
than concrete containiny regullr Portland 
Celllent. 

- Wlth cement containing ground granular bl •• t 
furnace slag greater thln 501, detrillental 
effects of accelerated curlng on concrete 
per.eabllity are eliminated. 

- Concrete contalnlng ground granular blast 
furnace sllg May require less cover depth to 
protect reinforclng steel. 

- Rate of concrete carbonatfon decreased when 
vater curing period increased. 

- Carbonation rate of prisms, water cured for 28 
deys, was only 171 of those air cured for the 
period of thne. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 
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INVESTIGATOR(S) 

D.W.S. Ho 
R.K. LewisttO 

C. Foy 
M. Pigeon 
N. Banthiatt1 

O.A. Kayyali 
theANM.N. Haquett 

C. Alonso 
C. Andrade 
J.A. Gonzalezt13 

H. Diab 
A. Bentur 
C.H. Wirguin 
L. Ben-Dortt4 

O.A. Kayyal i 
M.N. Haquell5 
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TYPE OF RESEARCH 

Specification of concrete 
for reinforcement protection: 
performal1Ce cr i ter i a and 
compliance by strength. 

Freeze"thaw durabllity ~nd 
de-icer salt scallng 
resistance of a 0.25 water" 
cement ratio concrete. 

Effect of carbonation on 
chlorlde concentretlon in 
pore solution of IIIOl'tars 
wlth and without flyash. 

Relation between resistivity 
and corrosion rate of 
reinforcements in carbonated 
mortar made with several ( 
cement types. 

Diffusion of chloride ions 
through Portland cement and 
Portland cement'polymer 
pestes. 

Chloride penetration and the 
ratio of chloride/hydroxyl 
ions in the pores of the 
cement peste. 

GENERAL CONCLUSIONS 

- Alternative performance criteria can be based 
on water sorptivity and carbonation. 

- Exposed concrete would be expected to have a 
longer ser\":ce life if maXll1Un values of water 
sorptivity and carbonotion are followed. 

- Scallng Is not a prOblen at ft water"cement 
ratio of 0.25 since 'oss of mass was small, 
even for specimens wlth high air void 
spacing factors • 

• A critical air void spacing factor of 750 ~ 
was determined • 

• Other factors to considcr are: dispersion of 
cement grains and hydratlon produds, 
fonnation of large capillaries, aggregate" 
cement peste interface, and use of silica 
fl.ll1es. 

- Signfficant increase ln chloride Ions ln 
pore sc.lutlon occur es a resul t of carbonat ion. 

- More pronoooced lncrease ln flyash mortars waa 
noted. 

- Prolonged initial curing he.ped to retain 
chlorlde bound within hydration compounds in 
the case of plain mortars. 

- When steel is passivated the corrosion rate Is 
not effected by reslativlty. 

- For active corrosion, concret~ electrlcal 
resiltfvity seems to be a factor controlling 
the rate rf corrosion. 

- A relationship exists between corrosion current 
end electrode reaiatance. 

R Pertial Imneraion la the most a~gresslve 
condition Influencing mortar reslstlvlty. 

- Diffi.sion in Portland cement peste matrlx was 
greLlter than that of the diffusion ln the poste 
of si_ilar water-cement ratio. 

- Long euring pericxls result in SIIIIIller pores 
where diffusion t&kes place at a law rate. 

- The pores of hardened cement peate ln contact 
wfth chloride solution could acqulre a larger 
proportion of the free chloride. 

- The ratio of chloride/hydroxyl ions is 
considered a principal perameter in 
detenninfng depassivation of steel 
reinforcement. 

- Penleability of fluid in the pores decreases 
as a result of immersion in the chlorfde 
solution. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 
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INVESTIGATOR(S) 

C. francol!i 
J.C. Maso"6 

T. Yonezawa 
V. Ashworth 
R.P.M. Procter lH 

N.G. ThOflllson 
K.M. ll1wson 
J.A. Beavers" 8 

Rasheeduzzafar 
G.J. Al-Sulaiman 
A.S. Al-Gahtam 
s.S. Al-Saadoun'~ 

L.J. Parrott 
D.C. Killoh"l1 

B.B. HOpe8 

TYPE OF RESEARCH 

Effect of damage in 
reinforced concrete due to 
carbonation or chlorlde 
penetratIon. 

Pore solution compositIon 
and ch10rlde effects on 
the corrosion of steel ln 
concrete. 

Monitoring cathodically 
protected steel in concrete 
structures with 
electrochemical Impedance 
techniques. 

Accelerated laboratory 
studies of concrete 
relnforcement corrosion. 

Carbonation ln 36-year 
old in-SItu concrete 
(Indoor and outdoor 
exposure). 
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Feasibility of using 
electrochemical measuring 
technIques ta determine the 
relative corrosion rates of 
bare steel to that of epoxy
coated straight and 
fabricated steel. 

GENERAL CONCLUSIONS 

- Damage at grain/paste interfaces in tensile 
zones leads to an increase in penetration of 
aygressive ions. 

- The shape of the contamlnatPd concrete zone i~ 
a narrow band aro~~ cracks. 

- The martar provides better protection to steel 
than alkallne ~olutions. 

- One of protcctive mechanlsms of martar is the 
pH c~ntrol action of calcium hyoroxide (CaOH) 
crystals located st steel-martar Interface. 

- For active corrosion to start, formatIon of 
voids at steel-mortar interface is necessary. 

- The threshold value of chl~ride content does not 
depend only on the chloride/hydroxyl 
ratio, but on steel-martar interface 
conditions. 

- Upon application of cathodic protection, the 
reaction sequence goes from one of diffusion 
controlled (corrowion) to charge transfer 
control (reduction reactions). 

- Electrochemical impedance spectroscopy 
provides the corrosion engineer with a mare 
direct indIcation of corrosion in a structure 
that is cathodlcally protect~d. 

- Type 1 cement IS mare advantageous over Type V 
cement. 

- Stalnless steel clad reinforcement is 
beneficial. 

- Low water-cement ratio is advantageous. 
- Richer mixes are beneficlal. 
- Finer aggregate graoing and washed aggregate 

are beneficial. 
- Longer curing time is beneficial. 
- Greater reinforcement cover is beneficial. 

- More severe carbonation for outdoor exposure. 
- 1he deepest penetratIon of carbon dioxide 

occurred in the interior exposure (humidity). 
- The steepness of the carbonation front should 

be considered in service life studies of 
reinforced concrete structures. 

- Considerable corrosion of uncoated steel bars 
and very little or no corr~sion of epoxy
coated bars occurred. 

- Useful electrochemical measurements can be 
made of epoxy-coated bars fy means of 1 ineer 
polari7ation, AC Impedance, and Tafel plot 
techniques. 

- None of the coated rebsrs showed any signs of 
breakdown of the epoxy coating during the 
testing period. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 



INVESTIGATOR(S) 

Rasheedunafar 
F.H. Dakhil 
A.S. Al-Gahtani 
S.S. Al-SaadQun'1 

T.P. Cheng 
J.T. lee 
U. T. TSBi'20 

C. Arya 
N.R. Buenfeld 
J.B. Newman'21 

M. Moukwa'zz 

R.IC. Dhir 
M.R_ Jones 
H.E.H. Ahmed'23 

F. Derrien 
G. Chahbazian 
J.J. Carpio 
A. Raharinaivo'2. 
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TYPE OF RESEARCH 

Exposure site studies on the 
effect of cement cClq)Osltlon 
on corrosion of relnforclng 
steel in concrete. 

Corrosion of reinforcements 
in artificial seo-water and 
concentrated sulfate 
solution. 

Factors influenc,ng 
chloride-binding in 
concrete. 

Deterioration of concrete in 
cold sea waters. 

Determination of total and 
soluble chlorides in 
concrete. 

Determine the 
electrochemical beheviour 
of steel edledded in 
concrete and under 8 

cathodic polarization. 

GENERAL CONCLUSIONS 

- Bett2r performanee of cement, havlng ~ hlgher 
tricalch", alllllinate (C~) content, ln tel"llll of 
tl~ to cracking and l088 of ~tll. 

- The beneficial effect of the reactlon b~tween 
CJ' and chlorides becames less perceptible as 
the level of chlorlde contamination Inc./'easea. 

- Effects of chlorides and sulfate Ions on the 
electrochemical propertles and corrQslon 
lllechanisms of relnforcing steel were dl tferent. 

- Polymer Impregnation treatment would Increase 
concrete reslstlvity. 

- Most important factors governlng chloride 
binding introduced lit time of mlxlng are: 
cement type, type and proportion of cement 
replacement material, and total chlorlde 
content. 

- Increased internal chloride blnding wlth 
increased water-cement ratio, curlng 
temperature, and age. 

- Level of binding increased with exposure tlme 
and chloride concentration of external 
solution. 

- Calciun chloride produced massive lnereases ln 
binding in relatIon to Sodlllll chlorlde. 

~ Mineral additives, by denslfylng the matrix 
and i~oving the paste-aggregate Intertlce, 
reduce the disruption of canerete. 

- Silica flilles appear to be more efficient then 
blast-furnace slag. 

- Vater-soluble chlorlde content la shown to be 
indepelldent 01' the llllethod of ~~tr.ctlon, 
providing the extra,tion period is equal to or 
gre.ter thaf1 24 hours. 

- X-Ray Fluorescence Spectometrf is the only 
test ~thod capable of dlrectly testing 
concrete and the only technique which can 
deterMine the total chloride content. 

- The proportion of acid-soluble chlorldes 
.asured i6 dependel\t upon the Itrength snd 
contact time of the acid. 

- Chloride content enhances depasslvation of 
steel. 

- When corr~sion occurs, white deposit appears 
sinultaneously with brown rust. 

Tabla 5.3 (cont'd): ExperLmental Investigations (1986 - present) 
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INVESTIGATOR(S) TYPE OF RESEARCH GENERAL CONCLUSIONS 
r-~~~~~T---~~~~~~----~~----~~~~~~~----------

Rasheeduzzafar 
S.S. Al-Sad<xri 
A.S. Al-Gahtani 
F.H. Dalchil'.IlI 

M.J. Al-Hussaini 
C.M. Sangha 
B.A. Plunlcett 
P.J. IJalden':M 

A.J. Al-Tayyib 
M.S. Khan 
I_M. Allem 
A.1. Al-Manam 

Effect of trlcalclum 
aluminate (Ct') content of 
CP.ment on corrosion of 
relnforcing steel in 
concrete. 

Effect of chloride ion 
source on the free chloride 
ion percentages ln ordinary 
Portland cement mortars. 

Corrosion behaviour of pre
rusted re-bars after 
placement ln concrete. 

- The tlme to Initiation of corrosion of 
concrete-errœdded reinforcemeflt lB greatly 
Influenced by the C"A content of cement (the 
hlgher the content, the more beneficial ta 
corrosion of relnforcement). 

- Higher Ct' content gives cement a s~rior 
abllity ta fonm a chloride structure, 
resulting in the formation of an insoluble 
calcil.ll1 chloroaluminate c:~ that has an 
lipOrtant role in the removal of chlorides. 

- :Sodium chlorlde presents a greater threat to 
'~inforcement corrosion than calcium 
(Noride Dt all concentrations up to 2X 
cHoride Ion by mess of cement. 

- Sl.\ifum chloride produces lower pH values 
thm calcium chloride. 

- Inhlal rusting does not have an adverse effect 
on th corrosion resistance of rebars eftbedded 
ln Cl>flcrete. 

J-------+-----------+---.~-------------__I 

C.M. Kansson 
B. S.rensen67 

C. Valentini 
L. Berardo 
1. Alanls,a 

The threshold concentration 
of chlorlo~ ln concrete for 
the Initiation of 
relnforcemellt corrosion. 

Influence of blast-furnace 
slags on the corrosion rate 
of steel ln concrete. 

- Initiation tlme ta onset of corrosion Is 
atrongl\, clependent on hardenlng condition, 
water-c~~t ratio, and type of cement. 

- TllIIe ta Initiation is proportlonal ta the 
logarlthm of the electrlcal reslstance. 

- Reduclng the water-cement ratio has two 
synerglstic effects: 
1) Initial chloride content Is increased due 

to higher pH in pore solution; and 
'1) peste poroslty 18 considerably reduced. 

- h'lX cement replacement wlth III cras Il ICI Leeds 
to ~eductlon of the crftfcal chlorlde 
concentration to approxlmately 1/3 of level 
for lame cement wlthout .. Icroslliea. 

- Fly Ish consfderably Increases tlme to 
corroslan due ta less porous structure. 

- Corrosion properties of proflled steel are at 
least as good as those of smooth steel. 

- The presence of a rust layer on steel prior to 
casting seems to have a positive effect on 
corrosion propertfes. 

- Corrosion currents and potentiels show 
passivation trends for steel enbedded in 
Portland cement (PC) mortei'S whether blended or 
not wlth blast-furnace slags up to 751. 

- Cor"osion current il!lllediately after the curing 
pertod fs independent of the amount of blest
furnace slags and fs 10 times the current for 
pure PC IIOrtar. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 



INVESTIGATOR(S) 

N.S. Berke 
D.F. Shen 
K.H. Sundberg&ll 

H.G. IIheatlO 

A. Aguilar 
A.A. SangOés 
R.G. Powers·' 

E. Escalante 
S. ItoCl 

L. Lemoine 
F. \lenger 
J. Ga l\ and'211 

TYPE OF RESEARCH 

Comparison of polarization 
reslstance technique to the 
corrosion macrocell 
technique. 

84 

Corrosion rate determination 
on repaired reinforced 
concrete specimens. 

Corrosion measurements of 
relnforcing steel in 
partially submerged concrete 
slabs. 

Measuring the rate of 
corrosion of steel in 
concrete. 

Study of corrosion of 
concrete reinforcement by 
electrochemical iJl~dance 
measurement. 

$GENERAL CONCLUSIONS 

- 80th techniques can be used to detenalne 
corrosion rates of steel .nd a!umlnum in 
concrete until the lower relnforcement ~t 
begins to show si90S of corrosIon. 

- The macrocell technique appears tu 
underestimAte the corrosion rate. 

- CalcIum nitrite effectively delayed and reduced 
the corrosion of black steel. 
galvanized steel. and alumlnum ln concrete. 

• Repel red specimens showed rust stal nlng, severe 
delamination, and cracking whlle control 
s&qlles did l'lOt. 

• CorrosIon rates in the repaired specImens were 
hlgher than in the control specImens due to a 
lower polarizatlon reslstance as measured by 
linellr polarization technique. 

• Corrosion initiation ln rebarl takes place at 
the raglon where chlorldes accu.ulate. Thil 
rBillon develops above the water llne as a 
result of capllliry transport and water 
evaporation. 

• Mter initiation, corrosion proceeds by the 
formation of macrocells. Metal dissolutl~ 
tends to occur ln ragions of IIreater 
electroLyte avallabllity. OXYllen reductfon 
occurs preferentlally where concrete Il l'lOt 
saturated with water. 

• In isolat~~ rebar segments, corro.I~. Is most 
extensive aboya the water llna, in the arell of 
chloride accumulation and rapid oXYllen 
transport. 

• A dryil'V cycle, whlch causes local 
concentrations of chlortde and oXYllen, 
initiates steel corrosion. 

• Once initiated, the pH value at the anodic areas 
decreases, allowing corrosion to proceeQ more 
easily. 

• Oxygen controls the rite of corrosion, yet 
chloride affects the number of sites where 
corrosion initiates. 

• Electrochelllic.l i~nce plots allow 
characterization of different mech.nisms of 
corrosion of steel embedded in concrete. 

• Th i s method can be used to benef! t the a tudy of 
the durability of relnforced concrete 
considering dl fferent envi roratntal parameter. 
and v.rious concrete compositIons. 

• The nxlel does not allow obtaining of a 
quantitative value of ~he corrosion rate ln 
the first step of the propagation. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 
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INVESTIGATOR(S) 

B. Elsener 
H. Bôhni G 

J.P. Broomfield 
P • E. Langford 
A.J. Ew;os" 

TYPE OF RESEARCH 

Potential ILIpping 'Ind 
corrosion of steel in 
concrete. 

Design, construction, and 
use of a Pot.ntial Yheel 
a~ its application for 
corrosion determination of 
steel in concrete. 

"Time to corrosion" of 
refnforcing steel in 
cor~rete stuaies. 

85 

GENERAL CONCLUSIONS 

• An absolute potential value for identlfleati~, 
of active corrosion does not exist. 

· The inpedance spectroscopy techni~ Is too time' 
consuning for on'slte appl ication. • 
Difficulties with the spatial distribution of 
the electrical signals do not allaw 
inter~retatinn of the i~nce spectra with 
respect to the corrosion rate. 

· Galvaoostatlc pulse technique overcomes the 
difficulties in interpreting potential 
measure.ents and infonnation on concrete 
resistivity can be Obtained. 

· A Potential Yheel for rapid scan surveying 
of corrosion damaged reinforced concrete was 
developed. 

· The wheel IS ideal for rapid scanning of 
soffits, Jalla, and virtually any surface. 

· Laboratory testing has shown the wheel to ~ 
c~rable to <)r better than a standard 
eopper/copper sulfate half-cell in tenns of 
reproducibility, stability, and temperature 
.ffecta. 

· Aecording to corrosion potentlal and 
polarization resistance data, results of 4 
IIIDnths of speei .... ConthUllJSly i ..... rsad ln NaCl 
solutions and speei...,. .ubject to 0 ..... ks wet· 
dry cycllng indicat.ed that the .\~l ~s .tlll 
pesslve in both cases. 

~-------------+-----------------------;---------------------------------------
S. GoI\l 
C. Andrede 
C.L. Pagel. 

H.T. Cao 
Si rlvlvatnanon131 

Influence of chloride ion 
on the corrosion of steel 
ln hlgh ehalna Cillent 
IIOrtlr s~le •• 

Corrosion rate study of 
steel ln eoncrete of 
different strength levels 
Ind ln concrete with 
different sil Ica f\llle 
contents. 

- The hexagonal to cublc conversion of the 
hydrated allllinatea .... produced by prolonged 
storage of III of thl high al,--ina e...,t 'Mple. 
studfed and wes favoured by the pre.ence of 
ehlorlde Ions. 

· Friedel's .alt was fon.ed ln the presence of 
cMoride ions but thia cGq)OUnd wa. relatfvely 
unstable decGq)Osing IPPIrently in response to 
changes of pore solution c~ition wlth tillle. 

· The conversion of ahninatea does oot by ftself 
produce depassivation of steel reinforce.ent ln 
IAOrtar. containing up to 0.4" cr by weight of 
cement. However, Friedel's salt dec~sition 
and cr l iberation to the pore .olutlon leada 
to the depassivation of .teel in high Ilumlna 
Celllent I10rtars containing 1" cr. 

· Hi~h alUllina cement is InOre Iggressive than 
ordlnary Portland cement for similar chloride 
content. 

- The corrosion rate of steel embedded in 
.aturated concrete can be reduced by Increaslng 
concrete strength, partfcularly in a chloride 
coot .. inated environnent. 

- The use of 10X ail ica fume 8S ceanent 
replacelllent _terial in _Idng 70 MPa concrete 
ean have beneficial effect in tel'lB of reduced 
corrosion rite. 

• Adverse effects .. y result frCJR usi~ .ilice fUlle 
at a higher replacement level of 201. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 1 



1 NVESTIGATOR(S) 

O.S.B. Al-Amoudl 
Rasheeduzzafer 
M. Maslehuddln'~ 

R.K. Ohir 
P.C. Hewlett 
Y • N. Chan'33 

J.A. Gonz6lez 
A. Mol ina 
E. OterO 
W. L6pez':M 

M. Shamim Khan':II 

86 

TYPE OF RESEARCH 

Effect of salt inclusion in 
the ordinary Portland 
cement/Portland tly ash 
concrete on alkalinity, 
ca rbona t ion, and re'bar 
corrosion. 

The relatlonship between the 
intrinslc permeabllity and 
the carbonetion of concrete. 

The role of oxygen diffusion 
on the mechanlsm of steel 
corrosion in concrete. 

The corrosion atate of 
reinforcing steel in 
concrete at early ages. 

GENERAL CONCLUSIONS 

- There ia an Insignificant reductlon in 
alkallnity in bath ordinary Portland cement/ 
Portland tly aah concretes due to chlorlde 
contamination. 

- The corrosion of rebars was found to be 
mfluenced RIOre by the chloride concentratlona 
in the concrete, rather than by the pre.ence 
of Hy ash. 

- The depth of carbonation was higher ln fly aah 
concrete SpeCllllenS c~red to ordlnary 
Portland cement concretes bath in chlorlde 
free and chlorlde contaminated concretes. 

- The depth of carbonation can be related to the 
intrinsic permeabillty. 

- The Figg air Index (Dundee modlfied) is shawn 
to correlate closely wlth the Intrinslc 
penneabllity and thereby the carbonatlon of 
concrete. The Figg air index can be used to 
predict the potential carbonation reslltanee 
of concrete. 

- The rate of carbonetion Is MOst algnlflcantly 
influenced by the free water-cement ratio and 
th~ period of molst curlng. Changes ln the 
cement content, workabillty, and aggregate 
size do not have a marked effect on 
carbonatiOll resistance of concrete. 

- The accelerated car~tlon test was found to 
predict the normal exposure carbonatlon rate, 
at an equlvalence of one week of accelersted 
exposure to 15 IIIOI'Iths of normal exposure. 

- Under certain clrcumatances, the corrosion 
rate .. y be hlgh, even though the aupply of 
oxygen ia I1118LL or negLigible. 

- The corrosion IleChanf .. appeara to requfre the 
existence of IOde cathodlc process whfch doe. 
not require OXYII\.'fl diffusion. 

- The hlgh corrosion ratea of steel ln concrete 
wlthout oxygen can be explained by the 
exiatence of crevices at the steel/concrete 
interf~ce, affording relatlvely low pM 
envi rorwents. 

- If, after caatlng, the COIlerete Il c~letely 
immersed in water, the passive film will not 
form. This is attrlbuted to the lack of oXYQen 
at the steel/concrete interface under 
conditions of c~lete immersion ln water. 

- The formation of the passive film mav take a 
significantly long time even if the roncrete 
ia not completely immeraed in water after 
casting. 

- ln the field application of the llnear 
polarizatlon resistance technique, reliable 
corrosion-rate ~alurementa ~y be made by 
placing the reference electrode on the turface 
of the concrete insteed of enbeddlng It at the 
level of the reinforcing ,t.el, provlded that 
the instrl.lllentation uaed ha. provlaions for 
the cOMpenSation of the IR drop. 

Table 5.3 (cont'd): Experimental Inve&tigations (1986 - present) 
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1 NVESTIGATOR(S) 

R.J. Detwller 
K.O. Klellsen 
O.E. Gj.rv'· 

M. Shlllllim Khan 
A-H J.A. Tayyib137 

K. 1C0 .. 
A.E. Naaman'· 

C. Alonso 
C. Andrade"· 

TYPE OF RESEARCH 

Resistance to chlorlde 
Intrusion of concrete cured 
at d!fferent temperatures. 

Lang-term corrosion 
reslet.nce of reinforcing 
steel. 

87 

Deterioration of ~teel fibre 
-elnforced concrete due to 
\Ibre corrosion. 

Effect of nitrite as a 
corrosion inhlbitor in 
contlllllinated and chlorfcle
frae carbonated mortars. 

GENERAL CONCLUSIONS 

. In plain Portland cement concretes, elevated 
curing temperatures result ln a coarser pore 
structure and a corresponding decreas~ in the 
resistance to Cl dIffusion. 
Concrete cured at a hlgh temperature will be 
less durable than the seme concrete cured to 
an equal clegree of hydration at a lower 
temperature. 

- The lower the water-cement ratio, the more 
pronounced the effect of the curing 
teq:l8rature. 

- At a given curing temperature, a lower water
cement ratio results ln a reduced rate of Cl" 
diffusion. Lowering the water-cement ratio can 
compensate for the effects of an elevated 
curing temperature. 

- Tne effects of poor consol idation and/or 
bleeding are more significant than either the 
water-ce.ent ratio or curing tamperature. A 
reffned por~ structure is of Little value in 
ten.l of durability if the concrete is full of 
entrapped air volds and bleed-water channel •• 

- The time to corrosion initiation of 
reinforcing steel in sul fur concrete ia longer 
than that in Portland cement concrete. 

- Once the corrosion initi~tes, the corrosion 
rate of reinforcing steel in sul fur concrete 
fs hlgher than that in a good-quality Portland 
ce.ent concrete. 

- Severe corrosion exposure of steel fibre 
rainforced concrete can lead to significant 
rlductlons in MiniMUM fibre di..eter along 
each fibre. This ln turn leeds to a notlceable 
reduc:tlon ln the peak strenath in tension and 
bendfng, as weLL as a dramatlc reductlon ln 
toughness. 

- The effect of corrosion on mininun fibre 
dla.eter gradually changes the type of failure 
fran typical fibre plllout to fibre breakage 
bafore pullout_ 

- SI_Uer conclusions 8,"e drawn fram the resul ts 
of the group of tests using precorroded 
flbr ... 

- SodlUl nitrite My reduce end even cClq)letely 
.vold the aggressive affect of concrete 
cerbonation. This protective characteristic is 
not enough when cerbonation and chlorides are 
added together in the concrete ~ix. 

- Nitrites enhance their inhibiting action in 
wet concrete. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present)! 



1 NVESTIGATOR(S) 

M. Mpslehuddin 
I.M. Allam 
G. J. Al-Sl',laiman 
A.I. Al-HSnI 
Abdul j aIJWad'oa 

B.B. Hope 
A.K.C. Ip'" 

S. Fel iu 
J.A. Gonzetez 
S. Fel iu Jr. 
M.C. Andrade'<2 

A-H J .A. Tayyib 
M.S. Khan'''' 

TYPE or RESEARCH 

E1fect of rustlng of 
relnforclng steel on its 
mechjnical properties and 
bond wlth concrete. 

88 

Effects of calCIum nItrIte 
IInd stannous chloride on 
corrosion protection of 
reinforced concrete samples. 

Confinement of the 
electrical signal for ln 
situ measurement of 
polarization rpsistance in 
reinforced concrete. 

Corrosion rate measurements 
of re;nfnrcing steel in 
concrete by electrochemical 
techni~s. 

GENERAL CONCLUSIONS 

- Weight loss in relnforclng steel semples, 
lrrespectlve of size and CompoSitl~. due to 
IItmospnerlc cO''fosion locreaselO with the 
perlod of e~posure. 

- The effect of rustlng by atmospherlc press'Jre 
up to 16 months on the yield and ultl/llllte 
strength of relnforclng steel IS 
Insigniflcant. 

- The elongatlon of fresh and rusted bers ... ~s 
llbove the ASTM A 615 requlrements for Grade 60 
s'Leel. 

- Resul ts lndlcate that varllltlon ln the 
resujual COOf'OSI tlon (hlgh, mlddle, end low) has 
llttle effect on the bond strrngth, Yleld, 
and ul tllnate ten~lle strength of Poth fre.,h 
and rusted bars. 

- Calcll.ll1 nItrite [Ca(Hoa).J exhlblts prOOI1!>lng 
corrosion lnhlb1tlng prCY"ertlcs. The corrosIon 
threshold Level, ln terms of the ratIo of 
nItrite to chlorlde Ions, Is probebly between 
0.07 and 0.09. 

- Stann<:IUs chlonde (SnCl 2 • 2H,o) IS fotnd to 
be lnetfective for corrosIon protectIon. 

- The measurements made wlth the new technIque 
demonstrate thot practlcally ail current 
applled from the central cQljOterelectrode 1& 

plcked up over the sectIon of the 
rd nforcement bc:x.nded by the pos i t 1 on of sensors 
on the surface of the concrete. 

- This conflrms the posslbi 1 ity of confinulg 
electrical SIgnais, wlth th~ help of two extra 
reference electrodes (sensors), to determine 
the polarlzlltion reslstance Rp in large 
reinforced concrete structures . 

• The accuracy of the measurements IS 
lndepenclent of the magnitude of the value of Rp. 
unllke the cuardring potentlostatlc 
method, whose accuracy depends on the value of 
Rp' 

- Electrochemlcal technIques :lIn be used quickly 
to calculate the corroSIon rate of relnforclng 
steel ln concrete. 

- Tafel plot technIque has: 
1) the advantage of determinlng the corrosIon 

rate independentlYi and 
il) the dlsadvllntagc that the potentilll 

perturbation of the relnforclng steel due 
to the large IIpplled potentilll maKes thf~ 
Sp-':'ll11Cll unsultable for sensitIve 
~lectrochemical measurements. 

- Linear polarizl'tion reslstllnce technique he.s: 
1) the advantllge that the specimens qulckly 

rfCover their original open circuit 
potentiel after the test and can be used 
reliably for other tests; and 

i i) the dl sadvantage that 1 t 1 li dependent or. the 
Tafel pl~t technique for the Tllfel 
constants. 
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INVEST IGATOR(S) 

f
· B.B. Hope 

A.K.C. Ip'" 

H. Roper 
D. 8aweja'''' 

S.R. Yeomans'47 

R.N. !: .. dllly 

<:. Tanikawa'" 

TYPE OF RESEARCH 

Corrosion of steel in 
concrete made with slag 
cement. 

Corbonation'chlorlde 
interactions and their 
influence on corrosion 
rates of steel in concrete. 

Comparative studies of 
galvanized and epoxy-coated 
steel reinforcement in 
concrete. 

r~trol of steel corrosion 
in chloride contaminated 
concrete through ARON WALL 
(Bcrylfc rubber type) 
surface coating. 

89 

GfNERAL CONCLUSIONS 

- Corrosion of the steel in the mature concretes 
decreased with incrcasing sla9 content. This 
was accompanied by a corresponding higher 
concrete electrical resistivity and lower 
chloride diffusion rate. 

- Electrical reslstivlty of concrete made with 
slag cement appeared to be more sensitive to a 
change in storage condition th an that of 
Portland cement concrete. Therefore, the 
corrosion rate of steel embedded in slag 
cement mey be influenced by the an'bient 
condItIons to a lorger extent than that in 
Portland cement concrete. 

· For normal rei nforced concrete structural 
el ements , the interactive effects ~f 
carbonation and chloride ion il19ress leod to 
much more rapid corrosion than where the two 
phenomene occur independently. 

· Carbonation rates increase wlth increasing 
water-cement ratios. Carbonation rates 
decrease with increasing concrete density or 
with decreasing penmeability. 

• Replacing cement with fly ash did not 
detrimentally affect the carbonation 
resistance of concrete arod the addition of 
chloride ions ta concrete mixes tended to 
reduce the carbonation of fly ash concretes 
tested. 

· Measurement of half-cell potentials has shown 
the beneficiel effects of galvanizing in 
protectfng black steel refnforcement frlJlll 
corrosion. 

- Galvanhing provides positive protection to 
steel where the coeting Is damaged, whi le 
repalr to the damaged IIree provides edditional 
protection. 

- Epoxy coeting rrovides excellent protection to 
the steel as tong as th- c::~ing was not 
clamaged. 

• There is no signi;icant difference between the 
.lltill18te bond :;crengths of black, hot dlp 
g.llvanized a'ld fusion bonded epoxy coste<! 
ceformed relnforcement. 

- Ail l.I'1Coated specimens, bath without and with 
added chlorides, showed e"tensive cracking on 
almost all sides. 

- ~ether immersed or not, the presence of 
sodium chloride salt within the concrete 
reduced the adhesion strength. 

• Time of exposure haB an ifl1)Ortant in! luence on 
both surface concentration of c~lorides and 
the chloride profile. 

- The ARON WALL coating ca" prevent the 
Intrusion of air, Nater, and chlorides into 
concrete, and provide excellent protection to 
steel in chloride cont8ll1inated concrete wll1lst 
maintllining its adhesion to concrete, 
integrity and ~ontinuity in contlnuous salt 
water exposure .'egimes. 
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1 NVI;:;i'lûAïÜl<(S) 

N.S. Berke 
M.J. Scoli 
J.C. Regan 
D.F. Shenl4ll 

S. Misra 
T. Uomotol50 

T. Ohtal61 

L. Anqi 
L. Baoyu 
H. Guoping 
c. Yeibo 
s. Guol ian"13 

J. Deja 
J. Malolepszy 
G. Jaskiewicz '54 

TYPE OF RESEARCH 

Long-term corrosion 
resistance of steel ln 
sillca fume and/or fly 
ash contalnlng concretes. 

Reinforcement corrosion 
urlder simultaneous dIverse 
exposure conditions. 

Corrosion of reinforcing 
steel in concrete exposed 
to sea air. 

Study on corrosion 
prevention in reinforced 
concrete containing 
condensed sil i ca fl.l'lle and 
its application. 

90 

Influence of chloride 
corrosion on the durability 
of reinforcement in the 
concrete. 

GENERAL CONCLUSIONS 

- Silica tume and/or tly ash IlTprove the long
term corrosIon rcslstance of steel Ir' 
concrete, wlth Improved ~fflclency 6S water
cement ratIos decrease. 

- Fly ash addItIons ore much le~s etflclent ln 
redl~ing chloride Ingres~ than slllea fume. 

- The lmproved performance WI th slllca fUtne 1& dut' 
ta a deerease ln concrete poroslty. 
particularly at the aggregale-pabte interface. 

- Concretes Wl th h19h levels of fly lish ore nlOre 
susceptible to carbonatlon at crocks. 

- CorrosIon wa!> fourld ooly ln portloll~ that were 
subJeet to cyelle wcttlng and drylng, or at the 
Interface of the Immersed and aerlol portions. 

- Th(' "uoderslde" of the bars, where the 
bleeding water accuwlotes at the time of 
compactlon of concrete, IS more vulnerable tu 
corrosion att~ck thon the top half. 

- ~ater movement wlthln the matrix plays a 
crucial role in determlning the chloride 
concentration and could even lead to deposlts 
of crystalline NsCl, etc. dependul{/ upon the 
exposure condItIonS. 

- Existence of flexural cracks does contrlbute 
to initiatIon of corrosIon at the crack sites. 
ThIS InitIal local corrosIon becomes generut 
dependlng on factors such as crack spaclng, 
coyer thicknes~, and characterlstlcs of the 
covering concrete. 

- The type of Ceffi<'nt has grcat Influence on the 
depth of chloride Ion penetratIon. 

- The thickness of the concrete (.over 1& the most 
i~rtant factor ln the preventIon of 
corrosion of the reinforclng steel. ~Ith a 
thin cover, the crack width has no infLuence 
on corrosion of reinforcing steel. 

- Epoxy conting is effective in improvlng 
corrosion protection. 

- Incorporation of conden~ed sltlca fume in 
concrete can remarkably Improve ItS 
compactibllity, increase Its abillty to resist 
chloride penetration and carbonation, and 
raise its electrical resistivlty. 

- Incorporating condensed si l ica fume is RUCh mor~ 
effective than reducing water-cement 
ratio ar~ increasing the amount of cement ln 
improving the durabillty of concrete. 

- There 15 excellent durabillty of the alkall 
actlvated slag mortars ln an environment 
containlng chloflde ions. 

- The corrosIon plts, hlgl1 surfac.e t:oncentratlon 
of chlorlde, and signlficant wCIght lo!.ses 
indicate that the ordlnary Portlalld cement 
mortar has weak protectlve influer~e on the 
reinforcing steel. 

- The additives to ordinary Portland cement 
mortar, sueh as limestone or sillca fume, 
restraln corrosion of the reinforcement. 

~--------~------------------~--------------------------------~ 
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lNVESTIGATOR(S) 

J. T. \lolsfefer'" 

V. F. stepanovatM 

R. Francois 
G. Arlfguie"7 

J.L. Gallias 
G. Arliguie 
J. Grandet'" 

J.J.II. Gul ikers 
J.G. van Miert~ 

N. Takagi 
T. Miyagawa 
S. Amasaki 
T. Koj ima'l2 

TYPE OF RESEARCH 

Utilization of silica fume 
concrete admixture to 
prevent reinforcing steel 
corrosion. 

Corrosion of steel in 
lightweight concretes 
made wi th di Herent types 
of lightweight aggregates. 

Determine the relatfonshfp 
between the cracking in 
loaded relnforced concrete 
and the corrosion of 
eriledded steel. 

Modificati~~ of st~el 
corrosion compounds ln 
refnforced concrete. 

Effect of patch repalrs 
on the corrosion of steel 
reinforcement in concrete. 

Chloride corrosion of 
reinforcing steel in sil ica 
fume concrete exposed to 
marine envlromlent. 
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GENERAL CONCLUSIONS 

- The ~iner.l edmixture significantly lowers the 
concrete permelbility to prevent chloride 
ingress to the reinforcing steel level, while 
sillLlltaneously Increasing the el e ct rie Il 
resistance of the concrete to corrosion 
currents. 

- Design engineers can utilize the admixture to 
Nintain structural design efficiency in terms 
of clear cover and dead weight. 

- Relnforced concretes made with lightwefght 
aggregates have satisfactory resistance to 
salt attack. 

- Structural-thermoinsulating concretes can be 
effectIve in protecting the steel only when 
their protective properties al-e iq)roved by 
using a high cement content or a steel 
corrosion inhibitor. 

- Crack width has only an infiniteslmel effect 
on the spre~ of corrosion. Thus, the 
slonlflcant per.meter ln refn~orcement 
corrosion Il the existence of crac~s, but not 
thelr wldth. 

- A .ini_ theoretical concrete cover should be 
greltly in excess of 1 cm (0.39 i~ in order 
to lvoid premature corrosion due to 
insufffcient covel and porosity defects 
reaulting frQII uncertainty es to the position 
of the reinforcement. 

- ln 1 flrat tiN, the steel corrosion cClq)OUllCls 
disaolve to tOMII cllciun ferri te hydrates and, 
in 1 second tiMt, the hexagonal cllcfum 
ferrite hydrate is converted to the c~fc fOMII. 

- If the steel corrosfon layer fs flfrly th!n, the 
gracbal diasolution of steel corrosion 
c~ and the formation of crystall ine 
ferrite hydrate play an important l'ole in 
decre.sine the porosity of the corrosion layer 
and thereby inproving the mechanical 
characterlstics of the bond between the 
corroded steel and the concrete. 

- Strong galvanic corrosion is to be expected 
when Mineral mortars are appl ied for patch 
repaira. Alternating dry/humid conditions can 
accelerate the corrosion rate. 

- Appt i cati on of Portland cement-mortar for local 
repai r .. Isures does not affect 
corrosion of steel in unrepai red concrete 
areas. 

- When sal ine solution is used IS the mixing 
water, the corrosion potential of the silica 
fume concrete specimen becOMeS less noble, and 
results in the formation of large longitudinal 
cracks. 

- Although the chlorides penetrlte into concrete 
frOIII .. ri ne envirorvnent, the rate is decreased 
by the incorporation of sil ica fune. 

Table 5.3 (cont'd): Experimental Investigations (1986 - present) 



INVESTIGATOR(S) 

P. Schiessl 
M. Raup8ch '10 

M. Marosszeky 
D. Wang'" 

TYPE OF RESEARCH 

Macrocell steel corrosion 
in concrete caused by 
chlorides. 

Abillty of varfous 
reinforcement coating 
materials and repair 
mortars to prevent 
subsequent corrosion. 
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GENERAL CONCLUSIONS 

- The following par .. ineters lead to ft decrease of 
the corrosion rate: decreasfng chlorld.· 
content, decreasing water-cement ratio, 
increlslng cancrete cover, decrelsing 
temperature and humldlty, and use of chemicol 
admlxtures as cement replacement •• 

- The corrosion process ls influenced domlnantly 
by the clthQojic process outslde or between the 
crackl\. 

- Local repair of chloride Induced corrosion 
damalles may create corrosion outslde the 
repaired area. After repafr, the former anode 
ean act only eathodically, eausing accelerated 
corrosion of the steel outslde of the repeired 
section. 

- Epoxy-bosed costings are superlor ta the 
polymer-bosed coatings in preventing chloridc 
induced corrosion. 

- EpOxy-bosed coatings with plnholes performed 
worse than without pinholes but cCJq)8ratively, 
they performed much better thon that pol ymer
based coat i ngs. 

- The styrene butadiene rltiJer (SBR) repel r mortar 
has the capee i ty to prevent ch 1 or i de 
induced corrosion and is IIIIlrkedly superlor to 
other polymer modified cementltfous mortors. 

- The conventional cement morter showed better 
resistance to corrosion then sorne of the 
polymer bosed IIIIlterills. 

- Styrene butadiene rtti)er and acryl le pol ymer 
modifled mort ars provide greoter protection 
against corrosion then eonmon cement mortar ln 
patch repair work. 

Table 5.3 (cont'd): Expp.rimental Investigations (1986 - present) 
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5.2 REINFORCEMENT CORROSION RESEARCH AND 
RECOMMENDATIONS 

Dur ing the sixties and early seventies, construction boom 

occurred throughout Northern Europe and North America, 

resulting in considerable pressure on the i~dustry to develop 

innovative techniques for increased production rates. Some of 

the structures built during that time have net lasted their 

service life and are showinq significant signs of 

deterioration. Intrusion of chlorides in the concrete is now 

accepted as beinq the primary cause of corrosion of 

reinforcing steel. Some of the commen sources of chloride 

salts include admixtures (such as calcium chloride), 

agqregates (sea dredged), exposure to mi. ... ine conditions, and 

chemical de-icers. In these areas, the various research 

findings have led to recommenc!ations, and finally, to official 

specifications and codes of practice for chloride-associated 

reinforcement corrosion v 4 The following two sections review 

the history and evolution of some of the recommendations for 

both the United Kingdom and North America, specifically the 

United states. 

5.2.1 Official specifications and Codes of Practice - UK 

1885: Millar and Nichols4 obtain patent for use of calcium 

chloride (CaCI2 ) as an accelerator for Portland cement. 

1948: The CPl14 Code of Practice for the structural Use of 

Reinforced Concrete in Buildings states that "Ca) cium chloride 

may be used to accelerate the rate of hardening of cement. 
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Usually, l~% by weight of cement will be sufficient, and 

dangers exist with excess amounts. 1I 

1957: The Code of Practice for Structural Use of Reinforced 

Concrete is modified to: 

" Calcium chloride may be used to accelerate the rate 
of hardening of Portland cement concrete, but not 
more than 2% by weight of cernent should he used.,,4 

1959: The CPl15 Code of Practice for Prestressed Concrete 

states: 

" Calcium chloride should not be used when steam curing 
is employed. ,,4 

1965: CPl16 Code of Practice for Structural Use of Precast 

Concrete states: 

1972: 

Il i) Calcium chloride is not recommended either as an 
admixture or inte~nally mixed with cement in any 
form of prestressed work with either pretensioned 
or post-tensioned steel; 

ii) The total amount of caClz in conventionally 
reinforced concrete should not exceed 2% (1.5% 
anhydrous CaClz) and should be dissolved in sorne of 
the mixing water; and 

iii) Where caCl2 is used in concrete, not less than 25 
mm of cover should be given to aIl steel unless 
pen .. anent protection is provided." 4 

CPIIO Code of Practice for the structural Use of 

Concrete states: 

Il i) Marine aggregates m~y be used provided that the 
chloride content expressed as anhydrous caCl2 by 
weiqht of cement does not exceed 1.0%; 

ii) For concrete with embedded metal, the anhydrous 
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CaClz should never exceed 1.5% and therefore, extra
rapid hardening cements should never be used; 

iii) It i5 important to ensure that the CaClz is 
thoroughly mixed to minimize the variations in 
chloride concentrations; and 

iv) The corrosion risk is further increased when 
concrete containing added chlorides is cured at 
elevated tempe ratures or subsequently exposed to 
warm environments. fi" 

CPIIO Code of Practice for the structural Use of 

Concrete amendments state: 

1985: 

" i) Calculations on the background content of chloride 
which could be expected from natural sources would 
be less than 0.06~ by weight of cement: and 

ii) The maximum total chloride content expressed as a 
percentage of chlaride ion by weight of cement for: 

- prestressed concrete, structural concrete that is 
steam cured, concrete for any use made with 
cement B54027 or BS248 is 0.06, and 

- reinforced concrete made with cement complying 
with B512, plain concrete made with cement 
complying with BS12 and containing embedded 
metal, is 0.35 for 95% of test results with no 
resul ts greater th an 0.50 ... 4 

B58110 British Standard for structural Use of Concrete 

states: 

Il i) CaCIz and chloride-based admixtures shauld never be 
added ta reinforced concrete, prestressed concrete, 
and concrete con~aining embedded metal: and 

ii) The maximum total chioride content expressed as a 
percentage of chloride ion by mass of cement for: 
- prestressed concrete and heat-cured concrete 

containing embedded metai is 0.10, 
- concrete made with cement complying to BS4027 or 

BS4348 i5 0.20, and 
- concrete containing embedded metal made with 

cement complying with BS12, B5146, B5426, or 
combinations with ground granular blast-furnace 
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slag or Portland fly-ash is 0.40." 4 

1986: The Department of Transport Highways and Traffic 

Department Standard BD 27/86 states: 

" The total chloride ion content of the materials shall 
not exceed 0.3% of the mass of cement. Any chloride or 
admixtures containing chloride salts shall not be 
used." 4 

5.2.2 Official specifications and Codes of Practice - USA 

1954: ACI Cornmittee 212, Admixtures for Concrete, suggests: 

1974: 

1977 : 

" No limits on the quantity of CaCl2 admixture which can 
be added to reinforced concrete existe CaClz does 
not cause corrosion of embedded steel. ,,4 

ACI Committee 318, Building Code Requirements, states: 

" Concern of chloride ion content of ml.xl.ng water 
(including that contributed as free moisture in the 
aggregate) to be used in prestressed concrete. Chloride 
ion contents greater than 400 or 500 ppm might be 
dangerous. ,,4 

ACI Committee 201, Guide ta Durable Concrete in 

agreement with ACI Committee 222, Corrosion of Metals in 

Concrete, states: 

" i) The maximum total chloride ion content expressed as 
a percentage of chlaride ion by weight of cement 
for: 
- prestressed carcrete is 0.06, 
- conventionally _'einfarced concrete in moist 

environments exposed to chlorides is 0.10, 
- conventionally reinforced cancrete in moist 

environments not exposed ta chlorides is 0.15, and 
- concrete for above ground buildings where the 

concrete would stay dry, no limit set; and 

ii) The threshold value for chloride content in 
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concrete necessary for corrosion of embedded steel 
can be as low as 0.15% by weight of cement."· 

ACI Committee 318, Building code Requirements, adopts 

more relaxed limits than those of ACI Committee 201. 

" The maximum total chloride content expressed as a 
percent age of chloride ion by weight of cement for: 
- prestressed concrete is 0.06, 
- conventionally reinforced concrete in a molst 

environment exposed ta chlorides is 0.15, and 
- conventionally reinforced con crete in a moist 

environment not exposed to chlorides i5 0.30."~ 

5.3 COMPARISON OF INTERNATIONAL DESIGN CODES 

The problems of corrosion of reinforcing steel in 

con crete has been widespread, affecting Many regions of the 

world. Based on local conditions and requirements, several 

construction standards have been developed appropriate to the 

particular situations encountered. The following is a 

comparative list of the various parameters dealing with the 

corrosion of reinforcement as set forth by several countries 

of the world. The ones considered are total and threshold 

chloride contents, depths of concrete cover, and any other 

additional specifications related to reinforcement corrosion. 
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REIX»4MENDAT!ONS AND CODES OF PRACTlCE 

ACI Conmittee 318:7
• Maxlnun water-lIohble chlorlde Ion content 

(expressed as a percentage by weight of cement): 
- prestressed concrete: 0.06 X 
- reinforced concrete exposed to chlorlde ln service: 0.15 X 
• reinforced cancrete dry or protected trom mol.ture ln service: 

1.00 X 
- all other reinforced cancrete construction: 0.3 X. 

ASTH Test Method C"4:~ To .Inimlle rlsk of chlorlde-Induced 
corrosion, maxl~ acld-soluble chlorlde contents (exprelsed as a 
percent age by welght of Cetnent): 
- prestressed concrete: 0.08 X 
- reinforced cancrete: 0.20 X. 

ACI Committee 201:~ Mexi.um water-soluble chlorlde Ion content 
(expressed as a percent.ge by wefght of cement): 
- prestressed concrete: 0.06 X 
• conventionally reinforced concrete ln a moist environment tond 

exposed to chlorides: 0.10 X 
• conventionally reinforced concrete in a moist envlronment and 

not exposed to chlorldes: 0.15 X 
- above grOU'ld construction where concrete wi II stay dry: no 

li.it. 
• minimum cover: 50 .. (2 in) for bridge decks If water·cement 

ratio = 0.40. 
- minimum cover: 65 .. (2.5 i~ for bridge decks ft Water-cement 

ratio = 0.45. 

British Code tP110: Maxtmu. acld-soluble chlorlde ion content 
(expresst'd as a percent age by weight of cement): 
- for 95X of test reaults wlth no result greater then 0.50 X: 

0.35X 
• law rlsk of corrosion up to 0.4 " chlorlde 8dded to thr

concrete .Ix. 

Norwegf.n Code MS3474: M.xlan .cfd-soluble chlorlde content 
(expressed as a percent.ge by weight of cement): 
- refnforced concrete ..ete wfth nortlllll porUn Cetnent: 0.6 X 
• Drestressed concrete: 0.002 X. 

Critical chloride content: 
- if concrete is IlOt c.rbonated: 0.05 X by weight of concret. OR 

0.4 X by wei ght of Celllent. 
• prestressed concrete: 0.025 X by welght of cancrete OR 0.2 X by 

wefght of CeMent. 
• for severe chloride attacl:: recomnended wllter-cement ratio < 0.5 

and mininun concrete coyer > 30 .. (1.2 i~. 
· llOi'Iinal concrete cover: C""'" .. C_ + AC 

where C_ depends on envlronmental conditions: 

EXPOSURE NORMAL PRESTRESSED 
REINFORCEMENT REINFORCEMENT 

II1II (f~ II1II (f~ 

- dry environment 15 (0.6) ~ (1.0) 
• hlJllid environnent 30 (1.2) 35 (1.4) 
- hlJllid environnent 

wfth frost and 40 (1.6) 50 (2.0) 
de·fclng agents 

- sea-water envfronment 40 (1.6) 50 (2.0) 

and AC = 5 _ CO.2 i~ for refnforcement wfth placement control, 
= 10 .. (0.4 i~ wfthout placelllent control, and 
= 20 .. (0.8 f~ for f~te concrete curfng. 

Table 5.4: International Recommendations and 
Codes Of Practice 
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RECOIIENOATIONS AHO COOES OF PRACTICE 

- Parking Structures: 
i) Concrete ahell contlln not more thlln O.06X of wllter-aohble 

chlorfde ion bV wefght of cement Ing Mterllls, fnclucffng 
chlorldes conuined in admixtures, except where it can be 
shawn thet eggreglltes contllning hlgher levels of chlorlde 
are IlOt detrimentlt. 

1 i) CllciU'D chloride edllxtures or chloride-based ectnixtures shlU 
not be used. 

- Reinforced Concrete Structures: 
No lillits specHI ed reglrcllng chlodde Ion content expressed IS 
8 percent Ige of the welght of cementitlous ~terlllls. 

Table 5.4 (cont'd): International Recommendations and 
Codes Of Practice 

5.4 RESEARCH AND DEVELOPMENT 

5.4.1 Future Experimental Work 

Many countries will be faced wi th corrosion problems 

affecting bridge decks, roads and highways, and other concrete 

structures for the next decade. Despite the numerous 

advancements made with experimental studies carried out over 

the past twenty years, more research work is required to 

combat the evcr-increasing dilemma of reinforcement corrosion 

affecting both D.ajor and minor infrastructures. The following 

are sorne suggeE,tions for possible tapies ta be investigated in 

future research and development: 

1. Research regarding the role played by and the importance 

of chlorides, with respect to the loss of steel passivity in 

an alkaline concrete system, is needed. 6 

2 • More research is required in the area of preventive 

techniques. This is limi ted at present to cathodic protection 

or coatings to either the reinforcing steel or concrete. 6 
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3. Development of a means of eliminating one of the reactants 

leading to reinforcement corrosion i5 needed (i. e., non-

corrosive steel, eliminating oxygen, or preventing diffusion 

of hydroxyl ions). 6 

4. Th~re exists a need for further laboIatory work dealing 

with the electrochemical reactions, that can be controlled to 

limlt or prevent corrosion activity. This can include 

supplying sufficient electrons to anode or ferrous ions to 

solution in contact with anodic area to prevent oxidation, or 

supplying sufficient hydroxyl ions ta cathodic area to reverse 

the electrochemical process. 6 

5. Better analytical procedures can be developed for 

determining the chloride content that truly influences the 

corrosion of reinforcing steel in concrete. 12 

6. More research is needed to establish the appropriate 

chloride limits for the concrete mix constituents. This can 

involve monitoring and collecting data on chlorides in 

admixtures 1 cements 1 aggregates 1 and mixing water. 6,12 

7. Additional study is needed on the role of the reinforcing 

steel in the corrosion process. Tapies include: effect of 

alloying elements in steel; chemistry of chloride reactions 

with iron: resistance of weathering steels; and susceptibility 

of prestressing reinforcement in a chloride environment. 12 

Developments in the area of rein forcement corrosion need 

not be limited simply to laboratory work. Additional research 

is needed ln the construction of new reinforced concrete 

structures. The general tapies requiring further advancements 
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incIude6
: 

1. Improved techniques to prevent chlorides and oxygen from 

reaching the steel reinforcement-cement past9 interface. 

2. Improved procedures to maintain a high-Ievel of alkalinity 

at the steel-paste interface. 

3. Role of crack widths with respect to movement of ions and 

molecules to and from the steel-paste interface. 

4. Role of chemical inhibitors and cathodic protection 

providing an increased degree of assurance under a variet}' of 

conditions. 

Further improvements dealing with methods of evaluation 

of existing structures in service are required. These include 

the following6
: 

1. Improved non-destructive methods of detecting corrosion. 

For example, improved potential and current flow measurement 

techniques. 

2. Development of non-destructive methods for determining 

degree of actual corrosion damage in the structure. 

3. Development of additional methods of stopping 

reinforcement corrosion already in progresse 

4. Development of methods for adequately refurbishing a 

structure affected adversely by corrosion. 

5. Correlation of surrounding environmental conditions and 

concrete parameters with respect to susceptibility of 

reinforcement corrosion." 

It is important to recall that concrete is actuaIIy 

destroyed by chemical aqqression Iess frequently and Iess 
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rapidly than what should be expected from laboratory results. 

Thus, the information provided by laboratory investigations is 

not necessarily sign.lficant for full-scale concrete 

structures, as tho corrosion process is slow to develop under 

natural conditions. Another problem arises upon observation of 

existing structurElS. The data at the time of construction 

cannot alwaYfJ be rE!produced with tht:! required accuracy at the 

time of eval uation" Thüs includes the mix proportions, water-

cement ratio, and çonditions of placement and compaction. 1 

5.4.2 Accelerated Electrochemical Laboratory Testing -
Mc;Gill University 

In general, laboratory corrosion tests performed should 

satis fy the fol101dng overall requirements 1: 

1. The physical-·chemical characteristics of the corrosion 

process must not differ appreciably from those under field 

conditions; 

2. AlI factors influencing corrosion must be considered in 

assessing the rf~sistance of concrete; and 

3. Tests should be as short and simple as possible. 

Therefore, the proper selection of the correct testing method 

is important for the recognition of the major contributing 

factors to the corrosion process. 

The first objective of the laboratory experiment~tion 

program at McGill University was to develop an accelerated 

method of testing concrete durability and analyzing the 

reinforcement corrosion process. Despite being accelerated, it 
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was desirable to reproduce the actual process in the 

laboratory that differed as little as possible from that 

occurring in nature. 'l'he eventual aim of the program was to 

develop a method by which the duration of the testing could be 

reduced to a few weeks, without actually distùrting the 

corrosion process. 1 

In order to achieve this, severai measures were taken to 

render possible these truly "short-term" corrosion studies. 

The rapid testing was obtained partly by the following: 

- constant impressed voltage between steel electrodes 

(anode and cathode) to promo te increased exchange 

of ions and cations between them~ 

- intensity of aggressive chemical attack was increased 

by introducing stronger concentrations of sodium 

chloride (NaCl) electrolyte aqueous solutions; 

partial immersion of concrete specimens in aggressive 

electrolyte medium, to further enhance the 

detrimental effect of chlorides; 

minimum curing time of test specimens subject to 

aggressive chemical attack. As suggested by 

researchers 1
, concrete exposed at an early age has less 

resistance to chemical attack than that having hardened 

over an extended periodi and 

no chemical admixtures were introduced in the 

concrete mix to enhance its quality and thus retard 

the process of reinforcement corrosion. 

By implementing the above items, the purpose of 
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accelerating the natural corrosion process could be achieved. 

Chapter 5 describes the experimental set-up used ta perfarm 

these accelerated electrochemical corrosion tests on the 

various concrete specimens. Two levels of testing were carried 

out: a prelimi~ary phase to ascertain the influence of the 

various parameters, and the primary testing program to 

determine the effect of clear depth of cover on corrosion of 

steel reinforcing ernbedded in concrete. 
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CHAPTER 6 

ACCELERATED ELECTROCHEMICAL 
CORROSION TESTING 

As described previously, a program dealing with 

accelerated electrochemical corrosion testing of concrete 

specimens was conducted at McG!ll university from September 

1990 to May 1991. The proqram consisted basically of two 

distinct phases. First, preliminary testing of severai 

parameters were performed to help define the parameters of the 

experimental set-up. This was foilowed by the main objective 

of the test proqram, to study the importance of clear cover 

depth on the corrosion of reinforcement embedded in concrete. 

In a country such as Canada, the concrete mix consti tuents are 

strictly controlled in a regular manner. Therefore, it was 

deemed reasonable to assume that workmanship and proper 

placement are primary factors affecting the construction 

and/or rehabilitation of reinforced concrete structures. On 



106 

numerous occasions, the specified depth of caver is not 

correctly implemented in the field and corrosion problems 

beqin prematureIy. Thus, depth of concrete cover plays a major 

role in promotinq steel corrosion in bath new and existing 

structures. 

6.1 EXPERIMENTAL SET-UP 

The specimens tested consist of concrete cylinders having 

a height of 6 in. (152 mm). A diarneter of 3 in. (76 mm) was 

used for the preliminary testinq, and subsequentIy varied 

according ta the desired depth of the concrete caver by using 

molds of various sizes. Steel reinforcing bars, 12 in. (305 

mm) long, were ernbedded within these concrete cylinders. The 

re-bars were wire-brushed and cleaned with methanol for 

approximately five minutes to remove any existing grease. 

At a height of 4 in. (102 mm) from one end, 2 in. (51 mm) 

of the reinforcement bar was covered with very adhesive 

electroplater's tape, serving to protect the specimens from 

possible corrosion occurring at the steel-concrete interface. 

The steel re-bars were placed at a height of approximately 1 

in. (25 mm) from the bottom of the cylü .. d~r. Therefore, 5 in. 

(127 mm) of the re-bar was exposed within the concrete medium, 

of which 4 in. (102 mm) were left uncovered. The remainlng 7 

in. (178 mm) were left protruding above the height of the 

cylinder. Figure 6.1 shows a schematic diagrarn of a typical 

concrete specimen. This will be subsequently referred to as a 

lollipop specimen. 
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6.1.1 Concrete Mix Parameters 

The concrete mix consisted of: Type 10 Portland cement, 

fine sand, coarse aggregates (1/4 in. - 6.4 mm crushed stone), 

and water. A sieve analysis of both the fine and coarSE 

aggregates was performed according to CSA Standards A23.2-M2A 

and A23. 2-M5A. 61;,67 In order to determine the particle size 

distribution, grading curves for both aggregate types were 

obtained. These are within the l~its specified in the CSA 

Standard A23 .1-M. 68 Appendix A summarizes the results of these 

tests. 
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Figure 6.1: Schematic Diagram of the "Lollipop" Specimen 
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The cement-sand-stone ratio is based on the relative 

densities of the materials. A typical ratio of 1:2.24:2.92, 

used in a concrete topping for a bridge deck, was adopted for 

this test program. 70 Unless otherwise specified, a water· 

cement ratio of 0.45 was used. No specitic admixtures, air 

entrainment, or superplasticizers were included in the 

concrete mix. The concrete specimens from each batch were cast 

and air cured for 24 hours, followed by the testing. Table 6.1 

summarizes the quantities of the concrete batches prepared 

during the testing period. Additionally, five control 

specimens were cast and subsequently tested to an average 

compressive strength of approximately 25 MPa (see Appendix B) . 

6.1.2 Description of the Experimental Set-Up 

Once the lollipop specimens were properly cast and cured, 

each was positioned centrally in a glass tank of dimensions 16 

in. length by 8 in. width by 10 in. height (406 x 203 x 254 

mm). A bare steel ~einforcing bar, having a height of 12 in. 

(305 mm), was also located centrally within the tank. A 1/2 

in. (13 mm) thick wood board, of dimensions 20 in. by 12 in. 

(508 mm x 305 mm), was placed on top of the tank. Appropriate

size holes were drilled to provide access and support f(:-r the 

protruding re-bars. The top of the wood board was used as the 

base for the electrical circuitry required to impress thû 

necessary vol tage. Moreover, the board prevented any 

evaporation of the aqueous electrolyte solution to be used in 

the glass tank. A schematic plan of the set-up is shawn in 
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BATCH MIXES 

SPECIMEN (CYLINUER) PROPERTIES: 

Oiamctcr = 3" " 0.0762 metrer. 
Height " 6" " 0.1524 metres 

Volume of 1 cylinder ~ surface area x hefght 
" 0.000695 cubic metres 

Waste volume" 10X of volume of 1 cylfndcr 
= 0.0000695 cubfc metres 

'fatal mil( volll11C = 0.000695 + 0.0000695 
" 0.0007645 cubic metres. 

AGGREGATE PROPERTIES: 

Densfty of Cement " 355 kg/cublc metre 
Density of \Jater " 160 kg/cubfc tnetre 
Cement/Sand/Stone ratio = 1/2.24/2.92 

DATE NUMBER TOTAL \lATER-CEMENT CEMENT \JATER SAND 
OF VOLUME RATIO (g) (g) (g) 

CYLlNOERS (ml x10") 

10/09/90 2 1529 0.45 543 244 1216 

18-09-90 4 3058 0.45 1086 489 2432 

25-09-90 3 2293 0.45 814 366 1824 

22/10/90 1 764 0.30 271 81 608 

22/10/90 1 764 0.40 271 109 608 

22/10/90 1 164 0.50 271 136 608 

22/10/90 1 764 0.60 271 163 608 

22/10/90 1 164 0.70 271 190 608 

29/10/90 5 3822 0.45 1357 611 3040 

11/12/90 10 9629 0.4~ 3418 1538 1657 

14/12/90 5 3822 0.45 1357 611 3040 

28/01191 10 9629 0.45 3418 1538 7657 

18/03/91 18 14240 0.45 5055 2275 11,324 

Table 6.1:: Summary Table Of Concrete Mixes 

STONE 
(g) 

1585 

3170 

2377 

792 

792 

792 

792 

792 

3962 

9982 

3962 

9982 

14,762 
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Figure 6.2. 

Lead electrical wires were soldered to each end of 30 amp 

rated battery clips. These clips were connected to the 

protruding part of each re-bar. Three equally-spaced 

"connectors", to complete the electrical circuit, were mounted 

on the wooden board. One lead wire from each battery clip was 

"spliced" and inserted into each end "connector". The 

"connector" having the lead wire from the lollipop specimen 

\':c:lS then connected to the positive terminal of a direct 

current (OC) power supply (RED colour). The negative terminal 

(BLACK colour) was linked to the middle "connector" by means 

of another electrical wire. In order to connect the negative 

terminal "connector" to the "connector" with the lead wire 

from the bare electrode, a "jumper" wire was used. Both ends 

of the "jumper" were fitted with connections that could be 

inserted snugly into the "connectors", thus enabling the 

"jumper" to be used as a switch. To "open" or "close" the 

electrical circuit, the "jumper" could be removed or inserted 

easily. Figure 6.3 illustrates the electrical circuitry. 

The steel reinforcing bars act as electrodes, with the 

one connected to the positive terminal being the anode and the 

one connected to the negative terminal as the cathode. 15 In 

order to complete the circuit and permit the exchange of ions 

and cations between the two electrodes, an electrolyte 

solution was added. This contained a specified percentage of 

crystallized sodium chloride (NaCl) by weight of water. To 

minimize the presence of impurities possibly affecting the 

.. 
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Figure 6.3: Electrical Circuitry 

chemical reactions, distilled water was used. The glass tanks 

were filled to an approximate height of 5 in.(127 mm), leaving 

about the top 1 in. (25 mm) of the concrete cylinder not 

immersed in the solution. 

As mentioned previously, the half-cell potential of steel 

embedded within concr2te with respect to a reference electrode 

can be indicative of the condition of the steel. 22 

In order to determine the potentials of both electrodes, 

a reference saturated calomel electrode (SCE) was immersed in 

tl.e electrolyte solution. This consisted of a mercury/mercury 

chloride reference element surrounded by saturated potassium 
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chloride (Rel) contained in an outer tube. When immersed in 

the NaCl solution, electrical contact is made between the 

sample and the electrolyte at the opening located at the end 

of the electrode. This opening fOrIns a conductive bridge 

between the reference electrode, the sample, and the 

indicating electrode. 

In order to permit proper electrolyte flow during 

analysis, electrodes must have their re-fill holes open when 

taking measurements. A re-fill hole is a small circular 

opening located at the top of the reference electrode, where 

the spout of the re-fill bottle is inserted. Each electrode 

was periodically refilled with KCl solution to make sure that 

the electrolyte always covered the tip of the internaI 

element. The level of the RCI electrolyte was maintained above 

the surface of the aqueous solution, assuring that the NaCI 

solution will not backflow into the electrode. 69 

This experimental set-up provided a clean and safe 

approach of accelerating the corrosion process. AlI of the 

electrical equipment and materials were utilized repeatedly 

for the various set-ups. 

6.1.3 Measurements 

Voltage and current measurements were recorded daily for 

each specimen. A HICROK Digital Systems - Model DP100 was used 

as the voltmeter and a FLUKE 77 Multimeter (300 mA range) was 

used as the ammeter. 

In order to measure the voltage of each electrode, the 
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following steps were undertaken: 

1. The positive-terminal probe of the voltmeter (RED colour) 

was connected to the lollipop anode, by means of the battery 

clip connectors, while the negative-terminal probe (BLACK 

colour) was connected to the SCE. Measurements were recorded 

when stable reading were obtained (approximately 5 ta 10 

minutes). Two sets of readings were recorded, one with the 

power operating (circuit "closed") and the other with the 

power interrupted ( circuit "open"). The latter was achieved by 

removing the "jumper" between the "connectors". 

2. The above step was repeated, however, the positive

terminal probe (RED colour) was cannected ta the bare 

electrode ta measure its potential. Both steps 1 and 2 were 

taken in the normal polarity position. 

3. The polarity was reversed by exchanging the lead wires of 

the DC power supply in the appropriate "connectors". 

'l'nerefore, the negatj ve terminal lead wire (BLACK colour) was 

connected to the lollipop specimen, makjng it the cathode. The 

positive terminal lead wire (RED colour) was thus connected ta 

the bare electrade, acting as the anode. 

4. Two sets of readings were recorded for each electrode in 

the reversed polarity position. The negative-terminal probe of 

the voltmeter (BLACK colour) was connected to the respective 

electrodes, while the positive-terminal probe (RED colour) was 

connected to the SCE. Once again, the readjngs were recorded 

when stable values were obtained (appro)dmately 5 to 10 

minutes). Two sets of readings were recorded, both for the 
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"open" and the "closed" circuits. 

The electrode voltage measured in the interrupted power 

mode (circuit "open") is referred to as the pOlarization 

potential. This reflects any chemical or physical changes that 

may be occurring on the metal surface. The voltage recorded in 

the operating power mode (circuit "closed") is referred to as 

the operatinq potential. This includes both the pOlarization 

potential and any voltage drop in the electrolyte solution 

between the electrode and the point of measurement. 15 

The current readings were recorded in the following 

manner: 

1. The positive-terminal probe (RED colour) of the voltmeter 

was connected to the lollipop anode, while the negative

terminal probe (BLACK colour) was connected to the bare 

cathode by means of battery clip connectors. The "jumper" was 

then removed from the "connectors" and replaced by the probe 

ends of the ammeter. Once again, the positive-terminal probe 

(RED colour) was connected to the lollipop anode, whereas the 

negative-terminal probe (BLACK colour) was connected to the 

bare cathode. As soon as stable readings were obtained 

(approximately 5 to 10 minutes), simultaneous readings of both 

current and voltage were recorded. Figure 6.4 demonstrates the 

set-up for a typical current measurement. 

2. In the reversed polarity position, step 1 was repeated. 

Appropriate connections were made, that is, negative- (BLACK 

colour) and positive-terminal (RED colour) probes connected to 

the IOllipop cathode and bare anode, respectively. 
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Figure 6.4: simultaneous Voltage and Current Recording 

simultaneous voltage and current measurements were recorded. 

The resistanee of each electrode is computed as the 

difference between the operating and polarization potentials 

divided by the corresponding current. 15 

In between the daily recordings, the concrete lollipop 

was left connected to the positive terminal of the power 

supply (Le., as an anode), while the bare steel reintorcinq 

bar was connected to the negative terminal (i.e., as a 

cathode). This enabled the electrolytic process to continue, 

with the transfer of ions in the electrolyte solution. 

i 

J 



117 

6.2 PRELIMINARY TESTING 

The preliminary testing lasted a duration of three months 

from September ta November 1990. The main objective was 

twofold: f irstly, it provided a means of varying several 

parmneters in order ta assess their effects on reinfarcement 

corrosion, and secandly, it enabled these parameters ta be 

established during the subsequent study for the praper 

assessment of the effect of depth of the clear cover. Each 

specimen tested was immersed for a period of 30 days. No. 15 

deforrned reinforcing bars were used for both electrodes. No 

voltage and current readings were recorded. 

Four main series were investigated during the course of 

the preliminary testing: 

1. Impressed voltage (4.5 V) 

2. Spacing (distance) between electrodes (4 in.- 102 mm) 

3. Water-cement (W/C) ratio (0.45) 

4. Concentration of electrolyte solution (3.5% NaCI). 

Only one pararneter was varied at any one time. The above 

numbers in parentheses represent the standard values used when 

the parameter in question was NOT varied. Each test series is 

represented by a number, whereas every set-up within a series 

is represented by a letter. For exarnp1e, Test #2C signifies 

the third (letter C) set-up in the second (nurnber 2) test 

series. Each of the experimental set-ups is briefly discussed. 

6.2.1 ~pressed Voltage - Series '1 
Five experiments used different levels of vol tage for the 
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tests. These levels were: 1.5 V, 3.0 V, 4.5 V, 6.0 V, and 10.0 

V (set-ups flA to fIE, respectively). By arranging 1.5 V cell 

batteries in series, the necessary voltage for each set-up was 

obtained. Smaller-sized re-bars were llsed (0.257 in. - 6.53 mm 

diameter) as electrodes. Both set-ups D and E resulted in the 

re-bar being consumed after only 17 days of immersion (see 

Figures 6.5 and 6.6)_ In aIl cases, significant formation of 

rust deposits were noted. 

6.2.2 Spacing (Distance) Between Electrodes - Series '2 
These experiments consisted of the various electrode 

spacings: 2 in. (51 mm), 4 in. (102 mm), and 6 in. (152 mm) 

Figure 6.5: Experiment Set-Up #1D (Day 17) 
Voltage Level: 6.0 V 

i 

! 
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Pigure 6.6: Experiment Set-Up 'lE (Day 17) 
Voltage Level: 10.0 V 

(set-ups 12A to 12e, respectively). No. 15 reinforcing bars 

were used as electrodes. Similar behaviour was observed in 

aIl three cases, with sorne accumulation of corrosion by-

products along the base and height of the concrete cylinders. 

6.2.3 Water-Cement Ratio - Series '3 

The water-cement (W/C) ratios used were: 0.3, 0.4, 0.5, 

0.6, and 0.7 (set-ups flA to '3E, respectively). No 

discernible distinctions were observed between each set-up 

during the testing periode Slight variations in the initiation 

time of corrosion activity were noted. 
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6.2.4 Electrolyte Conoentration (% NaC1) - Series '4 

The strength of the electrolyte solution was varied in 

the following manner: 4%, 5%. 6%, and 10% NaCl by weight of 

distilled water (set-ups #4A to #40, respectively). No 

distinguishable difference in behaviour was observed amongst 

the four specimens. At the end of the immersion period, aIl 

exhibited similar signs of corrosion. 

6.2.5 Limitations and Conclusions 

Upon completion of the preliminary testing, certain 

limitations and conclusions dealing with the parameters 

investigated could be drawn: 

1. The electrolytic medium between electrodes cons ists 

basically of water with a percent age concentration of sodium 

chloride. In the case of electrochemical studies undertaken in 

such aqueous solutions, the available potential range is 

limited by the two electrode reactions16
: 

1/2 02 + 2 H+ + 2 e - '* H20 ( 6 • 1) 

(6.2) 

The above equations indicate a range of potentjal voltages 

over which electrode chemical reactions jn aqueous solutions 

will occur while preventing electrolysis of the aqueous 

medium. In this case, the range varies approximately from 

+1 V to -1 V. In some case~, this range can be extended by 

using electrode materials with a high overvoltage for either 

hydrogen or oxygen. 16 In this instance, use of steel anodes 

and cathodes could allow this range to be extended. 
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Nevertheless, it was deemed reasonable to conservatively limit 

the impressed voltage in aIl subsequent testing to a maximum 

of 1 volt. 

2. As a result of the d~ensions of the glass tanks, space 

restrictions were placed on the distance between the two 

electrodes. Since no actual difference was observed during the 

preliminary testing, a spacing of 4 in. (102 ma) was used in 

future tests. This allowed sufficient space for the reference 

SCE to be properly irnmersed in the electrolyte solution. 

3. The water-cement ratio plays an important role in the 

onset of reinforcement corrosion. However, the preliminary 

testing demonstrated that this is not a predominant variable 

affecting the corrosion rate relative to the other tests. 

Therefore, for ease of concrete mixinq and casting, a water-

cement ratio of 0.45 was used. 

4. The range of the electrolyte concentrations did not 

produce any significant effects between the tests. In order to 

deterrnine the effects of the NaCl electrolyte, two extreme 

concentrations of 3.5' and 10' MaCl were used. 

It is important to note that sea water contains, on the 

average, 3.5 percent salts. The sodium chloride added must be 

properly dissolved ta prevent salt deposits from forming. A 

mechanical mixer was used for this purpose. 

5. In order to simulate the corrosion phenomenon 

realistically in larger-sized concrete structures, reinforcinq 

bars commonly used in construction practice were used in the 

testing program. The reinforcement chosen were Ho. 15 re-bars 

, 
" '~ 
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(0.63 in. - 16 mm diameter) . 

6. The glass tanks were thoroughly washed with a non-abrasive 

cleaning agent, rinsed properly, and wiped clean before each 

test was undertaken. This was do ne to ensure that no remnants 

of the previous set-up, such as hardened encrustations or 

ferric oxide deposi.ts, would remain. 

To summarize, the following parameters were established 

during the preliminary testing phase: 

- Impressed voltage: 1.0 V 

Distance between electrodes: 4 in. (102 mm) 

- Water-cement ratio: 0.45 

- Electrolyte concentration: 3.5% and 10% NaCl 

6.3 COVER THICKNESS VARIATIONS - SERIES #5 AND #6 

Upon establishment of the parameters to be used, focus 

was placed on the range of cover depths to be studied. Nina 

test series were established. The variations of the concrete 

cover were achieved by means of PVC or plastic molds of 

varying the inside diameter dimensions. The range of clear 

cover depths analyzed are summarized in Table 6.2. 

In sorne instances, exact cover depths could not be 

obtained due to difficulty of acquiring molds of specifie 

sizes. To assess the influence of the various concrete covers 

on the corrosion activity, the immersion period was extended 

to 45 days. Series #5 and 16 were tested from Decernber 1990 to 

March 1991. The main difference between the two series was the 

strength of the electrolyte concentration. Test Series .5 .lsed 
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SPECIMEN MOLD NOMINAL CLEAR DEPTH OF 
INNER OIAMETER BAR DIAMETER CONCRETE COVER 

in. (mm) in. (mm) in. (mm) 

A 1-1/4 (31.8) 0-10/16 (15.9) 0-5/16 (7.9) 
B 1-1/2 ( 38.1) 0-10/16 (15.9) 0-7/16 (11.1) 
C 2-0 (50.8) 0-10/16 ( 15.9) 0-11/16 (17.5) 
D 2-1/2 (63.5) 0-10/16 (15.9) 0-15/16 (23.8) 
E 3-0 (76.2) 0-10/16 (15.9) 1-3/16 (30.2) 
F 3-1/2 ( 88.9) 0-10/16 (15.9) 1-7/16 (36.5) 
G 4-0 (101.6 ) 0-10/16 (15.9) 1-11/16 (42.9) 
H 4-10/16 (117.5) 0-10/16 (15.9) 2-0 (50.8) 
I 5-10/16 (142.9) 0-10/16 (15.9) 2-1/2 (63.5) 

TABLE 6.2: Mold Sizes And Clear Cover Oepths 

a 10% BaCI aqueouB electrolyte solution, whereas Test Series 

'6 had a 3.5% BaCI solution by weight of distilled water. 

6.3.1 Visual Observations 

6.3.1.1 Test Series 15 

Table 6.3 summarizes the visual observations recorded 

during the testing period for Series '5. For the first five 

concrete cover thicknesses (up to and including the Specimen 

E), there was a significant formation and accumulation of 

corrosion by-products, with the amount decreasiug with an 

increased cover thickness. The products fonned were of a dark 

reddish-black colour. Specimen F only showed initial signs of 

distress at the end of the 45-day duration. The largest cover 

depths exhibited no particular evidence of corrosion activity. 

The initial stages of corrosion-forming products for three 

specimens are shown in Figures 6.7, 6.8, and 6.9 (Specimens A, 

B, and D, respectively). Appendix C illustrates the various 
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VISUAL OBSERVATIONS 

TEST SERIES #5 - 10% NaCl 

Observation Observation Observation 
#1 #2 #3 

DAY 2 DAY 4 DAY 7 
DAY 5 DAY 7 

, 
DAY 10 

DAY 9 DAY 10 DAY 12 
DAY 13 DAY 15 DAY 17 
DAY 17 DAY 21 DAY 23 
DAY 23 --- ---
--- --- ---
--- --- ---
--- --- ---

TEST SERIES #6 - 3.5% NaCl 

Observation Observation Observation 
#1 #2 #3 

DAY 2 DAY 4 DAY 7 
DAY 4 DAY 6 DAY 7 
DAY 12 DAY 15 DAY 18 
DAY 26 DAY 36 ---
DAY 44 --- ---
--- --- ---
--- --- ---
--- --- ---
--- --- ---

#1: Formation of "bubbles" at top of lollipop 
(first indication of active corrosion). 

#2: Corrosion by-products forming along the 
lollipop height (indication of ongoing 

corrosion) . 

#3: Accumulation of by-products at base of 
lollipop (corrosion at an advanced state). 

--- no indication of active corrosion 
observed. 

Table 6.3i Visual Observations - Test series #5 & #6 
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Fiqure 6.7: Experiment Specimen #5A (Day 2) 
Concrete Cover Thickness: 5 16 in. 7.9 

Expe nt Specimen #5B (Day 10) 
Cover Thickness: 7/16 in. (11.1 mm) 
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Figure 6.9: Experiment specimen #50 (Day 10' 
Concrete Cover Thickness: 15/16 in. (11.' 1111) 

testing stages of two specimens (C and G). It can be seen thdt 

an increase of 1 in. (25 mm) in concrete cover signj ficdntly 

alters the pr·:>cess of reinforcement corrosion. Due ta the 

greater concrete cover thickness, more time elapses beLorE': 

oxygen, moisture, and/or chlorides penetrate through the 

concrete and reach the level of the steel reinforcing bar. 

6.3.1.2 Test Series #6 

The visual observations recorded for Series #6 are llsted 

in Table 6.3. The three specimens with the smallest covers (A, 

B, and C) show evidence of corrosion level being in an 
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advanced state. Specimens E and F exhibit signs of the 

corrosion activity being in its initial stages, while the rest 

of the specimens remained basically "corrosion-free". The 

corrosion products were essentially of the sarne colour as 

those formed in Series '5. Figures 6.10 and 6.11 illustrate 

the initial stages of corrosion activity for the Specimens A 

and B. The development throughout the immersion period for the 

two other Specimens (C and H) are presented in Appendix D. 

6.3.2 Corrosion products 

To ensure that the proper chemical reactions were 

occurring in t~e aqueous solution medium, the products formed 

during the experimental period were analyzed chemically. Two 

Figure 6.10: Experiment Specimen f6A (Day 10) 
Concrete Cover Thickness: 5/16 in. (7.9 mm) 



--

128 

Figure 6.11: Experiment Specimen #6B (Day 20) 
Concrete Cover Thickness: 7/16 in. (11.1 mm) 

indicators were used: potassium ferrocyanide (I<4Fe (eN) (. 3H/O) 

and potassium ferr.icyanide (K3Fe(CN) 6)' The compound product 

was dissolved with hydrochloric acid (HCI) accordlng la tho 

following equation72 : 

(6. 1) 

The reaction between the indicators and the compound product 

is given by the following equations 72
: 

~ + Fe3+ + Fe (CN) 6- 4 ~ KFez (CNh (6. 4) 

~ + Fe2+ + Fe(CN)6- 3 ~ KFez(CNh (6. r:.,) 
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The formation of ferrous oxide (Fe2+) cannot be measured 

quantitatively since it is a very unstable product, which 

oxidizes in the presence of air (oxygen). According to the 

above equations, it is assumed that both ferrous oxide (Fe2+) 

and ferric oxide (f'e3+) are present within the corrosion 

compound formed. 

In order to determine the validity of this assumption, 

both ferri and ferro cyan ides were used as indicators to react 

with the sample cOJ'llpounds obtained from each experimental 

specimen. In aIl the cases, the reaction resulted in a deep 

blue-green colour to appear, confirming the presence of both 

ferrous oxide (Fe2+) and ferric oxide (Fe3+). 

6.3.3 Electrode Potential Measurements 

6.3.3.1 Test Series '5 

Daily readings of both the anode and cathode operating 

and polarization potentials, as previously defined, were 

recorded. These were done for both the normal and reversed 

polarity positions, that is, the lollipop specimens acting as 

anodes and cathodes, respectively. Appendix P presents a 

summary of the various test data. The operating potentials 

versus the reference seE of the lollipop specimens in this 

series are illustrated graphically in Figures 6.]2 and 6.13. 

6.3.3.2 Test Series '6 

A similar approach was used to record electrode thr: 

pot\~ntials of this series (see Appendix Q for data 
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recordings). Figures 6.14 and 6.15 depict the operating 

potentials versus reference SCE measured during the immersion 

periode 

6.3.4 Current Measurements 

6.3.4.1 Test Series #5 

Measurement of the current flow, in the milli-amp (mA) 

range, and the corresponding voltage (IR) drop in the 

electrolyte were recorded (see Appendix P). The variations of 

current flow can be seen in Figures 6.16 and 6.17, for both 

normal and reversed polarity positions. 

6.3.4.2 Test series #6 

For this series, the current fluctuations and the voltage 

drops between the electrodes were recorded throughout the 

experimental test period (see Appendix Q). Figures 6.18 and 

6.19 illustrate the current flow variation versus immersion 

time for each specimen tested. 

6.3.5 

At 

Carbonation Depth Measurements 

the end of the immersion period (45 days) , the 

concrete specimens were tested to determine exactly where a 

loss of alkalinity had occurred through carbonation. In order 

to do 50, aIl lollipop samples were saw-cut along the height 

of the cylinder and as close as possible to the centrally

embedded re-bar (see Figure 6.20). The concrete surface was 

then sprayed with a chemical indicator solution which changes 
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OPERATING POTENTIAL vs SCE - SERIES #6 
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CURRENT - TEST SERIES #6 
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Figure 6.20: Saw-cut Lollipop Specimen (#50) 

col our according to the alkalinity of the concrete. A solution 

of phenolphthalein in dllute alcohol (50% volume of each 

component) was used. This indicator had a very strong pink 

co10ur, casily visible on any concrete that has retained its 

alkalinlty, yet it was colourless on concrete which was no 

longer adequatcly alkaline to protect the reinforcing bar trom 

corros i on. l, Figure 6.21 shows the colour change of the 

phenolphthalein indicating the 1055 of alkalinity in the 

concrete. 

The above procedure was repeated for aIl of the 

specimens. The depth of carbonation was measured as the 
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Figure 6.21: Lollipop Specimen (#50) With PhennlphtlldlC'itl 
Indicator 

distance trom the outer concrete edge to the lOCdtioll whcr l' 

a strong pink col our was present. Measurements were recordcd 

of both the maximum and minimum depths ot penE'~tr.lt ion. 

Appendix E lists the data obtained. Figure 6.27 jllustrJtc~ 

graphically the variation of the average depth of p0netration 

versus the concrete clear cover thickness. 

6.3.6 Ch10ride content 

The chloride content of concrete plays an important role 

in the rate of reinforcement corrosion. Small chloride amoùnts 

can disrupt the oxide layer that should prote ct the steel re-
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CARBONATION DEPTH VS DEPTH OF CaVER 
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Test Series #5 and #6 

2.5 

bar from rusting. Therefore, the deterrnination of the chloride 

content is an important parameter to assess the condition of 

deteriorating concrete. 4 

One of two ha Ives of the previously saw-cut specimens 

were used as test samples. Holes were drilled into the 

concrete, with a carbide drill bit, at three heights along the 

cylinder: 1.5 in.(38 mm), 3 in.(76 mm), and 4.5 in. (114 mm). 

At each location, the concrete dust produced was meticulously 

collected in small plastic bags and properly sealed. This 

quick and simple procedure allowed many samples to be taken in 

order to obtain representative results despite the possible 
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variations between each specimen. Figure 6.23 shows a typic~l 

lollipop specimen after the extraction of concret<:"'! at the 

above three locations. 

Figure 6.23: Locations of Extracted Concrete Samplps 

Chemical analysis was then performed on the sélmplo~-> 

obtained ta determine the chloride content. The analysls was 

carried on in the laboratories of the otto Maass Chemistry 

Building, McGill University. The procedure followed WdS 

according to the British standard on Testing Concrete - Part 

124. 34 The basis of the procedure is the Volha rd Méthod, é1 

precipi tation ti tration method used for the inc1 j rect 
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determination of the chloride content. A known excess of 

standard silver nitrate solution (AgN03 ) is added to the 

concrete sample, dispersed with a nitric acid solution (HN03). 

The excess is determined by back titration with a standard 

thiocyanate solution (KSCN) . Ammonium ferric sulphate 

FeNH 4 (SOd 2' 12H20 serves as the indicator to determine the 

appearance of the first permanent red colour. 28 

The chloride content is calculated as a percentage of the 

cement to the nearest 0.01% (m/m) using the following 

expression34 
: 

(6.6) 

where Vs = volume of silver nitrate solution (AgN03 ) (ml) 

V6 = volume of thiocyanate solution (KSCN) (ml) 

m = molarity of thiocyanate solution (mol/L) 

Mc = mass of concrete sample used (g) 

Cl = cernent of concrete sarnple used (%) 

The above equation may be modified according to the varying 

concentrations of silver nitrate and thiocyanate solutions. 

Appendix P presents the results obtained for the chloride 

content for both Test Series #5 and #6. The cernent content 

found in a concrete sample is determined in Appendix B. The 

variation of the chloride content along th~ cylinder height 

versus the depth of concrete caver is shawn in Figure 6.24 . 
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6.3.7 Reinforcement Mass Measurements 

Reinforcement weight 1055 provides information on the 

total metal 1055 due to corrosion and pitting. Before the 

start of each test series, aIl of the pre?ared re-bars were 

marked and weighed on a diqital precision balance (Sartorius 

1204 MP). After each lollipop specimen was saw-cut and aIl of 

the necessary testing completed, t.he concrete halves were 

crushed to remove the embedded reinforcing bars. AlI of the 

re-bars were then properly cleaned with a mechanical wire 

brush to remove any concrete remaining bonded and any "loose" 

rust formations along the height. These bars were weighed, and 

the 1055 occurring during the immersion period was deterrnined 

as follows 18
: 

weight 
Loss = 

(%) 

{ 
(pre-exposure 

weight) 
(post-exposure} 

weight) 

(pre-exposure weight) 

* 100 (6.7) 

The results for bath Test Series #5 and #6 are presented in 

Appendix G. The variations in metal weight 1055 wi th the 

concrete cover thickness are illustrated in Figu~e 6.25. 

6.3.8 Tensile strength Measurements 

'rhe loss of structural integrity of a concrete structure 

can be attributed in part to the reduction in the cross-

sectional ar~d of the reinforcement and thereby, to a 10S5 in 

its tensile strength. Five No. 15 re-bars of length 12 in. (305 

mm) were tested ta form the basis of comparison for the 

subsequent tensile testing of electrodes used in Series #5 and 

• 
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#6. These "coupons" were tested using a Riehle Universal 

testing machine and a dial gauge to record the displacement 

measurements. The stress-strain characteristics obtained are 

presented in Appendix H ~nd a typical stress-strain curve is 

shown in Figure 6.26. 

-;;; 
/l. 

CHARACTERISTIC STRESS-STRAIN CURVE 
Nominal Stress vs St ra in 
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Figure 6.26: Stress-Strain CulVe 
Specimen #2 

For the test series, the re-bar specimens were tested to 

obtain the yield and the ultimate stress characteristics. A 

summary of the results obtained is presented in Appendix H. 

Figures 6.27 and 6.28 compare the nominal and true ultimate 

stresses for both series. The nominal stress is calculated 
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ULTIMATE STRENGTH VS OEPTH OF CaVER 
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using the nominal (theoretical) diameter of the re-bar 

specimen. The true stress is calculat.ed with an average 

diameter dimension measu~ed using a Vernier scale, at four 

locations along the height of the re-bar specimen. 

6.4 TEST SERIES #7 

An additional series of tests was performed during the 

months of March and April 1991. This series consisted of five 

tests. Two tests consisted of normal reinforcing bars both 

acting as electrodes, i.e., neither of the two were embedded 

in a concrete environment. The other three tests conslsted of 

both electrodes embedded in a concrete environment. These are 

discussed in the following sections. 

6.4.1 Specimens t1A and #1B 

The only difference between these two specimens was the 

strength of the electrolyte concentration. Specimen #7A was 

sUbject to a 10% NaCl situation whereas Specimen #78 had an 

electrolyte concentration strength of 3.5% I~Cl by weight of 

water. The objective of these tests was to determine the 

interaction between the steel electrodes and the effect on 

rate of corrosion activity. 

6.4.1.1 Visual Observations 

Upon connection of the electrical circuitry, there was 

immediate v.Lsible flow of current and exchange of ions between 

the electrodes for each set-up. Ferric oxide corrosion 

z 
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product<J, having a ddrk reddish-brown colour, accumulated 

duriny the lmmersion period. Reduction of the cross-sectional 

arca:.; of the re-bars act ing as anodes was noted for both 

specimens. This continued until insufficient bar size remained 

to allow current flow through the circuit and the electrolyte. 

'l'hj S ocr;urrerJ dfter 24 ddyS for specimen A and after 30 days 

for specimen B, after which time, the experiment was 

termin~ted in bath cases. Figures 6.29 and 6.30 illustrate 

bath spec imens at one particular stage during the testing 

period. • 

6.4.1.2 Voltage and Current Measurements 

Daily electrode potential readings, as weIl as variations 

Figure 6.29: Experiment Specimen #7A (Day 20) 
Electrolyte Concentration: 10% NaCI 
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Figure 6.30: Experiment Specimen #7U (Day 10) 
Electrolyte Concentrat ion: 3 • ')~;, N,lCl 

of current, were recorded for the specimens A ùnd B. 'l'he d<ltd 

collected can be found in Appendix R. The electrode operatjnq 

potentials versus reference SeE are shown in Figure 6.31. Tho 

current readings are plotted versus the immerslon tinte in 

Figure 6.32. 

6.4.1.3 Reinforcement Mass Measurements 

As mp'\tioned in Section 6.3.7, aIl re-bars were properly 

cleaned and weighed before and after the period of exposurc. 

The data obtained is illustrated in Figure 6.33 and prcsentoJ 

in Appendix G. 
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CURRENT - TEST SERIES #7 
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PERCENT WEIGHT LOSS - TEST SERIES #7 
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6.4.1.4 Tensile strenqth Measurements 

B - Cathode 

Both the anode and the cathode were tested for their 

tensile strengths. The yield and the ultimate stress 

characteristics were recorded and are presented in Appendix H. 

Figure 6.34 represents the stress variations determined for 

bath electrodes. 

6.4.2 specimens '7C, '7D, and '7E 

The lollipop specimens, acting as anodes in the normal 

polarity mode, had varying clear covers, whereas those acting 

as cathodes had the sarne depth of cover. Table 6.4 surnrnarizes 



156 

ULTIMATE STRENGTH - TEST SERIES #7 
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NORMAL POLARITY MODE 

LOLLIPOP - ANODE LOLLIPOP 
in. (mm) in. 

0-7/16 (11.11) 1-3/16 
2-0 (50.BO) 1-3/16 
1-3/16 (30.16) 1-3/16 

- CATHODE 
(mm) 

(30.16) 
(30.16) 
(30.16) 

TABLE 6.4: Clear Depth Of Concrete Cover 
Specimens #7C, #7D, and #7E 

the exact values used for each specimen. The duration of the 

testing period was 45 days and the strength of the electrolyte 

solution was 3.5% NaCl. The objective was to study the effect 

i 
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of var}' inq c10r.1x covers of the anode while protecting the 

cathode re-bar with concrete. 

6.4.2.1 Visual Observations 

The lolUpop anode specimen having the smallest cover 

(Specimen C) WilS the only one to exhibit any evidence of 

active corrosion through the tormation of corrosion products. 

The other two specimens (Specimens D and E) displayed no signs 

of corrosion activity. Figures 6.35 to 6.37 illustrate the 

three specimens at the completion of the testing periode 

6.4.2.2 Voltage and Current Keasurements 

Recordings of both potential and current readings were 

Figure 6.35: Experiment Specimen #7C (Day 45) 
Anode Caver Thickness: 7/16 in. (11.1 mm) 



158 

Figure 6.36: Experiment Specimen #70 (Day ~~) 
Anode Cover Thickness: 2 in. (~0.8 mm) --------------------...... ~ . , 

specimen #7E (Day 45) 
Thickness: 1-3/16 in, (30.2 mm) 
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taken throughout the testing period. This data can be found in 

Appendix R. The operating potentials versus the reference SeE 

are plotted in Figure 6.38, while the variations in current 

flow between the concrete-ernbedded electrodes are illustrated 

in Figure 6.39. 

6.4.2.3 Reinforcement Mass Measurements 

Measurernents of the reinforcing bar weights were recorded 

and are presented in Appendix G. Figure 6.40 compares the 

percentage weight 10ss of each electrode used in the three 

set-ups. 

6.4.2.4 Tensile strength Measurements 

To determine the load-carrying capabilities of the re

bars, tensile tests were performed on aIl the electrodes. 

Appendix H presents the data obtained from these tests (yield 

and ultimate stress characteristics). Comparisons between true 

and nominal ultimate stresses are shawn in Figure 6.41. 

1 
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CURRENT - TEST SERIES #7 
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PERCENT WEIGHT LOSS - TEST SERIES #7 
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CHAPTER 7 

ANALYSIS AND DISCUSSION 

The main objective of this accelerated electrochemical 

corrosion testing program is to assess, both qualitatively and 

quantitatively, the effects of the clear depth of concrete 

coyer on the level of corrosion activity. This was achieved 

mainly through Test Series #5, #6, and #7. The results 

presented in Chc.pter 6 are analyzed and discussed in this 

Chapter. In addition, several conclusions are drawn from these 

results and comparisons made with the previous experimental 

work of similar nature. 

7.1 CORRELATION OF RESULTS 

In order to analyze the results obtained for the three 

test series, comparisons must be made with similar 
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experimental tests conducted previously. These are discussed 

in the following sections. 

7.1.1 Electrode "Polarization" Resistance - Rp 

From the measured voltage potentials and the current 

measurements recorded (see Append ices P, Q, and R), the 

resistance at each electrode can be computed for bath the 

normal and reversed polarity positions. It is equal to the 

difference between the electrode operating and polarization 

potentials divided by the corresponding current. l~ Figures 7.1 

to 7.5 illustrate the polarization resistance of the lollipop 

specimens of Series #5 and #6, whereas the resistances of the 

bare electrodes and of the concrete-embedded electrodes of 

Series #7 is shown in Figures 7.6 and 7.7. 

7.1.1.1 Normal Polarity Position, 

In the normal polarity mode, the concrete-embedded 

electrode acts as an anode (connected to the positive terminal 

of the power supply). The current is interrupted until an 

essentially constant polarization potenLial E at that 

electrode is obtained. The chernical reaction is assumed to be 

that of the oxygen half-cell l
,): 

20H ~ 1/202 + H20 + 2e- (7.1) 

The hydroxyl ions, OH-, yield free oxygen and water. Under the 

continuous influence of the current discharge, this reaction 

may ultirnately consume the alkalinity of the concrete at the 

steel surface, resulting in corrosion. 

J 
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The oxygen half-cell potential with respect to the 

reference SCE is given byl~: 

E = -0.987 + 0.059 pH - 0.015 log Oz volts ('1.2) 

Assuming that oxygen gas is evolved at atmospheric pressure, 

then; 

log O2 = log l = 0 (7 • 3 ) 

Therefore, the half-celi potential equation becomesl~: 

E -0.987 + 0.059 pH {7. 4) 

For each of the polarization potentials recorded, the pH value 

at the steel surface can be calculated. The variations in the 

pH values are presented in Appendix l. 

7.1.1.2 Reversed Polarity Position 

In the reversed mode, the concrete-coated electrode 

exhibits cathodic characteristics and behaves similar to a 

hydrogen half-cell at a pH value approxirnately that of the 

surrounding concrete. The reaction occurring at the metal 

surface consists of the electrolysis of water and evolution of 

hydrogen gas according to the following equationl~: 

2HzO + 2e- .. Hz + 20W (7. C) 

The potential for this half reaction with respect to the 

reference SCE iS15
: 

E = 0.242 + 0.059 pH + 0.030 log Hz volts (7.6) 

Assuming that hydrogen is evolved at atrnospheric pressure; 

log H2 = log 1 = 0 (7.7) 

Therefore, the half-cell potential equation becomesl~: 

E = 0.242 + 0.059 pH (7.8) 



173 

Appendix 1 presents the pH values obtained for the various 

tests, indicating the variations at the steel surface. 

7.1.2 Effect of Immersion Time on Corrosion 

The effect of the immersion period, along with the 

impressed voltage of 1 V, on each specimen can be determined 

based on the resistance offered. For each "system", this can 

be calculated as follows: 

V 
R = 

I 
(7.9) 

where R = resistancc provided by the electrode specimen 

l ; current measurement between electrodes 

v = voltage measurement between electrodes 

The reciprocal of the resistance, i.e. IjV, is plotted versus 

the immersion time. Figure 7.8 illustrates this for specimens 

A of Series #5 and #6 for bo~h polarity positions. The graphs 

revealing the effect of immersion time on corrosion for the 

other systems are inclu0ed in Appendix J. 

7.1.3 Corrosion Current - i corr 

The corrosion current i corr is an indicator of the level 

of rein forcement corrosion activity. This nominal current can 

be calculated by applying the stern-Geary equation61
: 

B i corr = 
Rp (7.10) 

1 
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where i corr = corrosion current (/.LA/cmz) 

B = corrosion constant (assumed to be 26 mV for 
active iron) 

Rp = polarization resistance (ohms) 

The corrosion current can be calculated for every polarization 

resistance determined (see Section 7.1.1). The corrosjon 

current for one of the test series (#5) is shown in Figure 

7.9. Appendix K presents the graphs of the current variations 

for the remainder of the specimens. 

7.1.4 Electrical Conductance - G 

The electrical conductance G is a parameter indicating 

the ease of electrical flow through a substance or i ts 

solution. In this case, it describes the ease of passage of 

the current through a concrete-embedded steel medium. Thus, 

the electrical conductance can be calculated by taking the 

reciprocal of the pOlarization resistance, l/Rp (units 

l/ohms). The logarithm of the conductance, log G, is plotted 

versus immersion time in Figure 7.10. The conductance for each 

experimental specimen is summarized in Appendix L. 

7.1.5 Oxidation Rate 

The three test series provided the means of comparing 

different ways to evaluate the severity of the corrosion 

activity. A reliable indicator of the onset of steel corrosion 

are electrode operating potentials versus reference SCE. 

Nevertheless, these do not provide a means of measuring 
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quantitacively the possible 10ss of meta1. since the main 

electrochemical reaction occurring at the concrete-embedded 

anodes 1s oxygen reduction, a metal calcu1ation rate can be 

determined according to the following equation61
: 

(7.11) 

where dw/dt = iron oxidation rate (g/sec) 

Mw = molar weight of iron (55.847 g/mol) 

n = oxidation state (assumed to be +2) 

F = Faraday's constant (9.648.104 Coulombs/mol) 

Both the maximum and minimum values of current, as weIl as the 

average value, are used to determine the maximum, minimum, and 

average iron oxidation rates for the concrete-embedded 

electrodes of every specimen (see Appendix M). By mu1tiplying 

the average oxidation rate by the duration of the immersion 

period (45 days), the average mass 10ss of the concrete-

embedded steel re-bar can be obtained (see Appendix M). A 

direct comparison is made between the calculated and the 

gravimetric trneasured) rnass 10ss (see Figures 7.11 and 7.12). 

The iron oxidation rate equation can be applied to both 

concrete-embedded end/or bare steel e1ectrodes. 

7.1.6 other Relations 

7.1.6.1 Corrosion Current icoJ."r versus Resistance 

The relationship between the corrosion current i corr and 

the polarization resistance Rp offered by the steel electrodes 

ernbedded within the concrete wil} be studied in this section. 

• 



L 

179 

AVERAGE MASS LOSS - TEST SERIES #5 
Concrete-Embedded Electrode 

20 -,.------------

Ci 
-16 

'" UJ 
o ..... 
: 12 
<II 
:::i: 
(II 

g' 8 .. 
CI) 

~ 
4 --O+-______ -4 _________ ~--~----~I~~fi=-=-=-==-~~~~~---=--JI 

0.0 0.5 1.0 1.5 
Clear Cover (In.) 

-8- Theoretleal -4f- Gravimetrie 

2.0 

AVERAGE MASS LOSS - TEST SERIES #6 
Concrete-Embedded Electrode 

2.5 

20~-- --------------------

-2 
UJ 
tII 
o ..... 

16 

: 12 
ni 

::E 
CI) 

:il' 8 .. 
CI) 

~ 

4 

O-~------·~----- -~~~~~~~~~~=*~-==-=-=--~ 
0.0 0.5 1.0 1.5 

Clear Cover (In.) 

-a- Theoretieal -4f- Gravimetrie 

20 2.5 

-_._---------- - ._-.- ---

Figure 7.11: Test Series #5 and #6 
Theoretical versus Gravimetrie Mass Loss 



180 

AVERAGE MASS LOSS - TEST SERIES #7 
------ -----------SareElectrodes 

100 

280 

'" '" o 
..J 60 
'" '" al 

~ 40 
CI) 
CIl 

~ 
CIl 

~ 20 

-------------- --------------------, 

0-'-------

A Specimens B 

MASS MEASUREMENT: 

_ Theoretlcal _ Gravimetrie 

Concrete-Embedded Electrodes 

3.0.----------------------------------------------~ 

Q 
- 2.5 
'" '" o 
~ 2.0 
'" III 

:E 
CIl 1.6 
CI 
CIl 

~ 1.0 
< 

0.5 

0.0--'--·--
c o 

Specimens 

MASS MEASUREMENT: 

_ Theoretlcal _ Gravimetrie 

E 

Figure 7.12: Test Series #7 
Theoretical versus r,ravimetric Mass Loss 



181 

Appropriate corrosion cvrrent (icorr ) - electrode polarization 

resistance (Rp ) r8sults were plotted for each of the specimens 

and for both polarity positions (see Appendix N). For depths 

of con crete cover thickness up to and including 1-3/16 in. 

(30.2 mm), for Specimens A to E in Test Series No.5 and No.6, 

there exists an inversely proportional relationship between 

the corrosion curre~t and the electrode polùrization 

resistance. An increase in the corrosion current is 

accompanied by a corresponding decrease in the polarization 

resistance of the concrete-embedded specimen. 

For depths of clear covel:' exceeding 1-3/16 in. (30.2 mm), 

for Specimens F to l in Test Series No. 5 and No. 6, the 

relationship between the two parameters is non-linear. An 

increase in the corrosion current is accompanied by a rapid 

exponential decrease in the polarization resistance. This is 

due to the fact that the con crete offers high initial 

resistance, approximately a few thousand ohms, and the sharp 

decrease occurs only wh~n a sufficient amount of corrosion 

current is allowed to flow through the system. This reflects 

the decrease in resistivity of the surrounding concrete and 

thus, an accompanying increase in the corrosion activity. 

7.1.6.2 Mass Loss versus Chloride Content 

The gravimetric mass loss of the concrete-embedded 

electrodes can be plotted as a function of the average 

chioride content as determined from chemical analysis. Figure 

7.13 depicts graphically the role of the concrete chloride 
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content on reinforcement oxidation. 

It can be seen that despite slight variations in both the 

chlorido content and gravimetric mass loss results, the 

relationship obtained is linear. An increase in the overall 

chloride content in the concrete can result in a corresponding 

substantial loss of mass of the reinforcing steel embedded 

within, thus resulting in a reduction of the load carrying 

capacity of the structure, which under adverse conditions, may 

lead to structural failure. 

7.2 INTERPRETATION OF RESULTS 

7.2.1 Effect of Cover Depth 

Both Test Series #5 and #6 seem to clearly indicate that 

an increase in the overall depth of clear cover retards the 

onset of the reinforcing steel corrosion embedded within 

concrete. This can be supported by the following: 

1. No significant distress observations were visible for the 

three specimens having the largest covers (G, H, and l 

respectively) , whereas the three specimens having the smallest 

covers (A, B, and C, respectively) demonstrated indications of 

active corrosion levels before the completion of the testing 

period. Furthermore, the smaller the cover, the faster the 

observed formation of ferric oxides. Similar effects were 

observed for Test series #6 (see Table 6.3). 

2. Large negative electrode operating potentials versus SCE 

were measured for the lollipop specimens having the smallest 

cover, whereas those with larger covers had larger operating 
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potentials. This is consistent with the observations in Item 

1 above, with active corrosion observed for potentials of 

appro),imately -200 mV or less versus SCE (see Figures 6.12 to 

6.15). This can be interpreted as a 90-95% probability of 

corrosion occurrence. ReversaI of potential values from 

positive to negative indicates initiation of corrosion. No 

signs of active corrosion were noted for the reversed polarity 

position. 

3. The test specimens having smaller concrete cover 

thicknesses allowed greater Gurrent flows, for both polarity 

positions (see Figures 6.16 to 6.19). For both test series, a 

large current was measured for the reversed polarity than for 

the normal polarity mode. 

4. The carbonation depth reached the level of reinforcement 

only in the first specimen (0) tested. An increased cover 

thickness seemen to retard the penetration of carbon dioxide 

within the concrete (see Figure 6.22 and Appendix E). 

5. A trend can be detected from the results of the tests for 

chloride content of the specimens. An increase in the cover 

depth results in chloride content reductions (see Figure 6.24 

and Appendix F). For both series, this holds true along the 

entire height of the concrete specimen (i.e., top, middle, and 

bottom samples extracted). 

6. The reinforcement mass loss decreases as the concrete 

cover increases (see Figure 6.25 and Appendix G). This trend 

is consistent for the first five specimens of each series. A 

1/8 in, (3.2 mm) cover thickness increase (set-up A to B) 
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results in a decrease of mass loss by more than one-haIt of 

the original amount. As expected, the lasses for the cathodic 

electrodes were minimal. 

7. Loss ai load carrying capabilities were noted for four 

specimens with smaller concrete covers (see Figures 6.27 and 

6.28 and Appendix H). Increased concrete caver resulted ln a 

higher observed ulti~ate stress when the embedded steel bar 

was tested. No loss of ultimate tensile strength was rncasurcd 

for the cathodic electrodes. Yield stress characteristics of 

aIl specimens remained unaffected. Additionally, as expected, 

in aIl cases, the true ultimate stress was greater than the 

nominal ultiruate stress. 

8. For bath series, in the normal polarity position, the four 

specimens with the smallest covers (Specimens A ta 0 

inclusive) exhihited a resistance below 100 ohms, whereas 

those with larger covers had resistances whose magnitude was 

several thousand ohms (see Figures 7.1 to 7.5). 

9. Lollipop specimens for both series have average pH values 

below that of concrete (normal pH value for concrete is 12). 

This reflects a 10ss in concrete alkalinity at the metal 

surface. Since average pH values for larger-sized caver depths 

are slightly below that of concrete, initiation of alkalinity 

loss is a pos8ibility (see Appendix I). The dverage pH values 

for the cathodic electrodes are p~ual or somewhat grcater th an 

that of concrete. 

10. The Il system" resis'.:ance prov ided by the specimens in t..he 

normal polarity position increased with an increase in the 
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depth of the concrete cover (see Figure 7.8 anà Appendix J). 

There is no large fluctuation in ':he reversed polarity mode. 

Il. The corrosion current i corr is directly proportional to 

the thickness of the concrete caver for both polarity modes 

(see Figure ï. 9 and Appendix K). The specimen wi th the 

smallest concrete cover thickness (Specimen A) has an i colr 

magnitude of approximately ten-fold that of the specimen with 

the largest caver thickness (Specimen 1). 

12. The electrical conductance G is inversely proportional to 

the thickness of the clear caver (see Figure 7.10 and Appendix 

L). The smallest concrete cover thickness (Specimen A) is 

about four times as electrically conductive as the specimen 

with the largest concrete cover (Specimen 1). 

13. The theoretical metai oxidation rate computed decreases 

with increased cover thickness (see Appendix M). This agrees 

weIl with gravimetric measurements recorded (see Item 6). 

14. rrhe slopes of the i corr versus electrode resistance curves 

increase in steepness with a corresponding decrease in the 

concrete cover thickness (see Appendix N) . 

15. Smaller depths of the concrete cover thickness resuited 

in 5 igni f icant increases in both the metai loss and the 

average chloride content for both test series (see Figure 

7.13). 

7.2.2 Effect of Electrolyte Solution (% NaCl) 

Having discussed the relative occurrence of the effect of 

concrete cover thickness in each specimen within a particular 
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test series, the focus shifts to comparing the results betwccn 

similar ~pecimens of Series #5 and #6. It is important to note 

that the only difference between the series i5 the 

concentration of the elcctrolyte solution (10% and 3.5% NaCl 

by weight of water, respectively). The following comments can 

be made: 

1. No maj or difference is evident in the time to ini tiate 

corrosion for the three specimens with the smallest covers 

(Specimens A, B, and C). It was obscrved that corros ion 

activity took twice as long to initiate in Specimens U and E 

of Series #6 than in those of Series #5. The specimens of 

Series #5 exhibited a more advanced corrosion level at the end 

of the testing period than those of Series #6. Furthermore, 

one additional specimen (Specimen F) showed evidence of 

corrosion only in Series #5 (see Table 6.3). 

2. The operating potentials were of larger negative values 

for Series #5 than for Series #6 (see Figures 6.12 to 6.15). 

3. For each of the range of the concrete coyer thicknesses 

tested, the current flow through Series #5 specimens WdS 

always greater than that of Series #6 (see Appendix 0) • 

4. Slight differences in the carbonation test results yield 

no definite comparative conclusions for the two series (see 

Figure 6.22 and Appendix E). 

5. The stronger electrolyte solution resul ted in higher 

chloride contents (see Figure 6.24 and Appendix F). 

6. No consistent trend can be established from the 

gravimetric measurements (see Figure 6.25 and Appendix G). 
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7. 'l'he four specimens of Series #5 having the smallest 

concrete covers (Specimens A ta D) have a lower ultimate 

tensile stress than the corresponding specimens from Series 

# 6. For the remainder of the specimens, no discernible 

difference is noted between the two (see Appendix H). 

8. An increased electrolyte concentration caused the 

following: a decrease in polarization resistance, a decrease 

in "system" ohmic resistance, slight increases in corrosion 

current and electrical conductance, and a noticeable increase 

in the metal oxidation rates (see Figures 7.1 to 7.12 and 

Appendix l ta N). 

9. No discernible difference was detected in the average pH 

values at the metai surface between the test series (see 

Appendix 1) . 

10. Test Series #5 demonstrated greater steel electrode 

weight loss with respect to average chloride content than 

Series #6 (see Figure 7.13). This is mainly due to the greater 

strength of the electrolyte solution. 

7.2.3 Effect of Concrete 

Test Series #7 was conducted to demonstrate the 

importance of the alkaline environment provided by the 

concrete at the metai surface. Specimens A and B demonstrate 

the corrosion process on bare electrodes. These can be 

compared to specimens of Series #5 and #6 having the smaller 

concrete covers. Specimens C, D, and E demonstrate cathodic 

behaviour of concrete-embedded electrodes. These can be 
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compared to Specimens B, H, and E respectively of Series #6, 

both sets having the same anodic concrete cover thickness and 

subject to the same eiectrolyte concentration. 

Based on the experiments co~ducted, the fol10wing 

observations can be made: 

1. The severity of the corrosion levei was observed for those 

electrodes tested in the absence of concrets (testing period 

was terminated after approximately 30 days). The concrete

embedded cathodic electrodes showed signs of retarding the 

corrosion activity. 

2. Large negative operating potentiais were attained for 

Specimens A and B (approximately -1000 mV versus SCE), while 

similarities were noted between Specimens C, D, and E and the 

potentials of Series #6 (see Figures 6.31 and 6.38). 

3. The bare electrode tests permitted a current flow greater 

than twice that of the smallest-sized 101Iipop specimens of 

the previous series (see Figure 6.32). No discernible 

difference was noced for the other specimens in Test Series #7 

(see Figure 6.39). 

4. The mass losses of Specimens A and B were approximately 

six and four times those of the smailest-sized covers of 

Series #5 and #6 respectively (see Appendix G). No mass 10ss 

was noted for Specimen C, representing a reduction of greater 

than seven times when compared with the corresponding lollipop 

specimen of Series #6. No differences in mass were noted for 

the other two specimens. 

5. Significant reductions in the true ui timate strengths were 
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noted for both Specimens A and B. Specimen A failed in tension 

before the yield capacity was attained, whereas specimen B 

failed immediately after yielding. The ultimate stresses for 

the remainder of the specimens did not vary appreciably when 

compared to the corresponding samples of Series #6 (see 

Appendix H) . 

6. The specimens with bare electrodes showed the following 

response: significant decrease in "polarization" and "system" 

resistances, increase in corrosion current and electrical 

conductance, and av~rage pH values less than that of concrete 

(see Figure 7.6 and Appendix l to L). Oxidation rates of 

Specimens A and B are respectively three and five times 

greater than those of the previous seriea with the smallest 

concrete cover thicknesses (see Appendix M). 

7. The specimens with concre\."" protection of cathodic 

electrodes responded as follows: an increase in "polarization" 

and "system" ohmic resistances, a slight decrease in corrosion 

current and electrical conductance, and average pH values 

similar to that of concrete (see Figure 7.7 and Appendix l to 

L). Concrete-embedded electrodes caused a decrease in the 

theoretical oxidation rate computed (see Appendix M). 

7.3 COMPARISON OF RESULTS 

Based on the interpretations and relations of the data 

obtained, the laboratory test method seems a valid means of 

electrochemically accelerating the corrosion process. This is 

justified by the correlation of the following parameters to 
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several experimental works performed recently: 
. 

i) The range of the corrosion current, i"olt' values 

determined fall wi thin the expected spectrum of 

values obtained from previous testing by Andrade et 

al. 5B 

ii) The electrical conductance, G, values fall within 

the expected range of 0 to -5 ohm- (the logarithm of 

the conductance is plotted versus time), according 

to the tests by Aguilar et al. Gl 

iii) Testing performed by Escalante et a1 6
2. indicate a 

decreasing effect of concrete resistance on 

reinforcement corrosion as immersion time 

increases. A similar trend was established for aIl 

spùcimens tested in the accelerated manner. 

iv) The relationship betftleen the corrosion current, 

i corr , and the electrode polarization resistance ~, 

as determined by Andrade at a1 58 
, was similar to 

the one established for the lollipop specimens 

tested. 

v) The oxidation rate expression, brought forth by 

Aguilar at a1 61 was used to predict within 

experimental error the weight reductions of the 

steel reinforcing electrodes embedded within the 

concrete. The only exceptions to this were the two 

test specimens A and B of Test Series #7, where 

only deformed reinforcing bars were used as 

electrodes (nv presence of concrete) . 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

The results of the accelerated electrochemical corrosion 

tests, presented in Chapters 6 and 7, can be summarized and 

i:he following conclusions can be drawn concerning the 

corrosion of steel reinforcement embedded in concrete: 

1. The visual observations recorded are good indicators of 

the level of the corrosion activity occurring within the 

reinforced concrete. These can include rust staining, 

format ion of gaseous substances ("bubbles"), and ferric oxide 

deposits. 

2. The lollipop specimens having operating potential versus 

a saturated calomel reference electrode (SCE) values lower 

than 0 mV exhibited signs of corrosion. Despite the fact that 

·f higher negative values indicate a more advanced state of 
.. 

corrosion, the engineer should be cautious that any recorded 
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measurement below the 0 mV value may indicate the potential 

for reinforcement corrosion. Additionally, any specimen whose 

operating potential varies from positive to negative values 

during the test period signifies the passing of reinforcing 

steel from a passive to an active state. 

3. The current flow through the concrete-steel system allows 

an accurate comparison of the relative effective resistances 

of the various systems, and therefore that of the concrete. 

This can be se en readily from the results obtained for Test 

Series No.5 and No.6, plotted in Figures 8.1 and 8.2. The 

trend indicates that, for both test series, an el ectrical 

current reading of 3 mA and ab ove signifies corrosion activity 

at the level of the reinforcing steel. rncreasing current flow 

values indicates 0 greater probability that the effect of the 

concrete resistance has diminished. A marked decrease in the 

current flow, accompanied by a corresponding increase in the 

concrete electrode resistance, occurs when the depth of clear 

coyer is approximately 1~ in. (38 mm). Therefore 1 i t is 

recommended that a minimum cover of at least 1~ in. (38 U~) 

over the reinforcing steel be specified in order to ensure 

that the concrete will offer the corrosion protection in the 

design requirements. 

4. The severity of exposure conditions of concrete influences 

the initiation and rate of reinforcement corrosion. This was 

verified by exposing the concrete specimens to varying 

strengths of the electrolyte solution. Nevertheless, the 

effect of the sodium chloride solution is secondary when 

• 
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compared with that of the con crete cover depth. 

5. As seen in Test Series No.7 (Specimens A and B), 

reinforcement corrosion activity reaches an advanced state in 

the absence of the concrete cover. Embedding the cathodic-

acting electrode in a concrete environment results in the 

corrosion process being "throttled", with a decrease in the 

rate of ion exchange between the anodic and cathodic areas. 

6. Loss of structural integrity is a very important 

consideration in the evaluation of an existing structure. As 

demonstrated through the mass loss of the retnforcing steel 

and the accompanying reductions in its ul timate tensile 

strength, these significant reductions in bar sizes and cross-

sectional area may lead to serious consequences and possible 

damage. 

7. Higher chloride contents exist at the top locatjon along 

the height of the concrete cylinders than at the bottom 

location. Therefore, for concrete exposed to marine 

environment, the areas near the tidal water level ("splash" 

zones) are more prone to corrosion of the steel reinforcement 

than those completely submerged beneath the sea water. The 

main reason is the unavailability of oxygen at greater 

immersion depths, a component essential for the promotion of 

the corrosion process. Hence, this condition must be 

considered in the design of concrete located in tidal zones. 

8. The chloride content is normally greater at the concrete 

surface than at a location near the steel reinforcement 

embedded within the concrete. The difference between these two 
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locations depends invariably upon the thickness and quality of 

the concrete caver thickness. Additionally, it must be 

emphasized that an increased concrete caver thickness i9 dO 

substitute for poor qua1ity concrete caver. A higher quality 

concrete cover is more e":fective in the protection of the 

steel reinforcement than a more permeable concrete cover of 

greater thickness. 

As rnentioned previously, a minimum recommended thickness 

of clear concrete caver of 1~ in. (38 mm) must be provided at 

aIl times ta ensure that the service life of the structure is 

prolonged. For extremely harsh exposure conditions and/or when 

the concrete is subjected to a severe chloride attack, a 

minimum clear caver thickness of 2 in. (51 mm) is recommended 

ta retard the onset of corrosion. Furthermore, proper design, 

maintenance, and repair procedures must be followed rigorously 

to ensure that a r.~latively chloride-free concrete environment 

is established. 

8.1 Reco .. en4ations Por Future Accelexate4 Blectrocheaical 
Testing 

The initial efforts to test the corrosion process of 

concrete lollipop specimens can be perceived as a first step 

in developing a more intricate accelerated electrochemical 

experimental program to be developed further. with tr.e aid of 

the experimental set-up described in Chapter 6, the varjous 

parameters influencing the various aspects of steel 

reinforcement corrosion can be tested and appropriate 
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conclusions can be drawn. The fOllowing generai areas of 

interest can be examined: 

- concrete mix constituents: cement types and content; 

aggregate types and grading; air entrainment; 

superplasticizers: chemical admixtures (fly ash, ground 

granulated blast furnace slag, silica fume, pozzolans) . 

- concrete properties: compressive strength; water-

cement ratio: curing period: consolidation. 

- reinforcing steel: stressed and bent rebarsi 

prestressing tendons: chemical (epoxy) coatings; non-

corrosive steelsi plain steelsi black steelsi pre-

rusted rebars. 

- other parameters: protective waterproofing membranes; 

sealing compounds; concrete overlaysi latex-modified 

and epoxy-modified concrete. 

In order ta improve the accuracy of any future results 

obtained from the experimental work described earlier, it may 

be necessary to implement some or aIl of the following 

suggestions: 

- The connection of both steel electrodes to an 

automatic data recording device for daiIy 

measurements of the current fIow, and of operating and 

polarization potentials with respect ta a saturated 

calomel reference electrode. 

- The tank may be sealed with silicone between the top 

edges and the base board to prevent any 

accidentaI disturbance of the experimentai set-up. 
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_ A tube, connected to a small pump and generator 

apparatus, can be immersed directly in the 

electrolyte solution to continuously replenish the 

consumption of sodium chloride and thus, maintain the 

desired strength of the electrolyte solution (i. e. , 

replenishing any amount of chlorides lost through 

consumption or evaporation). 

_ The period of testing, i.e., continuous immersion 

time, may be extended to a period beyond 45 days 

(1080 hours) for further observations. 
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APPENDIX A 

Sieve Analysis Results 

. 
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This appendix summarizes the results of sieve analysis of 

the aggregates (fine and coarse) performed at the Geotechnical 

Research Centre at McGill University. The grading or particle

size distribution curves are included and compared with the 

limits specified in the CSA Standard A23 .l-M. 67,68 



SIEVE SIEVE 
NUMBER OPENING 

(nm) 

1') 2.000 

30 0.595 

50 0.297 

100 0.150 

200 0.075 

PAN ........ 

SIEVE SIEVf: 
NUMBER OPENING 

(nm) 

112 12.70 

5/16 8.00 

4 4.76 

10 2.(;0 

30 0.595 

50 0.297 

100 0.150 

200 0.075 

PAN ......... -

A-a 

GEOTECHNICAL RESEARCH CENTRE 

SaIL MECHANICS LABORATORY 

SIEVE ANALYSIS - FINE AGGREGATE 

~IGHT WEIGHT WEIGHT PERCENT CUMULATIVE 
SIEVE SIEVE SOIL RETAINED PERCENT 

+ SOIL RETAINED RETAINED 
(g) (g) (g) (X) (X) 

438.34 438.97 0.63 0.17 0.17 

420.08 474.75 54.67 15.18 15.35 

374.48 5n.31 197.83 54.94 70.29 

354.59 449.87 95.28 26.46 96,5 

495.00 502.01 7.01 1.95 98.70 

278.21 278.68 4.68 1.30 100.00 

SIEVE ANALYSIS - COARSB AGGRBGATE 

\lEIGHT WEIGHT WEIGHT PERCENT ctJoIUlATIVE 
SIEVE SIEVE SaIL RETAINED PERCENT 

... SOIL RETAINED RETAINED 
(g) (g) (g) (X) (X) 

541.62 542.29 0.67 0.10 0.10 

571.07 868.13 297.06 42.82 42.92 

591.89 970.89 379.00 54.63 97.55 

438.34 447.44 9.10 1.31 98.86 

420.08 421.05 0.97 0.14 99.00 

374.48 374.73 0.25 0.04 99.04 

354.59 354.84 0.25 0.04 99.08 

495.00 495.35 0.35 0.05 99.13 

278.21 278.31 6.12 0.88 100.00 

Table A-1: Results of Sieve Analysis 

, 
, 

PERCENT 
FINER 

(X) 

99.83 

84.65 

29.71 

3.25 

1 

1.3.3 

0.00 

PERCENT 
FINER 

(X) 

99.90 

57.08 

2.45 

1.14 

1.00 

0.96 

0.92 

0.87 

0.00 
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Compressive Strength Results 
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This appendix reports the results of the compressive 

strength tests performed on f ive control specimens in the 

structures laboratory at McGill University. The average 

compressive strength f ' c was approximately 24 MPa. 

Calculations to determine the cement content, both in one 

cylinder and in 5 9 of concrete, are aiso shown. 
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CONTROL CYLINDERS 

MASS OF TOTAL MASS WET 
CYLINDER # MOLO (wet concrete CONCRETE fc ' fc ' 

(g) + mold) (g) (psi) (MPa) 
(g) 

#1 215.1 1953.7 1738.6 3352.3 23.1 

#2 216.7 1943.5 1726.8 3584.1 24.7 

#3 214.5 1922.3 1707.8 3311.6 22.8 

#4 218.0 1978.1 1760.1 3447.4 23.8 

#5 213.7 1920.9 1707.2 3692.4 25.5 

TOTAL 8640.5 

AVERAGE 1728.1 3477 .6 24.0 

Total mass in 1 cu. metre - 355 + 160 + (2.24*355) + (2.92*355) 
2346.8 kg 

Cement content - 261.41 g 

Cement content in 5 g of concrete: 0.756 g or 
15.13 % 

Table B-1: RESULTS OF COMPRESSIVE STRENGTH TESTS 
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APPENDIX C 

Test Series #5 

Specimens C and G 

f 
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Photographs of the conditions of two specimens in Test 

Series #5, namely Specimens C and G, at different ages, are 

shown in the following pages. 'rhe only difference between the 

two is an increase in the concrete cover thickness by 1 in. 

(25 mm). The initiation and progress of the corrosion activity 

can be clearly seen for specimen C, whereas no visible signs 

of distress are noted in the case of Specimen G. At the end of 

the continuous immersion period (45 days) , large amounts of 

ferric oxide products had accumulated near Specimen C, yet 

this was not the case for Specimen G. 
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Figure C-l: Experiment Specimen #5C (Day 2) 
Cancrete Caver Thickness: 11/16 in. (17 5 mm) 

Figure C-2: Experiment Specimen #5G (Day 2) 
Concrete Cover Thickness: 1-11/16 in.(42.9 mm} 
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Figure C-3: Experiment Specimen 1t5C (Day 10) 
Concrete Cover Thickness: 11/16 in. (17.':'i mm) 

Figure C-4: Experiment Specimen #5G (Day lU) 
Concrete Cover Thickness: 1-11/16 in. (42.9 mm) 
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Figure C-5: Experiment Specimen #5C (Day 20) 
Concrete Caver Thickness: 11/16 in. (17.5 mm) 

Figure C-6: Experiment Specimen #5G (Day 20) 
Concrete Caver Thickness: 1-11/16 in. (42.9 mm) 
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Figure C-7: Experiment Specimen #5C (n~y 30) 
Concrete Cover Thickness: 11/16 in. (17.S mm) 

Figure C-8: Experiment Specimen #5G (Dôy 30) 
Concrete Cover Thickness: 1-11/16 in. (42.9 mm) 
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Figure C-9: Experiment Specimen #5C (Day 45) 
Concrete Caver Thickness: 11/16 in. (17.5 mm) 

Figure C-10: Experiment Specimen #5G (Day 45) 
Concrete Cover Thickness: 1-11/16 in. (42.9 mm) 

~.----------------------------
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APPENDIX D 

Test Series #6 

Specimens C and H 
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This appendix includes photographs of two set-ups, 

Specimens C and H, tested as part of Series #6. An increase of 

1-5/16 in. (33.3 mm) of concrete cover thickness is the only 

difference between the two specimens. As seen, the concrete-

embedded electrode of Specimen C is clearly in an active 

state, while that of Specimen H remains relatively passive 

throughout the testing period (45 days). It is important to 

note the accumulation of the reddish-brown corrosion by-

products forming at the base of the Specimen c . 



.' 
0-3 

Figure 0-1: Experiment Specimen #6C (Day 1) 
Cancrete Caver Thickness: 11/16 in. (]7.~ mm) 

Figure 0-2: Experiment Specimen #6H (Day 1) 
Concrete Cover Thickness: 2 in. (50.8 mm) 

l 
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Figure D-3: Experiment Specimen #6C (Day 10) 
Concrete Caver Thickness: 11/16 in. (17.5 mm) 

Figure D-4: Experiment specimen #6H (Day 10) 
Cancrete Cover Thickness: 2 in.(50.8 mm) 
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Figure D-5: Experiment Specimen #6e (Day 20) 
Concrete Cover Thickness: 11/16 in. (17.5 mm) 

Figure D-6: Experiment Specimen #6H (Day 20) 
Concrete Cover Thickness: 2 in.(50.8 mm) 

l 
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Fiqure D-7: Experiment Specimen #6C (Day 30) 
Cancrete Caver Thickness: 11/16 in. (17.5 mm) 

Fiqure D-8: Experiment Specimen #6H (Day 30) 
Con crete Cover Thickness: 2 in.(50.S mm) 
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Figure 0-9: Experiment Specimen #6C (I);ly Il',) 
Concrete Caver Thickness: 11/16 in. (~/.S mm) 

Figure D-10: Experiment Specimen #6H (Day 4'») 
Concrete Caver Thickness: 2 in.(50.8 mm) 

; 
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APPENDIX E 

Carbonation Test Results 
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Results of carbonation depth measurements on tho saw-cut 

concrete samples are presented in the following pages. It is 

important to note that saw-cuttinq of three specimens in each 

series, namely A, B, and C, was not possible due ta the small 

thickness of the concrete caver. 
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CARBONATION DEPTH - TEST SERIES #5 

SPECIMEN 

A Carbonation test not performed due to thin concrete 
cover (5/16 in. or 7.9 mm) over the teinforcing steel. 
The specimen could not be saw-I'!ut. 

B Carbonation test not performed due to t rlÎn concrete 
cover (7/16 in. or 11.1 mm) over the reinforcing steel. 
The specimen could not be saw-cut. 

C Carbonation test Ilot performed due to thill concrete 
cover (11/16 in. or 17.5 mm) over the reinforcing steel. 
The specimen cou1d Ilot be saw-cut. 

D * 
E 
F 
G 
H 
l 

MAXIMUM 
(mm) 

21.3 
14.0 
12.0 

6.3 
5.7 
3.3 

MINIMUM AVERAGE 
(mm) (mm) 

4.7 13.0 
4.0 9.0 
3.3 7.7 
0.0 3.2 
0.0 2.8 
0.0 1.7 

* - carbonation depth up to the outside face of the reinforcing bar. 

Table E-l: RESULTS OF CARBONATION DEPTH MEASUREMENTS 

1 



CARBONATION DEPTH - TEST SERIES /t(, 

SPECIMEN 

A Carhonation test not performed duc to thin COllclet,' 
cover (5/16 in. or 7.9 mm) over the rd nforci llr, ~; t ,'(' 1. 
The specimen cou1d not he saw-cut. 

B Carhonation test not performed due to thin COIICl"(·t l' 

cover (7/16 in. or 1l.1 mm) over the reinforcinr, ste!'l. 
The specimen cou1d not he saw-cut. 

C Carhonation test not performed due to thin concretp 
cover (ll/16 in. or 17.5 mm) over the reinforcinr, ste('} 
The specimen could not he saw-cut. 

MAXIMUM MINIMUM AVERAGE 
(mm) (mm) (mm) 

D * 22.7 3.0 12.8 
E 15.7 4.0 9.8 
F 9.3 2.7 6.0 
G 5.7 2.0 3.8 
H 4.0 0.0 2.0 
l 3.0 0.0 l.5 

* "" carhonation depth up to the outside face of the rehlforcing b.11" 

Table E- 2: RESULTS OF CARBONATION DEPTH MEASUREMENTS 

1 

• 
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APPENDIX F 

Chloride Analysis Results 
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The chemical analysis of the chloride content in 

concrete was based on the Volhard testing method. 34 The tests 

were conducted in the laboratories of the otto Maass Chemistry 

Building at McGi11 university. C~mcrete samples were collected 

and tested at three locations for each specimen (top, middle, 

and bottom). The cement content, needed to calculate the 

chloride content in the concrete, was previously determined in 

Appendix Band proportioned accarding ta the weight af the 

samples used (if varied from 5 g) . 
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DETERMINATION OF CHLORIDE CONTENT 

m - molarity of standardized thiocyanate solution 
(varies according to standardization once a week) 

Cl = cemenl content of sample used 
1'J.127 % for S g. of sample 

SPECIMEN Il DATE Sample AgN03 THIOCYANATE Chloride 
(g) (ml) Initial Final Volume Content 

(ml) (ml) (ml) (%) 

5A (top) 11-03-91 2.5004 16 18.12 26.30 8.18 0.223 
5A (middle) 11-03-91 2.4986 12 10.99 18.] 2 7.13 0.158 
5A (bottom) 11-03-91 2.5030 8 8.70 10.99 2.29 0.128 

SB (top) 11-03-91 2.4936 8 18.11 19.83 1.72 0.135 
SB (middle) 11-03-91 2.5000 8 14.80 18.11 3.31 0.119 
SB (bottom) 11-03·91 2.5050 8 10.16 14.80 4.64 0.106 

5C ( Lep) 06-05-91 2.4925 8 22.70 23.95 1.25 0.146 
5C (middle) 06-0S-SI 2.5085 8 11.80 22.70 10.90 0.110 
5C (bottom) 06-05-91 2.5079 8 3.48 ll.70 8.22 0.119 

5D (top) 06-05-91 2.5236 8 12.49 19.51 7.02 0.122 
SD (middle) 06-05-91 2.5015 8 24.40 38.09 13.69 0.100 
5D (bottom) 06-05-91 2.5025 8 19.51 40.19 20.68 0.075 

5E ( top) 07-05-91 2.5187 8 3.23 21. 90 18.67 0.081 
SE (middle) 07-05-9) 2.5002 8 21.90 44.78 22.88 0.067 
SE (bottorn) 07 -05-91 2.4999 8 0.00 25.36 25.36 0.058 

SI-' (top) 07 -05-91 2.5106 8 18.44 35.10 16.66 0.089 
5F (middle) 07-05-91 2.5120 8 4.43 25.37 20.94 0.073 
5F (bottom) 07-05-91 2.5000 8 25.37 48.00 22.63 0.068 

5C ( top) 07-05-91 2.5026 8 1. 20 24.10 22.90 0.066 
5G (middle) 07-05-91 2.5070 8 24.10 47.73 23.63 0.064 
5G (bottom) 07-05-91 2.5041 8 17.35 44.60 27.25 0.051 

SB (top) 08-05-91 2.5090 8 1. 30 27.00 25.70 0.056 
SB (middle) 08-05-91 2.4995 8 0.40 28.00 27.60 0.049 
5B (bottol11) 08-05-91 2.5006 8 1. 90 29.80 27.90 0.048 

SI ( top) 08-05-91 2. ~OO5 8 2.40 30.18 27.78 0.049 
51 (middle) 08-05-91 2.5032 8 1. 31 28.72 27.41 0.050 
51 (bottom) 08-05-91 2.5018 8 l. 39 29.61 28.22 0.047 

1 

Table F-l: RESULTS OF CHLORIDE CONTENT ANALYSIS 

, 
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DETERMINATION OF CHLORIDE CONTENT 

m - mo1arity of standardized thiocyanate solution 
(varies according to standardization once a week) 

Cl = cement content of sample used 
15.127 % [or 5 g. of samp1e 

SPECIMEN # DATE Sample AgN03 THIOCYANATE Ch10ridc 
(g) (ml) Initial Final Volume Content 

(rul) (ml) (ml) (%) 

6A (top) 08-05-91 2.5129 16 1.40 32.59 31.19 O. l8{~ 

6A (middle) 08-05-91 2.5098 8 2.00 6.31 4.31 0.133 
6A (bottom) 09-05-91 2.5011 8 1.08 8.83 7.75 0.119 

6B (top) 09-05-91 2.5000 12 8.83 16.67 7.84 0.193 
6B (middle) 09-05-91 2.5026 8 16.67 28.33 11.66 0.103 
6B (bottom) 09-05-91 2.5006 8 28.33 39.62 11.29 0.10/1 

6e (top) 09-05-91 2.5053 8 0.40 18.60 18.20 0.076 
6e (midd1e) 09-05-91 2.5020 8 18.60 38.78 20.18 0.068 
6e (bottom) 09-05-91 2.5005 8 1.00 19. 89~ 18.89 0.074 

6D (top) 10-05-91 2.5070 8 19.89 40.75 20.86 0.065 
6D (midd1e) 10-05-91 2.5042 8 0.57 23.25 22.68 0.058 
6D (bottom) 10-05-91 2.5082 8 23.25 48.15 24.90 0.049 

6E (top) 10-05-91 2.5030 8 0.00 22.05 :22.0) 0.061 
6F. (middle) 10-05-91 2.5043 8 22.05 44.41 22.36 0.059 
6E (bottom) 10-05-91 2.5002 8 0.00 24.10 24.10 0.053 

6F (top) 10-05-91 2.5006 8 24.10 47.89 23.7Y 0.054 
6F (middle) 27-06-91 2.5172 8 0.69 26.15 25.46 0.046 
6F (bottom) 27-06-91 2.5091 8 15.13 40.65 25.52 0.046 

6G (top) 27-06-91 2.5245 8 1.05 23.89 22.84 0.057 
6G (midd1e) 27-06-91 2.5161 8 23.89 48.78 24.89 0.049 
6G (bot tom) 27-06-91 2.5052 8 2.33 29.40 27.07 0.040 

6H (top) 27-06-91 2.5159 8 1. 30 27.43 26.13 0.044 
6H (middle) 27-06-91 2.5035 8 1. 58 29.21 27.63 0.038 
6H (bottom) 27-06-91 2.5052 8 0.61 28.73 28.12 0.036 

6r (top) 27-06-91 2.5073 8 3.79 30.26 26.1.7 0.043 
6r (midd1e) 27-06-91 2.5017 8 3.97 31. 61 27.64 a 03l? 

~, 61 (bot tom) 27-06-9l 2.5076 8 8.20 36 . 61~ 28."'1 0.035 

Table F- 2: RESULTS OF CHLORIDE CONTENT ANALYS IS 
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APPENDIX G 

Mass Measurement ResuHs 
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AlI of the steel reinforcing bars used as electrodes for 

each experimental specimen were accurate1y weighed before and 

after the period of exposure (testing) on a digital balance. 

The actual weight losses, along with the percent 10ss of rnass, 

were measured and are presented in the following pages. 
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MASS OF ELECTRODES - TEST SERIES #5 

CONCRETE-EMBEDDED BARE ELECTRODE 

BEFORE AITER LOSS LOSS BEFORE AFTER LOSS LOSS 
SPECIMEN (g) (g) (g) (%) (g) (g) (g) (%) 

A 458.45 443.06 15.39 3.36 459.02 458.47 0.55 0.12 
B 463.12 456.30 6.82 1.47 457.23 456.54 0.69 0.15 
C 459.48 454.02 5.46 1.19 462.84 462.72 0.12 0.03 
D 458.51 456.18 2.33 0.51 459.79 459.60 0.19 0.04 
E 463.07 462.29 0.78 0.17 461. 53 460.83 0.70 0.15 
F 461.44 459.85 1. 59 0.34 459.98 459.41 0.57 0.12 
G 458.69 455.94 2.75 0.60 455.55 455.02 0.53 0.12 
li 459.07 457.67 1.40 0.30 459.61 458.65 0.96 0.21 
l 459.37 457.23 2.14 0.47 457.16 456.29 0.87 0.19 

MASS OF ELECTRODES - TEST SERIES #6 

CONCRETE-EMBEDDED BARE ELECTRODE 

BEFORE AFTER LOSS LOSS BEFORE AFf ER LOSS LOSS 
SPECIMEN (g) (g) (g) (%) (g) (t~) (g) (%) 

A 460.94 445.11 15.83 3.43 457.24 456.00 1.24 0.27 
B 458.08 450.33 7.75 l.69 460.91 460.19 0.72 0.16 
C 466.74 463.32 3.42 0.73 457.32 456.93 0.39 0.09 
D 460.01 453.89 6.12 l. 33 457.94 457.51 0.43 0.09 
E 461.45 460.69 0.76 0.16 465.92 465.16 0.76 0.16 
F 'ô5.32 454.65 0.67 0.15 456.33 455.70 0.63 0.14 
G 455.48 454.58 0.90 0.20 454.42 453.71 0.71 0.16 
H 46lL 57 464.52 0.05 0.01 458.98 458.55 0.43 0.09 
1 1~57. 21 456.78 0.43 0.09 464.91 464.45 0.46 0.10 

-------

Table G-l: RESULTS OF MASS MEASUREMENTS 

= 
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MASS OF ELECTRODES - TEST SERIES #7 

CONCRETE-EMBEDDED BARE ELECTRODE 

BEFORE AFTER LOSS LOSS BEFORE A}<~rER LOSS 1.0SS 
SPECIMEN (g) (g) (g) (%) (g) (g) (g) (%) 

A 457.73 365.57 92.16 20.13 450.62 446.86 3.76 0.83 
B 464.06 399.28 64.78 13.96 45l. 22 448.57 2.65 0.59 
C 454.62 454.25 0.37 0.08 455.56 454.63 0.93 0.20 
D 456.82 456.09 0.73 0.16 457.71 457.46 0.25 0.05 
E 450.50 449.99 0.51 0.11 458.21 457.53 0.68 0.15 

Table G-2: RESULTS OF MASS MEASUREMENTS 
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APPENDIX H 

Tensile Strength ResuHs 
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The resul ts of tensile strength tests performed on the 

electrodes used are presented in this appendix. Both the yield 

and ultimate strength characteristics, for bath the anodes and 

cathodes, are presented. The true ultimate stresses are then 

compared ta the nominal stresses. These include the results of 

tests on five specimens, 12 in. (305 mm) long, tested to obtain 

the typical stress-strain response. 
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TENSION TESTS - CONTROL SPECIMENS 

Specimen Il: l Gauge 1ength: 
Date: 15-01-1991 Average diameter: 

Nominal diameter: 

TRUE TRUE NOMINAL 
LOAD STRENGTH STRENGTH STRENGTH ELONGATION 

(kips) (ksi) (MPa) (MPa) (x10E-4) 

0.5 1.6 10.8 11.1 0 
3.0 9.4 64.9 66.4 0 
6.0 18.8 129.8 132.7 6 
9.0 28.2 194.7 199.1 10 

12.0 37.7 259.6 265.4 17 
15.0 47.1 324.5 331.8 24 
18.0 56.5 389.4 398.1 32 
19.0 59.6 411.1 420.2 35 
19.2 60.2 415.4 424.7 36 
19.5 61.2 421.9 431.3 106 
20.0 62.8 432.7 442.4 196 
20.5 64.3 443.5 453.4 224 
21.0 65.9 454.3 464.5 246 
21. 5 67.5 465.1 475.5 278 

30.8 96.6 666.3 681.2 

Table H-l: RESULTS OF TENSILE STRENGTH TESTS 
CONTROL SPECIMEN #1 

2 in. 
0.637 in. 
0.630 in. 

S'rRAIN 

0 
0 

0.0003 
0.0005 
0.0009 
0.0012 
0.0016 
0.0018 
0.0018 
0.0053 
0.0098 
0.0112 
0.0123 
0.0139 



H-4 

TENSION TESTS - CONTROL SPECIMENS 

Specimen #: 2 Cauge length: '2 

Date: 15-01-1991 Average diameter: 0.629 
Nominal diameter: 0.630 

TRUE TRUE NOMINAL 
LOAD STRENGTH STRENGTH STRENGTH ELONGATION STRAIN 

(kips) (ksi) (MPa) (MPa) (x10E-4) 

Yield 

U1timate 

0.5 1.6 11.1 11.1 0 
3.0 9.7 66.6 66.4 0 
4.0 12.9 88.8 88.5 2 
6.0 19.3 133.1 132.7 6 
9.0 29.0 199.7 199.1 14 

12.0 38.6 266.3 265.4 21 
15.0 48.3 332.8 331.8 28 
18.0 57.9 399.4 398.1 39 
18.5 59.5 410.5 409.2 41 
19.0 61.1 421.6 420.2 43 
19.5 62.8 432.7 431.3 45 
20.0 64.4 443.8 442.4 46 
20 5 66.0 454.9 453.4 174 
21.0 67.6 466.0 464.5 199 
22.0 70.8 488.1 486.6 ?54 
23.0 74.0 510.3 508.7 310 
24.0 77 .2 532.5 530.8 368 
25.0 80.5 554.7 553.0 436 

31.6 101.7 701.2 698.9 

Table H-2: RESULTS OF TENSILE STRENGTH TESTS 
CONTROL SPECIMEN #2 

0 
0 

0.0001 
0.0003 
0.0007 
0.0011 
0.0014 
0.0020 
0.0021 
0.0022 
0.0023 
0.0023 
0.0087 
0.0100 
0.0127 
0.015) 
0.0184 
0.0218 

i 

in. 
in. 
in. 



Yie1d 

Ultimate 

'. 

ft 

H-5 

TENSION TESTS - CONTROL SPECIMENS 

Specimen #: 3 Gauge 1ength: 
Date: 15-01-1991 Average diameter: 

Nominal diameter: 

TRUE TRUE NOMINAL 
LOAD STRENGTH STRENGTH STRENGTH ELONGATION 

(kips) (ksi) (MPa) (MPa) (x10E-4) 

0.5 1.6 11.1 11.1 a 
3.0 9.7 66.8 66.4 5 
6.0 19.4 133.6 132.7 11 
9.0 29.1 200.3 199.1 18 

12.0 38.7 267.1 265.4 25 
15.0 48 .'~ 333.9 331.8 32 
18.0 58.1 400.7 398.1 40 
18.5 59.7 411.8 409.2 42 
19.0 61.3 422.9 420.2 44 
19.4 62.6 431.8 429.1 46 
19.5 63.0 434.1 431.3 BO 
20.0 64.6 445.2 442.4 180 
20.5 66.2 456.3 453.4 208 
21.0 67.8 467.4 464.5 231 
22.0 71.0 489.7 486.6 290 
23.0 74.3 512.0 508.7 353 
24.0 77.5 534.2 530.8 414 
25.0 80.7 556.5 553.0 491 

31.0 100.1 690.0 685.7 

Table H-3: RESULTS OF TENSILE STRENGTH TESTS 
CONTROL SPECIMEN #3 

2 in. 
0.628 in. 
0.630 in. 

STRAIN 

0 
0.0003 
0.0006 
0.0009 
0.0013 
0.0016 
0.0020 
0.0021 
0.0022 
0.0023 
0.0040 
0.0090 
0.0104 
0.0116 
0.0145 
0.0177 
0.0207 
0.0246 



Yie1d 

U1timate 

H-6 

TENSION TESTS - CONTROL SPECIMENS 

Specimen #: 4 
Date: 15-01-1991 

TRUE TRUE 

Gauge 1ength: 
Average diamcter 
Nominal diameter: 

NOMINAL 

'l in 
0.618 in 
0.630 in. 

LOAD STRENGTH STRENGTH STRENGTH ELONGATION STRAIN 
(kips) (ksi) (MPa) (MPa) (x10E-4) 

0.5 1.7 11. 5 11.1 0 
3.0 10.0 69.0 66.4 0 
6.0 20.0 137.9 132.7 3 
9.0 30.0 206.9 199.1 8 

12.0 40.0 275.8 265.4 15 
15.0 50.0 344.8 331.8 22 
18.0 60.0 413.7 398.1 31 
18.5 61. 7 425.2 409.2 32 
19.0 63.3 436.7 420.2 33 
19.4 64.7 445.9 429.1 34 

30.8 102.7 708.0 681.2 

Table H-4: RESULTS OF TENSILE STRENGTH TESTS 
CONTROL SPECIMEN #4 

0 
0.0000 
0.0002 
0.0004 
0.0008 
0.0011 
0.0016 
0.0016 
0.0017 
0.0017 



Yie1d 

Ultimate 

H-7 

TENSION TESTS - CONTROL SPECIMENS 

Spt'c im(!n fI' S Gauge 1ength: 
Date' 15-01-1991 Average diameter: 

Nominal diameter: 

TRUE TRUE NOMINAL 
LOAD STRENGTH STRENGTH STRENGTH ELONGATION 

(kips) (ksi) (MPa) (MPa) (x10E-4) 

0.5 1.6 11.0 11.1 0 
3.0 9.S 65.7 66.4 7 
6.0 19.1 131. 5 132.7 14 
9.0 28.6 197.2 199.1 21 

12.0 38.1 262.9 265.4 28 
15.0 47.7 328.6 331.8 35 
18.0 57.2 394.4 398.1 46 
18.5 58.8 405.3 409.2 48 
19.0 60 .'~ 416.3 420.2 52 
19.4 61. 6 425.0 429.1 54 
19.5 62.0 427.2 431. 3 55 
20.0 63.6 438.2 442.4 204 
20.5 65.1 449.1 453.4 230 
21.0 66.7 460.1 464.5 257 
22.0 69.9 482.0 486.6 311 
23.0 73.1 503.9 508.7 373 
24.0 76.3 525.8 530.8 438 
25.0 79 4 547.7 553.0 512 

31. 0 98.5 679.2 685.7 

Table H-5: RESULTS OF TENSILE STRENGTH TESTS 
CONTROL SPECIMEN #5 

2 in. 
0.631 in. 
0.630 in. 

STRAIN 

0 
0.0004 
0.0007 
0.0011 
0.0014 
0.0018 
0.0023 
0.0024 
0.0026 
0.0027 
0.0028 
0.0102 
0.0115 
0.0129 
0.0156 
0.0187 
0.0219 
0.0256 



"-8 

TENSION TESTS - TEST SERIES #5 

Specimen Types: ANODES 
Date: 25-03-1991 

YIELD STRENGTHS 

TRUE l'RUE NOMINAL 
Specimen Average YJELD YIELD YIELD 

# Diameter LOAD STRENGTH STRENGTH STRENGTII 
(in. ) (kips) (ksi) (MPa) (MPa) 

A 0.593 20.2 73.1 504.3 446.8 
B 0.607 19.4 67.2 463.0 429.1 
C 0.592 19.6 71.3 491.8 433.5 
D 0.585 19.2 71.4 492.5 424.7 
E 0.598 19.6 69.8 481.7 433.5 
F 0.604 19.2 67.1 462.8 l,24.7 
G 0.620 19.6 64.9 447.6 433.5 
H 0.608 19.9 68.5 472.6 440.2 
l 0.615 19.5 65.6 452.6 431. 3 

ULTIMATE STRENGTHS 

TRUE TRUE NOMINAL 
Specimen Avera,~e ULTIMATE ULTlMATE ULTIMATE 

# Diameter LOAD STRENGTH STRENGTH STRENGTH 
(in. ) (kips) (ksi) (MPa) (MPa) 

A 0.593 28.6 103.6 714.0 632.6 
B 0.607 30.3 104.':: 723.1 670.2 
C 0.592 30.1 109.5 755.2 665.8 
D 0.585 30.2 112.4 774.7 668.0 
E 0.598 30.S 108.6 748.7 674.6 
F 0.604 30.6 107.0 737.6 676.8 
G 0.620 31.0 102.7 708.0 685.7 
H 0.608 31. 3 107.8 743.3 692.3 
l 0.615 31.0 104.4 719.5 685.7 

Note: Specimens A. B. and C exhibited a britt1e response 
upon fai1ure 

'.I.'able H-6: RESULTS OF TENSIU: STRENGTH TESTS 
TEST SERIES #5 - ANODE SPECIMENS 



Specimen Average 
Diameter 

(i n.) 

A 0.579 
B 0.579 
C 0.611 
D 0.613 
E 0.592 
F 0.584 
G 0.585 
H 0.578 
l 0.590 

Specimen Average 
Diameter 

(in. ) 

A 0.579 
B 0.579 
C 0.611 
D 0.613 
E 0.592 
F 0.584 
G 0.585 
H 0.578 
l 0.590 

H-9 

TENSION TESTS - TEST SERIES #5 

Specimen Types: CATHODES 
Date: 28-02-1991 

YIELD STRENCTHS 

TRUE TRUE 
YIELD YIELD 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

19.2 72.9 502.8 
19.4 73.8 508.9 
19.6 66.8 460.9 
19.8 67.2 463.3 
19.6 71. 3 491.8 
19.8 73.9 509.6 
19.6 72.9 502.8 
19.6 74.7 515.0 
20.1 73.6 507.8 

ULTIKA TE STRENGTHS 

TRUE TRUE 
ULTIMATE ULTlMATE 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

31.0 117.7 811.8 
31.0 117.9 813.2 
31.3 106.8 736.0 
31. 3 106.2 732.4 
31.2 113.5 782.8 
31.3 116.9 805.7 
31.2 116.1 800.3 
31.2 118.9 819.8 
31.6 115.8 798.3 

NOMINAL 
YIELD 

STRENGl'H 
(MPa) 

424.7 
429.1 
433.5 
437.9 
433.5 
437.9 
433.5 
433.5 
444.6 

NOMINAL 
ULTIMAl'E 
STRENGTH 

(MPa) 

685.7 
685.7 
692 .3 
692.3 
690.1 
692.3 
690.1 
690.1 
698.9 

Note: Specimens A. B. and C exhibited a brittle response 
upon failure 

Table H-7: RESULTS OF TENSILE STRENGTH TESTS 
TEST SERIES #5 - CATHODE SPECIMENS 



r 
r 
1 

Specimen Average 
Diameter 

(in. ) 

A 0.582 
B 0.570 
C 0.578 
D 0.584 
E 0.589 
F 0.570 
G 0.575 
H 0.581 
l 0.583 

Specimen Average 
Diameter 

(in. ) 

A 0.582 
B 0.570 
C 0.578 
D 0.584 
E 0.589 
F 0.570 
G 0.575 
H 0.581 
l 0.583 

H-10 

TENSION TESTS - TEST SERIES #6 

Specimen Types: ANODES 
Date: 02-05-1991 

YIELD STRENGTlIS 

l'RUE TRUE 
YIELD YIELD 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

19.6 73.8 508.8 
19.5 76.6 527.8 
19.7 75.1 517.7 
1.9.7 73.7 507.9 
19.5 7l. 7 49' •. 3 
19.5 76.4 526.9 
19.6 75.5 520.4 
19.8 74.8 515.8 
19.4 72.7 501.1 

ULTlMATE STRENGTHS 

TRUE TRUE 
ULTlMATE ULTIMATE 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

28.4 106.9 737.3 
29.9 117.4 809.3 
30.9 117.8 812.0 
30.9 115.6 7%.7 
31.1 114.3 788.3 
31. 2 122.3 843.0 
31.1 119.8 825.8 
31. 3 118.3 815.4 
31.0 116.1 800.7 

NOMINAL 
YH:LU 

STRENGTH 
(MPa) 

l.33.5 
431. 3 
435.7 
'.3') . 7 
431. 3 
431.3 
433.5 
437.9 
429.1 

NOMINAL 
ULTIMATE 
STRENGTH 

(MPa) 

628.2 
66l. 3 
683 .'~ 
683.4 
687.9 
690.1 
687.9 
692.3 
685.7 

Note: Specimens A, B, and C exhibited a britt1e response 
upon fai 1ure 

Table H-8: RESULTS 01<' TENSILE STRENGTH TESTS 
TEST SERIE~ #6 - ANODE SPECIMENS 



.. 
{ 

Specim('n Average 
Diameter 

(in. ) 

A 0.578 
B 0.579 
C 0.587 
D 0.588 
E 0.581 
F 0.581 
G 0.582 
H 0.586 
1 0.584 

Specimen Average 
Diameter 

(in. ) 

A 0.578 
B 0.579 
C 0.587 
D 0.588 
E 0.581 
F 0.581 
G 0.582 
Il 0.586 
1 0.584 

Note: Specimens A, 
upon failure 

H-11 

TENSION TESTS - TEST SERIES #6 

Specimen Types: CATHODES 
Date: 02-05-1991 

YIELD STRENGTHS 

TRUE TRUE 
YIELD YIELD 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

19.2 73.3 50".4 
19.5 74.1 510.6 
19.6 72.5 500.2 
19.6 72.3 498.5 
19.7 74.3 512.3 
19.5 73.6 507.1 
19.6 73.8 508.8 
19.6 72.8 501.9 
19.9 74.4 513.1 

ULTlMATE STRENGTHS 

TRUE TRUE 
ULTlMATE ULTIMATE 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

30.7 117.2 808.1 
31.1 118.1 814.4 
31. 2 115.5 796.2 
31.0 114.4 788.5 
31. 2 117.7 811.4 
31.1 117.3 808.8 
31.1 117.1 807.4 
30.9 114.8 791.3 
31. 5 117.8 812.2 

NOMINAL 
YIELD 

STRENGTH 
(MPa) 

424.7 
431.3 
433.5 
433.5 
435.7 
431.3 
433.5 
433.5 
440.2 

NOMINAL 
ULTIMATE 
STRENGTH 

(MPa) 

679.0 
687.9 
690.1 
685.7 
690.1 
687.9 
687.9 
683.4 
696.7 

B, and C exhibited a britt1e response 

Table I!-9: RESULTS OF TENSILE STRENGTH TESTS 
TEST SERIES #6 - CATHODE SPECIMENS 

• 



Specimen 

A 
B 
C 
D 
E 

Specimen 

A 
B 
C 
D 
E 

Average 
Diameter 

(in. ) 

0.362 
0.473 
0.582 
0.582 
0.590 

Average 
Diameter 

(in. ) 

0.362 
0.473 
0.582 
0.582 
0.590 

H-1~ 

TENSION TESTS - TEST SERIES #7 

Date: 17-06-1991 
Specimen Types: ANODES 

YIELD STRENGTllS 

TRUE TRUE 
YIELD YIELD 

LOAD STRENGTII STRENGTH 
(kips) (ksi) (MPa) 

20.0 113.8 784.8 
19.4 73.0 503.7 
19.6 73.7 508.0 
20.1 73.6 507.8 

ULTIMATE STRENGTHS 

TRUE TRUE 
ULTIMATE ULTIMATE 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

13.8 134.5 927.0 
21.0 119.5 824.0 
30.9 116.4 802.2 
31.0 116.5 803.4 
30.3 111.0 765.L. 

NOMINAL 
YIELD 

STRENGTII 
(MPa) 

442 4 
429.1 
433.5 
4/~4. 6 

NOMINAL 
ULTIMATE 
STRENGTH 

(MPa) 

305.2 
464.5 
683 4 
685 7 
670.2 

Table H-10: RESULTS OF TENSILE STRENGTH TESTS 
TEST SERIES #7 - ANODE SPECIMENS 



.. 

Sp<,cimplI 

A 
B 
C 
0 
E 

Specimen 

A 
B 
C 
0 
E 

AVér:.ge 
Dimneter 

(i n. ) 

0.578 
0.573 
0.584 
0.576 
0.581 

Average 
Diameter 

(i.n. ) 

0.578 
0.573 
0.584 
0.576 
0.581 

TENSION TESTS - TEST SERIES #7 

Date: 17-06-1991 
Specimen Types: CATHODES 

YI ELD STRENGTHS 

TRUE TRUE 
YIELD YIELD 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

19.4 74.1 510.7 
19.6 76.0 524.1 
19.7 73.5 507.1 
19.6 75.3 519.5 
19.7 74.3 512.3 

ULTIMATE STRENGTHS 

TRUE TRUE 
ULTlMATE ULTIMATE 

LOAD STRENGTH STRENGTH 
(kips) (ksi) (MPa) 

30.7 117.2 808.1 
31.1 120.6 831.5 
30.9 115.4 795.4 
31.0 119.2 821. 7 
31.1 117.3 808.8 

NOMINAL 
YIELD 

STRENGTH 
(MPa) 

429.1 
433.5 
435.7 
433.5 
435.7 

NOMINAL 
ULTlMATE 
STRENGTH 

(MPa) 

679.0 
687.9 
683.4 
685.7 
687.9 

Table H-11: RESULTS OF TENSILE STRENGTH TESTS 
TEST SERIES #7 - CATHODE SPECIMENS 
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APPENDIX 1 

Electrode Polarization Potentials 



1-2 

using the corresponding hal f-cell potential equations for 

the normal or the reversed polarity positions, the pH values 

at the metal surface were determined for every operating 

potential E recorded for each specimen in a test series. These 

figures, along with the average pH values, are presented in 

this appendix. Additionally, charts are plotted to depict 

these results. 
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ELF,CTROOE POLARlZATION POTENTIALS 
NORMAL POLARITY 

Half Ce11 Potentia1 Equation: E - -0.987 + (0.059 * pH) 

TEST SERIES #5 

5A 5B SC 50 5E 5F SC 511 SI 

7.41 1.47 0.12 7.58 4.36 7.07 7.07 11. 1.7 8.08 
6.56 3.34 -2.42 6.90 5.71 6.73 8.93 9.61 8.08 
6.39 1.64 0.97 7.41 5.20 6.39 IL 59 9.78 6.39 
6.73 1.47 2.83 7.24 5.20 6.56 8.76 ') .41. 6.22 
7.07 1.47 5.71 6.73 5.03 6.90 9.10 9 10 5.37 
7.24 2.83 6.56 6.90 6.39 7.41 9.61 8. t.2 5.71 
7.24 1. 81 7.07 7.41 6.90 6.56 8.25 10.80 ':> 71 
7.75 2.32 7.41 6.90 6.56 8.76 10.12 Y.78 5.71 
7.75 3.00 7.41 7.41 6.90 8.76 10.29 10.63 5.88 
7.58 2.49 7.75 6.73 7.92 8.59 10.97 10.97 5.37 
7.75 2.49 7.75 7.41 8.08 8.59 11.1.7 11.11. 6.22 
7.75 2.66 7.75 7.41 8.42 8.76 10.46 ll.31 5.5l. 
7.75 2.66 7.75 7.41 8.42 8.76 10.29 ll.31 5.54 
7.92 2.66 7.92 7.41 8.42 8.76 10.46 I1.L,7 5.71 
7.92 2.66 7.92 7.41 8.42 8.76 10.46 Il. 81 5.71 
7.92 2.32 7.92 7.41 8.93 8.93 10.63 12.83 8.08 
7.92 3.34 7.92 7.41 8.25 8.76 10.63 13.00 8.08 
7.92 4.36 7.92 7.41 7.92 8.76 10.63 13.17 8.08 
7.75 1. 98 7.92 7.07 8.59 8.93 11.6l. 12.83 8.25 
7.92 2.32 7.92 7.24 8.42 8.93 11.6l, 13.00 8.25 
7.92 2.15 7.92 7.41 8.42 8.93 11.47 1] .1h 9.27 
7.92 2.32 7.92 7.58 8.59 8.76 12.15 11.31 9.61 
7.92 2.49 7.92 7.58 8.42 8.93 ll.81 Il.64 8.93 
7.92 3.00 7.92 7.58 8.76 8.76 11.47 11.98 9.4'. 
7.92 3.17 7.92 7.75 8.93 8.76 11.31 Il. 98 9.44 
8.08 3.51 7.75 7.75 8.93 8.76 11.14 12.15 9.44 
8.08 3.51 7.75 7.75 9.10 8.76 10.97 11.81 9.MI 
8.08 3.17 7.75 7.58 8.76 8.76 ll.14 10.63 10.46 
8.08 3.68 7.75 7.58 8.76 8.76 10.97 Il.14 10 29 
8.08 2.83 7.75 7.41 8.76 8.76 10.97 10.Y7 10.63 
8.08 2.83 7.92 7.58 8.76 8.76 11.14 11 98 10.12 
8.08 3.00 7.92 7.58 8.76 8.76 ll.14 Il. 98 10.12 
8.08 3.17 7.92 7.75 8.59 8.76 ll.47 Il. 81 ] a 1.6 

8.08 3.17 7.92 7.75 8.59 8.76 11 47 11.81 10 46 
8.08 3.17 7.92 7.7':> 8.76 8.76 11.47 Il. 81 1a.l16 
8.08 3.51 7.92 7.75 8.76 8.76 10.80 11.31 10.80 
8.08 3.51 7.92 7.75 8.59 8.76 10.80 11.47 10.63 

AVERAGE VALUES: 
7.75 2.74 6.91 7.42 7.90 8.41 10.59 11.32 8.16 

Table 1-1: ELECTRODE POLARlZATION POTENTIALS 
TEST SERIES #S - NORMAL POLARITY 
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ELECTRODE POLARlZATION POTENTIALS 
REVERSED POLARITY 

--~-----

lI<llf CcU Potcntia1 Equation: E ~ 0.242 + (0.O~9 * pH) 

TEST SERIES #5 

'lA 5B 5C 5D SE 5F 5C SB SI 

10.64 18.61 18.10 11.66 13.02 12.34 13.02 15.56 13.86 
9 .l~6 13.36 li .. 37 12.85 14.88 14.20 14.54 14.20 14.71 
8.27 11.66 14.20 12.85 14.54 14.37 14.71 14.37 14.37 
7.93 11.32 13.02 11.66 14.54 13.86 14.54 13.86 12.68 
8.27 10.64 8.61 10.98 14.54 13.69 11.66 11.49 12.17 
7 25 11.15 8.61 10.14 14.54 13.19 14.03 13.86 14.03 
7.08 10.64 8.] 0 10.31 14.54 13.36 14.37 13 .36 13.19 
6.92 9.80 7.59 9.29 13.69 12.68 14.20 13.69 13.53 
6.92 10.47 7.25 9.12 13.69 12.34 14.03 13.86 14.20 
6.92 10.14 6.92 8.78 13.36 11.49 13.36 13.53 14.20 
6.75 10.98 6.92 8.61 13.53 12.51 10.64 13.69 13.69 
6.58 10.81 6.92 8.61 13.36 12.17 10.81 13.53 13.86 
6.11l 10.81 6.75 8.61 13.36 12.00 10.81 13.053 13.69 
6.41 10.81 6.75 8.61 13.36 12.00 10.81 13.53 13.69 
6.4) 10.14 6.24 7.93 13.02 9.97 12.17 13.36 13.19 
6.41 10.47 6.24 7.76 13.02 9.97 11.83 13.69 13.19 
6.41 10.14 6.24 7.93 12.85 9.80 11.66 13.69 13.19 
6.2f. 9.97 6.07 8.44 12.85 9.80 11.49 14.03 13.02 
6.2', 9.46 5.73 7.25 12.01' 9.63 12.17 14.20 13.02 
6.41 9.29 5.73 7.25 11.83 9.97 12.17 14.54 13.19 
6 24 9.46 5.90 6.92 11.32 10.64 11.66 13.69 12.85 
6.24 10.31 6.24 6.92 11.66 8.78 12.34 13.02 12.17 
6.24 9.29 6.41 6.75 10.81 10.81 12.34 13.02 10.98 
6.07 8.78 6.24 6.92 11.49 l1.lt9 13.86 13.53 12.51 
6.07 9.29 6.2l, 6.92 11.49 11.15 13.53 13.53 12.51 
6.07 9.63 6.07 6.7) 11.49 10.98 13.53 13.53 12.51 
6.07 9.29 6.2ft 6.75 11.32 10.14 12.34 13.19 12.68 
5.90 9.97 5.90 6.75 11.15 10.81 13 .86 13.69 12.85 
5.90 9.97 5.73 6.75 11.15 10.64 13.53 14.03 13.53 
5.90 10.31 5.90 6.58 10.98 11.15 13.69 14.03 13.53 
5.73 10.31 6.07 6.75 10.98 11.15 13.86 13.86 13.36 
5.73 10.14 6.07 6.58 11.15 11.15 13.86 13.86 13.19 
5.73 9.80 5.56 6.07 9.29 9.12 12.68 12.00 11.83 
5.73 9.63 5.56 6.07 9.63 9.63 12.34 12.00 12.00 
5.73 9.80 5.56 6.24 9.46 9.97 12.34 12.17 12.17 
5.90 9.29 5.73 6.75 10.98 11.15 13.86 12.17 12.17 
5.90 9.29 5.73 6.75 9.97 9.97 13.02 12.17 12.00 

AVgRAGg VALUES: 
6.62 10 .l~l 7.34 8.16 12.29 11. 30 12.86 13.49 13.07 

Table 1-2: ELECTRODE POLARIZAT10N POTENTIALS 
TEST SERIES #5 - REVERSED POLARITY 
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ELECTRODE POLARlZATION POTENTlALS 
NORMAL POURITY 

Ha1f Ce11 Potentia1 Equation: E - -0.987 + (0.059 * pli) 

TEST SERIES #6 

6A 6B 6e 6D 6E 6F 6G 611 

6.90 6.39 7.75 8.08 7.07 6.05 8.76 6.56 
7.58 6.56 7.75 8.08 10.46 7.41 9.61 6.n 
7.24 6.73 7.92 6.73 10.29 7.92 9.78 6. OC) 
7.58 6.39 8.42 9.44 9.10 7.75 9.78 6.22 
7.75 6.73 7.92 9.10 8.93 8.08 9.78 6.39 
7.75 7.41 7.92 9.10 8.93 8.25 4.69 3.51 
7.75 6.90 7.75 9.10 8.93 8.25 7.75 6.73 
7.41 7.24 7.Q2 9.44 9.27 8.25 7.07 7.24 
7.41 6.93 7.58 9.95 9.61 5.37 6.56 7.07 
7.41 6.93 7.58 9.78 9.27 9.27 6.73 8.25 
7.41 6.93 7.58 9.95 9.27 9.61 9.27 9.44 
7.41 7.24 7.58 9.95 9.27 9.61 9.44 9.10 
7.41 7.07 7.58 9.95 9.44 9.61 9.44 9.27 
7.41 7.24 7.41 9.61 9.27 9.61 8.25 9.10 
7.41 7.07 7.07 9.27 9.44 9.78 7.92 9.10 
7.41 7.07 7.24 8.76 9.61 9.95 7.92 9.27 
7.41 7.24 7.41 8.08 9.61 9.95 7.92 9. '~4 
7.41 7.41 7.41 8.42 9.61 9.95 7.92 9.61 
7.41 7.58 7.58 8.08 9.95 10.12 7.92 9.M~ 
7.41 7.75 7.58 7.92 10.46 10.46 7.07 9.27 
7.41 7.58 7.58 7.92 10./t6 10.63 7.24 9.27 
7.41 7.58 7.~8 7.92 10.46 10.97 7.24 9.27 
7.41 7.41 7.41 7.75 10.46 11.31 7.24 9.27 
7.41 7.41 7.58 7.75 10. '~6 11.31 7.2LI 9.27 
7.75 7.58 7.41 7.75 10.6J 11.31 7.41 9.M~ 
7.58 7.41 7.24 7.41 10.46 ll.14 8.08 9.61 
7.58 7.41 7.24 7.24 10.80 ll.47 7.41 9.10 
7.58 7.24 7.24 6.90 11.14 ll.81 7.58 8.42 
7.75 7.24 7.07 7.24 11.14 11.98 8.76 9.44 
7.75 7.24 7.07 6.90 10.63 10.80 8.0~ 9.1.4 
7.75 7.41 7.07 7.07 9.95 11.64 7.75 9.78 
7.75 7.58 7.07 7.07 9.95 Il.64 7.92 10.12 
7.75 7.58 7.07 6.90 9.61 Il.64 7.92 10.12 
7.75 7.58 7.07 7.07 9.10 11 81 7.75 10.12 
7.92 7.75 7.07 7.07 8.76 ll.98 7.75 10.29 
7.92 7.75 7.24 7.07 8.42 12.15 7.92 10.29 
7.92 7.75 7.24 7.07 8.25 11.98 7.75 10.29 
7.75 7.75 7.41 7.07 8.08 11.81 7.58 10.29 
7.92 7.92 7.41 7.07 8.08 11.81 7.92 10.46 

AVERAGE VALUES: 
7.56 7.28 7.46 8.13 9.61 10.11 7.95 8 76 

Table 1-3: ELECTRODE POURIZATION POTENTIALS 
TEST SERIES #6 - NORMAL POLARITY 

61 

6.05 
6.56 
7.41 
7.58 
7.07 
8.08 
8.25 
8.76 
9.27 

10.29 
9.10 
9.44 
9.27 
8.59 
8.59 
9.10 
9. 4'~ 
9.44 
9.44 
9.61 
9.44 
9.61 
9.61 
9.61 
9.61 

10.12 
9.61 
9.10 
9.78 
9.95 

10./.6 
10.80 
10.80 
10.80 
10.80 
10.97 
10.80 
10.80 
11.81 

9 38 
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ELECTRODE POLARIZATION POTENTIJ\L.i 
REVERSED POLARITY 

Half Cell Potential Equation: E ~ 0.242 + (0.059 * pH) 

TEST SERIES #6 

6A 6B 6e 6D 6E 6F 6e 6U 

12.51 11.32 12.34 13.53 13.69 13.86 17.76 lIL88 
10.81 10.64 13.86 14.20 13.86 14.20 18.27 14.88 
10.47 10.64 13.53 14.20 13.69 13.19 18.27 13 .02 

9.46 9.12 13.53 14.20 14.01 13.19 18.10 14.20 
8.61 8.44 12.51 14.20 14.03 13.02 18.44 12.3/1 
8.44 8.78 12.00 14.20 14.03 13.19 17.93 1ll.20 
8.44 8.61 12.00 14.03 13.86 13.19 18.44 14.20 
7.08 8.78 ll.83 13.69 13.69 13.36 18.61 12.51 
7.76 8.95 Il. 66 13.36 13.36 13.53 17.59 13.36 
7.59 8.78 Il. 32 13.86 13.53 13.69 18.44 13.19 
7.59 7.93 9.12 13.86 13.36 13.86 17.93 ]3 .19 
7.42 8.10 10.98 13.69 13.36 13.69 17.76 13.02 
7.42 8.10 9.63 13.86 i3.36 13.86 17.93 13 .19 
7.25 7.08 7.76 12.68 14.20 13.69 17.59 14.03 
7.25 7.08 7.93 12.34 14.20 13.86 17.93 14.03 
7.08 7.25 8.10 12.34 13.36 13.86 17.76 13.86 
7.08 7.59 8.10 12.17 13.02 14.03 17.76 13.86 
7.08 7.42 8.10 12.17 13.19 13.86 17.59 13.69 
7 08 7.59 7.93 11.32 12.85 13.86 17.76 13.69 
6.24 7.59 7.93 10.64 12.68 13.86 18.10 13 .69 
6.07 7.59 7.93 10.81 12.68 13.86 17.93 13.69 
6.07 7.42 7.76 10.47 12.34 13.69 17.59 13.69 
5.90 7.25 7.42 10.31 12.00 13.53 17.59 13 53 
6.07 7.25 7.42 10.47 12.00 13.69 17.59 13.69 
5.73 7.25 7.42 10.47 Il. 83 13.69 17.59 13.53 
5.90 6.41 6.75 9.63 12.34 12.85 17.08 13.53 
5.73 0.41 6.75 9.12 12.51 12.68 17.25 13 .02 
5.73 6.41 6.58 8.95 12.51 12.34 17.25 12.85 
5.73 6.07 6.41 8.10 12.00 13.19 16.75 12.51 
5.73 6.24 6.24 8.27 12.34 12.34 16.07 12.51 
5.56 6.24 6.41 8.61 12.85 13.02 16.58 12.68 
5.39 6.07 6.41 8.27 12.17 12.68 17.08 12.17 
5.56 5.90 6.24 7.93 12.00 12.85 16.92 12.17 
5.56 6.07 6.24 7.93 11.83 13.02 16.75 ll.83 
5.73 5.90 6.24 7.76 11.32 13.02 16.75 11.83 
5.39 5.90 6.24 7.59 10.64 13.19 16.58 ll.66 
5.56 5.73 6.07 7.59 10.14 12.85 16.24 11.49 
5.73 5.56 5.90 7.42 9.80 12.85 15.56 ll.49 
5.22 5.56 6.07 7.42 9.80 12.85 15.73 11.49 

AVERAGE VALUES: 
6.95 7.46 8.63 11.07 12.68 13.36 17.46 13 .14 

Table 1-4: ELECTRODE POLARIZATION POTENTIALS 
TEST SERIES #6 - REVERSED POLARlTY 

61 

14.20 
14.20 
12.00 
13.02 
11.49 
13.36 
13 .02 
11.66 
12 311 

12.17 
12.17 
12.17 
12.17 
13.86 
13.69 
13.53 
13.19 
13.19 
U.02 
13.02 
12.85 
12.85 
12.85 
1L.68 
12.68 
13.69 
13.69 
13.69 
13.02 
13.53 
13.53 
13.53 
13.36 
13.19 
13 02 
12.85 
12.68 
12.00 
12.00 

12.95 
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-\. 

ELECTRODE POLARIZATION POTENTIALS 
NORMAL POLARITY 

Half Cell Potentia1 Equation: E - -0.987 + (0.059 * pH) 

TEST SERIES #7 

7C 7D 7E 

13.00 7.58 5.88 
11.64 7.41 5.37 
10.46 8.59 5.71 
9.78 7.92 7.41 
7.92 9.78 7.92 
7.24 9.95 8.42 
6.90 9.95 7.41 
6.39 9.78 6.90 
6.05 10.29 8.76 
6.22 10.46 8.76 
6.73 10.46 9.10 
6.73 10.',6 8.93 
6.73 10.46 8.93 
6.73 10.80 9.78 
6.90 10.63 9.27 
6.90 10.63 8.76 
6.90 10.63 8.59 
6.73 10.63 8.59 
6.73 10.80 9.10 
6.56 10.46 7.41 
6.73 10.97 8.93 
6.73 10.97 8.42 
6.73 10.97 8.42 
6.73 10.97 8.08 
6.56 11.14 8.42 
6.73 10.97 7.92 
6.73 11.14 7.n 
6.73 11.14 7.92 
6.73 11.31 7.75 
6.73 11.14 7.75 
6.73 11.31 7.75 
6.73 11.31 7.75 
6.73 11.31 7.75 
6.90 11.14 7.24 
7.24 11.14 8.93 
6.90 10.97 8.76 
6.73 10.97 8.59 
6.56 10.97 7.92 
6.56 11.31 9.61 

.-
j AVERAGE VALUES: 

7.22 10.48 8.12 

Table 1-5: Electrode Polarization Potentia1s 
Test Series #7 - Normal Polarity 

n 
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1 
ELECTRODE POLARI7~TION POTENTIALS 

REVERSED POlARITY 

HaH Cell Potentia1 Equation: E ~ 0.242 + 1 • 59 * pH) 

TEST SERIES #7 

7e 70 7E 

13.19 13.36 14.20 
13.02 12.85 13 .69 
12.85 12.68 13.53 
13.19 14.20 13.69 
11.83 12.68 12.51 
11.15 12.68 12.85 
10.98 12.68 12.85 
10.14 12.68 13.19 
10.47 12.00 13.02 
10.14 11.49 13.36 

9.46 11.15 13.53 
9.12 11.32 13.53 
8.78 11. 32 13.53 
8.44 11 49 12.85 
8.27 11.49 12.85 
8.27 11.66 13.19 
7.59 l2.17 13.02 
7.25 12.34 12.85 
7.42 11.32 12.85 
7.76 10.47 13.02 
7.42 10.14 13.02 
7.42 9.46 12.85 
7.42 8.78 12.85 
7.25 8.10 12.85 
6.92 7.08 12.85 
7.08 8.10 12.85 
7.08 7.93 12.85 
6.92 7.93 12.85 
7.08 '/.76 13.02 
6.92 7.93 13.19 
6.92 7.93 13.36 
6.92 8.10 13.36 
6.92 3.10 13.36 
6.92 8.27 12.34 
6.41 10.14 12.85 
6.75 10.98 13.36 
6.92 11.83 13.69 
6.75 10.47 12.17 
6.75 9.63 11.15 

""'-
AVERAGE VALUES: 

8.~1 10.53 13.05 

Table 1-6: ELECTRODE POIARIZATION POTENTIALS 
TEST SERIES #7 - REVERSED POLARITY 
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pH OF CONCRETE-EMBEDDED ELECTRODES 
TEST SERIES #5 
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Figure 1-1: pH of Concrete-Embedded Electrodes 
Tec;t Series #5 
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pH OF CONCRETE-EMBEDDED ELECTRODES 
TEST SERIES #6 
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Test Series #6 
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pH OF CONCRETE-EMBEDDED ELECTRODES 
TEST SERIES #7 
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APPENDIX J 

Electrode Resistance Results 
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The follow.l.ng graphs represent the ohmic resistance 

offered by the pair of electrodes, not the "polarü,ation" 

resistance of each electrode. It is computed by considering 

the measured current, A, and the corresponding voltage, V, 

across the "system". In this case, l/resistance (Le., A/V) is 

plotted to illustrate the effect of immersio time on 

corrosion. Corresponding specimens from Test Series #5 and #6, 

having the same cover depth, are cnmpared, while those of the 

specimens in Test Series #7 are also presented. 
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EFFECT OF IMME!:'~SION TI ME ON CORROSION 
CLEAR CaVER - 7/16 in. (11.1 mm) 
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Figure J-1: Specimens #58 and #68 
Effect of Immersion TIme on Corrosion 
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EFFECT OF IMMERSION TIME ON CORROSION 
CLEAR COVER - 11/16 in. (17.6 mm) 
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EFFECT OF IMMERSION TIME ON CORROSION 
CLEAR COVER - 15/16 in. (23.8 mm) 
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EFFECT OF IMMERSION TIME ON CORROSION 
CLEAR COVER - 1-3/16 in. (30.2 mm) 
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Effect of Immersion lime on Corrosion 
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EFFECT OF IMMERSION TI ME ON CORROSION 
CLEAR COVER - 1-7/16 in.(36.5 mm) 
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Effect of Immersion Time on Corrosion 
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EFFECT OF IMMERSION TIME ON CORROSION 
CLEAR COVER - 1-11/16 in. (42.9 mm) 
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Figure J-6: Specimens #5G and #6G 
Effect of Immersion Time on Corrosion ' 
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EFFECT OF IMMERSION TIME ON CORROSION 
CLEAR COVER - 2 in. (50.8 mm) 
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EFFECT OF IMMERSION TIME ON CORROSION 
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Figure J-8: Specimens #51 and #61 
Effect of Immersion lime on Corrosion 
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EFFECT OF IMMERSION TIME ON CORROSION 
TEST SERIES #7 
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APPENDIX K 

Corrosion Current Results 



K-2 

The corrosion current, ic~r' is one of the indicators of 

the corrosion activity occurring at the lollipQP specimens. 

Graphs of i
corr 

vs immersion time, for both polarity positions, 

are presented in this appendix. 
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APPENDIX L 

Electrical Conductance Results 
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The electrical conductance, G, is cornputed as the 

logarithm of the inverse of the electrode "polarization" 

resistance of each specimen. The variations of conductance, 

for each specimen of the test series, is shown in the 

following pages. 
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APPENDIX M 

Metal Oxidation Rates 
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M-2 

This appendix presents the calculated rate of metal 

oxidation as predicted by theoretical formulation, based on 

othe measured current values. For each specimen, the maximum, 

the minimum, and the average current values are used to 

compute the corresponding oxidation rates. The average rate is 

then multiplied by the immersion period (45 days) to predict 

the average mass loss of each specimen. 'rhis in turn is 

compared with the gravimetric measurements presented in 

Appendix G. 

i 



SPECIMEN 
# 

5A 
5B 
5C 
5D 
5E 
5F 
5G 
5H 
SI 

6A 
6B 
6C 
6D 
6E 
6F 
6G 
6H 
61 

7A 
7B 
7C 
7D 
7E 

n 

H-3 

IRON OXIDATION RATES 
CONCRETE- E/tBEDDED ELECTRODES 

EQUATION: dwjdt - (1 * Mw)j(n * F) 

where 

MAXIMUM 

24.15 
14.34 
14.77 

6.74 
2.87 
3.12 
0.77 
1.10 
2.16 

21. 74 
10.88 

6.21 
3.45 
1. 28 
0.77 
0.29 
0.97 
0.68 

72.70 
58.90 

3.24 
0.36 
0.61 

dwjdt - meta1 oxidation rate (gjs) 
1 ~ current (A) 

Mw - mo1ar weight of iron (g) 
n ~ oxidation state (assume +2) 
F - Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE (mgjday) 

MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 

12.80 16.267 603.90 320.08 406.77 
7.24 9.382 358.59 181.04 234.61 
6.94 8.801 369.34 173.54 220.08 
4.19 5.547 168.54 104.78 138.71 
1.22 1.515 71.77 30.51 37.88 
0.84 1.407 78.02 21.01 35.18 
0.05 0.164 19.25 1.25 4.10 
0.09 0.248 27.51 2.25 6.20 
0.21 0.831 54.01 5.25 20.78 

12.51 14.967 543.63 312.83 374.27 
I~. 53 8.595 272.07 113.28 214.93 
0.63 4.743 155.29 15.75 118.60 
0.13 1.419 86.27 3.25 35.48 
0.05 0.326 32.01 1.25 8.15 
0.04 0.162 19.25 1.00 4.05 
0.01 0.077 7.25 0.25 1.93 
0.12 0.329 24.26 3.00 8.23 
0.07 0.233 17.00 1. 75 5.83 

45.60 52.032 1817.94 1140.28 1301.12 
43.40 47.649 1472.86 1085.27 1191.52 
0.02 2.256 81.02 0.50 56.41 
0.05 0.096 9.00 1.25 2.40 
0.13 0.261 15.25 3.25 6.53 

Table M-l: Iron Oxidation Rates 
Concrete-Embedded Electrodes 



SPECIMEN 
# 

SA 
5B 
5C 
50 
SE 
5F 
5G 
5H 
SI 

6A 
6B 
6e 
60 
6E 
6F 
6G 
6H 
6r 

7A 
7B 
7C 
70 
7E 

M-4 

IRON OXIDATION RATES 
CATHODES 

EQUATION: dw/dt ~ (1 * Mw)/(n * F) 

where 

MAXIMUM 

46.70 
24.27 
21.09 
17.24 
10.60 
10.39 
9.04 

10.54 
9.18 

44.90 
19.31 
13.56 
8.14 
8.62 
7.08 
7.05 
6.37 
7.76 

142.20 
110.60 

8.38 
0.93 
3.59 

dw/dt - metal oxidatioll rate (g/::.) 
l = current (A) 

Mw = mo1ar wpight of iron (g) 
n = oxidation state (asswne .. 2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIOATION RATE (mg/day) 

MINIMUM AVERAGE MAXIMUM MINIMUM 

35.10 40. 5/~2 1167.79 877.71 
17.22 20 ./~80 606.90 430.61 
16.63 18.134 527.38 415.85 

8.73 11.782 431.11 218.30 
4.07 5.126 265.06 101. 77 
3.46 4.798 259.81 86.52 
2.35 3.400 226.06 58.76 
2.39 3.567 263.56 59.76 
2.44 3.864 229.56 6l.01 

12.51 14.967 1122.77 312.83 
12.90 18.226 482.87 322.58 

6.49 10.287 339.08 162.29 
3.43 4.859 203.55 85.77 
3.44 4.252 215.55 86.02 
2.62 3.556 177 .04 65.52 
2.49 3.484 176.29 62.27 
2.09 2.897 159.29 52.26 
l. 94 2.931 19/., 05 48.51 

86.30 128.289 3555.87 2158.03 
55.90 98.129 2765.68 1397.84 
0.84 6.070 209.55 21.01 
0.22 0.391 23.26 5.50 
1.11 2.605 89.77 27.76 

Table M-2: IRON OXIDATION RATES 
CATHODES 

AVERI\GE 

1013.80 
512.13 
453.46 
294.62 
128.18 
119.98 

85.02 
89.20 
96.62 

374.27 
455.76 
257.24 
121.50 
106.33 

88.92 
87.12 
72.44 
73.29 

3208.01 
2453.83 

151. 79 
9.78 

65.14 



SPECIMEN 
If 

SA 
SB 
SC 
5D 
SE 
5F 
5G 
5H 
SI 

6A 
6B 
6c 
6D 
6E 
6F 
6G 
6H 
61 

7A 
7B 
7C 
7D 
7E 

IMMERSION 
PERIOD 
(days) 

45 
45 
45 
45 
45 
45 
45 
45 
45 

45 
45 
45 
45 
45 
45 
45 
45 
45 

24 
30 
45 
45 
45 

M-S 

COMPARISON OF MASS LOSS 
THEORETICAL versus GRAVIMETRIC 

THEORETICAL GRAVIMETRIe 

AVERAGE AVERAGE AVERAGE 
OXIDATION MASS MASS 

RATE LOSS LOSS 
(mg/day) (g) (g) 

406.77 18.30 15.39 
234.61 10.56 6.82 
220.08 9.90 5.46 
138.71 6.24 2.33 

37.88 1. 70 0.78 
35.18 1.58 1.59 
4.10 0.18 2.75 
6.20 0.28 1.40 

20.78 O. 91~ 2.14 

374.27 16.84 15.83 
214.93 9.67 7.75 
118.60 5.34 3.42 
35.48 1.60 6.12 
8.15 0.37 0.76 
4.05 0.18 0.67 
1. 93 0.09 0.90 
8.23 0.37 0.05 
5.83 0.26 0.43 

1301.12 31.23 92.16 
1191. 52 35.75 64.78 

56.41 2.54 0.37 
2.40 0.11 0.73 
6.53 0.29 0.51 

DIFFERENCE 
(g) 

-2.91 
-3.74 
-4.44 
-3.91 
-0.92 
0.01 
2.57 
1.12 
1.20 

-1.01 
-1. 92 
-1.92 
4.52 
0.39 
0.49 
0.81 

-0.32 
0.17 

60.93 
29.03 
-2.17 
0.62 
0.22 

Table M-3: THEORETICAL vs GRAVIMETRIe MASS LOSS 
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APPENDIX N 

Corrosion Current vs 

Electrode Polarization Resistance 

Results 
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The following graphs represent the trend developed 

between the corrosion current, i corr ' and the electrode 

"polarization" resistance for each specimen. Best-fit curves 

are drawn to represent these trends. Both polarity modes are 

illustrated. 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
Concrete-Embedded Anode - Specimen # 5E-----
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CORROSION CURRENT vs RESISTANCE 
Concrete-Embedded Anode - Specimen #6G 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
Concrete-Embedded Cathode - Specimen #5E 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
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CORROSION CURRENT vs RESISTANCE 
Concrete-Embedded Cathode - Specimen #61 
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CORROSION CURRENT vs RESISTANCE 
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APPENDIX 0 

Test Series #5 and #6 

Comparison of Resistance and Current Results 



0-2 

In order to assess the effect of the strength of 

electrolyte solution on the corrosion activity, specimens from 

both Test Series #5 and #6 having the same thickness of the 

concrete cover are compared directly. This is done in the 

fOllowing pages, with comparisons being made for both the 

current variation and the electrode "polarization" resistance. 

Both normal and reversed polarity positions are considered. 
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APPENDIX P 

Test Series #5 

Potential and Current Measurements 
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This appendix lists the daily recordings of both the 

voltage potentials and current measurements for each of the 

specimens in Test Series #5. The data includes recordings of 

both normal and reversed polarity modes. The electrode 

"polarization" resistances, calculated as discussed in section 

6.1.1, are also presented. 
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SPECIMEN #: 5A 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Yater-Cement Ratio: 0.45 (2'~ hours curing) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy No.1S 
Clear Cover: 7.9 nUll (5/16 in. ) 

Starting Date: December 15, 1990 
Ending Date: Janudry 29, 1991 
lnunersion Period 1~5 days 

NORHAL l'Ol..J\RITY 
(Concrete-Embedded Anode) 

Electrode Potentials (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (OhlUs) 

(D-M-Y) (mA) (V) ON Off' ON OFF ANODE CATHODE 

15-12-90 2/L 15 0.863 0.13 -0.55 -0.79 -0.63 28.12 -6.42 
17-12-90 23.72 0.869 0.00 -0.60 -0.93 -0.84 25.25 -3.58 
18-12-90 23.08 0.872 -0.17 -0.61 -1.16 -0.99 18.85 -7.37 
19-12-90 21. 57 0.889 -0.17 -0.59 -1.18 -1.03 19.47 -7.00 
20-12-90 21.46 0.884 -0.17 -0.57 -1.16 -1.04 18.41 -5.59 
21-12-90 20.19 0.891 -0.19 -0.56 -1.17 -1.03 18.38 -6.93 
22-12-90 19.95 0.894 -0.19 -0.56 -1.17 -1.03 18.40 -7.02 
24-12-90 18.91 0.898 -0.17 -0.53 -1.14 -1.03 19.25 -5.82 
26-12-90 17.57 0.899 -0.17 -0.53 -1.15 -1.03 20.77 -6.83 
27-12-90 16.81 0.901 -0.17 -0.54 -1.14 -1.03 21. 89 -6.54 
28-12-90 16.74 0.902 -0.17 -0.53 -1.14 -1. O'~ 21. 68 -5.97 
29-12-90 16.44 0.905 -0.17 -0.53 -1.12 -1.03 22.08 -5.47 
31-12-90 16.30 0.915 -0.16 -0.53 ·1.14 -1,03 22.76 -b.75 
02-01-91 15.75 0.922 -0.15 -0.52 -1.15 -l.03 23.7'> -7.62 
03-01-91 15.67 0.924 -0.15 -0.52 -1.14 -1.04 23.55 -6.38 
04-01-91 15.47 0.926 -0.15 -0.52 -1.14 -1. 04 23.53 -6.46 
05-01-91 15.85 0.916 -0.16 -0.52 -1.13 -1.02 22.90 -6.94 
07-01-91 15.08 0.918 -0.16 -0.52 -1.13 -1. 02 2/~. 47 -7.29 
08-01-91 14.91 0.921 -0.17 -0 53 -1.11 -1.02 23.81 -6.04 
09-01-91 13.60 0.926 -0.18 -0.52 -1.15 -1. 03 2~.OO -8.82 
10-01-91 13.75 0.925 -0.16 -0.52 -1. 16 -1.0'3 2~.89 -9.45 
11-01-91 13.75 0.925 ~O.17 -0.52 -1.16 -1. 03 25.38 - 9.145 
12-01-91 13.97 0.927 -0.16 -0.52 -1. H -1.00 25.84 -11. 52 
14-01-91 14.12 0.928 -0.15 -0.52 -1.15 -1.00 26.27 -10.98 
15-01-91 14.96 0.924 -0.16 -0.52 -1.16 -1. 01 24.20 -10.03 
16-01-91 14.98 0.923 -0.16 -0.51 -1.15 -l. 02 23.56 -8.68 
17-01-91 15.28 0.923 -0.16 -0.51 -1.15 -1.02 23.23 -8.51 
18-01-91 15.36 0.927 -0.16 -0.51 -1.16 -1.01 22.85 -9.77 
19-01-91 15.16 0.925 -0.16 -0.51 -1.15 -1. 03 23.28 -7.92 
21-01-91 13.85 0.932 -0.16 -0.51 -1.16 -1. 03 25.13 -9.39 
22-01-91 13.16 0.935 -0.16 -0.51 -1.16 -0.99 26.75 -13.30 

.... 
23-01-91 12.85 0.932 -0.14 -0.51 -1.16 -0.98 28.33 -1I~.09 
24-01-91 13.96 0.924 -0.16 -0.51 -1.16 -0.98 25.07 -12 68 
25-01-91 12.84 0.926 -0.16 -0.51 -1.15 -1.00 26.79 -11. .68 
26-01-91 13.08 0.925 -0.16 -0.51 -1.16 -1.00 26.76 -12.23 
28-01-91 13.53 0.924 -0.16 -0.51 -1. 15 -1. 01 26.24 -10.50 
29-01-91 14.06 0.922 -0.16 -0.51 -1. 15 -l. 03 24.89 -8.61 
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SPECIMEN #: SA 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Cover: 7.9 mm (5/16 in.) 

Starting Date: December 15, 1990 
Ending Date: January 29, 1991 
Immersion Period: 45 days 

REVERSED POlARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

lS-ll-90 46.16 0.713 l. 36 0.87 0.50 0.64 10.57 -3.16 
17-12-90 44.80 0.736 l.43 0.80 0.49 0.70 14.00 -4.69 
16-12-90 43.60 0.762 l.52 0.73 0.48 0.75 18.17 -6.08 
19-12 -90 44.90 0.755 l.44 0.71 0.48 0.70 16.21 -4.94 
20-12-90 37.40 0.796 l.49 0.73 0.52 0.68 20.27 -4.28 
21-12-90 44.60 0.756 l.49 0.67 0.50 0.72 18.45 -4.96 
22-12-90 46.70 0.747 l.52 0.66 0.54 0.71 18.50 -3.68 
24-12-90 45.20 0.755 l. 52 0.65 0.53 0.71 19.23 -3.92 
26-12-90 '.4.80 0.755 l. 52 0.65 0.54 0.71 19.35 -3.77 
27-12-90 42.90 0.755 1. 53 0.65 0.55 0.70 20.58 -3.71 
28-12-90 43.10 0.761 l. 52 0.64 0.55 0.69 20.51 -3.36 
29-12-90 43.30 0.760 l. 52 0.63 0.55 0.69 20.53 -3.14 
31-12-90 44.50 0.759 1. 54 0.62 0.58 0.71 20.65 -3.01 
02-01-91 42.20 0.777 l. 56 0.62 0.57 0.71 22.20 -3.36 
03-01-91 42.40 0.774 1. 54 0.62 0.57 0.71 21.72 -3.28 
04-01-91 42.10 0.771 l. 55 0.62 0.56 0.71 22.09 -3.61 
05-01-91 42.80 0.767 1. 53 0.62 0.55 0.70 21.19 -3.71 
07-01-91 39.50 0.783 l. 52 0.61 0.54 0.69 22.94 -3.75 
08-01-91 36.50 0.791 l.48 0.61 0.49 0.66 23.75 -4.60 
09-01-91 38.30 0.785 l. 51 0.62 0.50 0.65 23.32 -3.99 
10-01-91 38 10 0.785 1. 51 0.61 0.50 0.65 23.54 -3.88 
11-01-91 37.60 0.795 l. 50 0.61 0.57 0.65 23.75 -2.29 
12 01-91 37.80 0.795 1. 50 0.61 0.51 0.66 23.68 -3.97 
1l.-01-91 37.90 0.795 l. 50 0.60 0.50 0.66 23.67 -4.14 
15-01-91 40 40 0.785 1. 51 0.60 0.50 0.66 22.48 -3.94 
16-01-91 40.80 0.783 l. 50 0.60 0.50 0.66 22.03 -3.92 
17-01-91 39.60 0.784 1. 50 0.60 0.50 0.66 22.75 -4.07 
18-01-91 40.10 0.791 l. 50 0.59 0.50 0.66 22.74 -4.06 
19-01-91 40.30 0.785 1. 50 0.59 0.50 0.66 22.56 -4.07 
21-01-91 36.90 0.807 1. 50 0.59 0.50 0.66 24.74 -4.50 ., 22-01-91 35.20 0.814 1. 50 0.58 0.50 0.65 26.11 -4.23 
23-01-91 3, 10 0.803 1. 51 0.58 0.52 0.65 26.52 -3.73 
24-01-91 35.60 0.805 1.49 0.58 0.49 a 65 25.51 -4.38 
25-01-91 36.90 0.794 1. 51 0.58 0.50 0.66 25.23 -4.31 
26-01-91 37.00 u.794 l. 50 0.58 0.51 0.65 24.78 -3.89 
28-01-91 37.60 0.791 l. 50 0.59 0.51 0.65 24.18 -3.54 
29-01-91 37 '+0 0.792 l. 50 o 59 0.51 0.64 24.25 -3.66 



VARIABLES: 

DATE 
(D-M-Y) 

13-12-90 
14-12-90 
15-12-90 
17-12-90 
18-12-90 
19-12-90 
20-12-90 
21-12-90 
22-12-90 
24-12-90 
26-12-90 
27-12-90 
28-12-90 
29-12-90 
31-12-90 
02-01-91 
03-01-91 
04-01-91 
05-01-91 
07-01-91 
08-01-91 
09-01-91 
10-01-91 
11-01-91 
12-01-91 
14-01-91 
15-01-91 
16-01-91 
17-1'1-91 
18 01-91 
19-01-91 
21-01-91 
22-01-91 
23-01-91 
24-01-91 
25-01-91 
26-01-9l 

l 
(mA) 

9.07 
13.71 
14.34 
14.01 
13.66 
13.06 
11.04 
11.02 
11.02 
10.55 

9.67 
9.38 
9.22 
9.04 
8.94 
8.71 
8.72 
8.75 
8.82 
8.70 
8.16 
7.76 
7.37 
7.76 
7.88 
8.02 
8.61 
8.75 
9.05 
8.<n 
8.48 
7.68 
7.35 
7 .1~0 
7.88 
7.24 
7.37 

P-s 

SPECIMEN #: SB 

Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cernent Ratio' 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy No.15 
C1ear Caver: ] 1 1 mm (7/16 in.) 

Starting Date: Dpcember 17, 1990 
Ending Date. January 26, 1991 
Immersion Period' 1,5 days 

Volt 
(V) 

0.940 
0.930 
0.921 
0.922 
0.924 
0.927 
0.941 
0.942 
0.942 
0.945 
0.941 
0.943 
0.944 
0.945 
0.955 
0.959 
0.959 
0.958 
0.955 
0.955 
0.958 
0.962 
0.966 
0.962 
0.962 
0.963 
0.957 
0.957 
0.957 
0.963 
0.962 
0.963 
0.965 
0.958 
0.956 
0.956 
0.956 

NORMAL POIARITY 
(Concrete-Emhedded Anode) 

Electrode Potentia1s (V) 
ANODE CATHODE 

ON OFF ON OFF 

-0.53 -0.90 -1.46 -1. 32 
-0.37 -0.79 -1. 32 -1. 17 
- .48 -0.89 -1.39 -1. 27 
-0.49 -0.90 -1. 37 -1. 28 
-0.49 -0.90 -1.36 -1.30 
-0.49 -0.82 -1. 33 -1. 16 
-0.50 -11.88 -1. 25 -1 07 
-0.49 -0.85 -1.40 -1.29 
-0.44 -0.81 -1. 35 -1.24 
-0.43 -0.84 -1.28 -l. 23 
-0.48 -0.84 -1.40 -1.29 
-0.47 -0.83 -1.39 -1 29 
-0.50 -0.83 -1.40 -1.30 
-0.52 -0.83 -1. 41 -1. 31 
-0.47 -0.83 -l.41 -1.30 
-0.50 -0.85 -l.43 -1 31 
-0.44 -0.79 -1. 37 -1 .28 
-0.44 -0.73 -l.41 -1 2? 
-0.53 -0.87 -1 .43 -1 14 
-0.49 -0.85 -l. 41 -1.34 
-0.54 -0.86 -1.40 -1. 30 
-0.53 -0.85 -1. 37 -1.32 
-0.52 -0.84 -1.38 -1. 31 
-0.48 -0.81 -1.38 -1.29 
-0.48 -0.80 -1.34 -1. 27 
-0.48 -0.78 -1. 31 -1.24 
-0.50 -0.78 -1.33 -1.20 
-0.52 -0.80 -1.34 -1.24 
-0.52 -0.77 -1. 31 -1.16 
-0.52 -0.82 -1. 35 -1.24 
-0.46 -0.82 -1. 35 -1. 23 
-0.46 -0.81 -1.38 -1. 22 
-0.49 -0.80 -1. 39 -1. 27 
-0.48 -0.80 -1.38 -1. 25 
-0.42 -0.80 -1. 33 -1. 26 
-0.47 -0.78 -1. 33 -1. 23 
-0.47 -0.78 -1.34 -1.24 

ElectrodE' 
Resistance (Ohms) 

ANODE CATHODE 

41.01 
31 15 
28.59 
29.34 
30.23 
25.42 
35.14 
32.76 
33.12 
38.77 
37.23 
38 17 
36 66 
31~ . 18 
LlO 38 
40.99 
39 68 
33.49 
37 53 
41 38 
39 22 
40.98 
43.96 
42.65 
40.61 
37.78 
31.48 
32.69 
28.18 
34.15 
42.':>7 
'~5. 44 
42.18 
43.24 
48.35 
42 54 
ft 1.79 

-15.66 
-11.09 
-8.51 
- 6.6 /, 
-4.54 

-12.94 
-16.30 
-9.98 
-9.98 
-4.74 

-Il. 38 
-10.66 
-10.85 
-11. 06 
-17 . 30 
-11 .48 
-10.32 
-21.71 
-1 J .20 
-8.05 

-12 2':> 
-6.44 
-9.50 

-11.60 
-8.88 
-8.73 

-15.10 
-11 .43 
-16.57 
-12.32 
-14.15 
-20.83 
-16.33 
-17.~7 

-8.88 
-13.81 
-13 57 



P-6 

1 SPECIMEN #: SB 

VARIABLES lmpressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (10l. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy No.15 
C1eil! Cover: 11.1 mm (7/16 in. ) 

Starting Date: December 12, 1990 
Ending Date: January 26, 1991 
lnunersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

13-12-90 17.22 0.9l0 1. 85 l.34 0.82 0.96 29.38 -8.19 
14-12-90 22.46 0.870 1. 67 1.03 0.70 0.85 28.14 -6.86 
15-12-90 24.27 0.867 1. 73 0.93 0.69 0.88 32.96 -7.66 
17-12-90 24.26 0.867 1. 73 0.91 0.69 0.88 34.17 -7.67 
18-12-90 24.26 0.866 l. 74 0.87 0.70 0.88 35.86 -7.54 
19-12-90 23.79 0.868 1. 71 0.90 0.70 0.83 34.26 -5.55 
20-12-90 2l.11 0.885 1. 65 0.87 0.68 0.80 37.09 -5.59 
21-12-90 21.45 0.883 1.1.5 0.82 0.57 0.72 29.37 -6.81 
22-12-90 22.73 0.877 1. 71 0.86 0.58 0.82 37.22 -10.69 
24-12-90 2l. 99 0.881 1.46 0.84 0.55 0.82 28.24 -12.55 
26-17-90 20.02 0.885 1. 68 0.89 0.67 0.84 39.41 -8.19 
27-12-90 19.95 0.885 1. 75 0.88 0.67 0.84 43.46 -8.22 
28-12-90 19.94 0.885 1. 69 0.88 0.67 0.84 40.67 -8.53 
29-12-90 19.92 0.885 1. 70 0.88 0.67 0.84 4l.42 -8.63 
31-12-90 19.37 0.887 1.80 0.84 0.74 0.88 49.46 -7.12 
02-01-91 20.89 0.893 1. fi ... 0.86 0.77 0.91 46.10 -6.27 
03-01-91 20.68 0.893 1. 82 0.84 0.76 0.90 47.29 -6.67 
04-01-91 20.55 o 894 1. 83 0,83 0.76 0.90 48.71 -6.96 
05-01-91 20.7/. 0.893 1. 83 0.80 0.74 0.89 49.66 -7.18 
07-01-91 19.91 0.897 1.82 0.79 0.73 0.86 5l.68 -7.48 
08-01-9l 18.62 0.903 1. 82 0.80 0.69 0.88 54.73 -10.53 
09-01-9l 18.89 0.902 1. 81 0.85 0.70 0.86 50.61 -8.05 
10-01-91 1B.81 0.902 l. 68 0.79 0.67 0.77 "~7. 32 -5.26 
11-01-91 18.60 0.903 1. 30 0.76 0.73 0.76 29.09 -1.77 
12-01-91 19.04 0.900 1.69 0.79 0.71 0.81 47.37 -5.36 
14-01-9l 19 56 0.896 1. 73 0.81 0.69 0.85 47.03 -8.13 
15-01-9l 20.3/. 0.893 1. 71 0.79 0.70 0.79 45.16 -3.98 
16-01-9l 21.30 0.885 1.80 0.83 0.75 0.86 45.68 -5.21 
17-01-9l 21.24 0.885 1. 78 0.83 0.75 0.83 44.68 -4.14 
18-01-91 21.93 0.890 l. 77 0.85 0.76 0.86 41.77 -4.70 

" 
19-01-9l 21. 20 0.893 1. 86 0.85 0.75 0.89 47.88 -6.56 
21-01-91 19.16 0.903 1. 76 0.84 0.74 0.89 47.91 - 7.78 
22-01-91 18.49 0.906 1. 73 0.82 0.73 0.90 49.27 -9.03 
23-01-91 18.21 0.895 1. 73 0.81 0.73 0.89 50.30 -9.17 
24-01-91 19.86 0.891 l.77 0.82 0.73 0.89 48.04 -7.96 
25-01-91 18.44 0.893 1. 73 0.79 0.73 0.B8 50.98 - 8.13 
26-01-91 18 57 0.892 1. 75 0.79 0.73 0.88 51.75 -8.02 



VARIABLES: 

DATE 
(D-M-Y) 

13-12-90 
14-12-90 
15-12-90 
17-12-90 
18-12-90 
19-12-90 
20-12-90 
21-12-90 
22-12-90 
24-12-90 
26-12-90 
27-12-90 
28-12-90 
29-12-90 
'H-12-90 
02-01-9l 
03-01-91 
04-01-91 
05-01-91 
07-01-91 
08-01-9l 
09-01-9l 
10-01-91 
11-01-9l 
12-01-91 
14-01-91 
15-01-91 
16-01-91 
17 -01-9l 
18-01-91 
19-01-91 
2l-01-91 
22-01-91 
23-01-91 
24-01-91 
25-01-91 
26-01-91 

P-7 

SPECIMEN #: SC 

Impressed Voltage: 1.0 V 
Distance Bet-ween Electrodes I~ i Il (101.6 IIlm) 

Water-Cement Ratio: 0 45 (2l~ hours l'ur i ng) 
Electrolyte Solution: 10 0% NaCl 
Electrodes: Non-Epoxy No 15 
Clear COVCI-: 17.) nun (11/16 in.) 

Starting Date: Decemùer 12, 19<)0 
Ending Date: Jalluary 76, 1991 
Immersion Period' Ils days 

NORMAL POlAR 1 Tl' 
(Concret.e-Embeddpd Anodp) 

Electrode Potentia1s (V) Electrode 
1 

(mA) 
Volt 
(V) 

14.77 0.930 
13.65 0.930 
12.94 0.931 
11.36 0.938 
10.6ft 0.942 
10.28 0.945 

9.68 0.948 
9.61 0.948 
9.65 0.947 
9.27 0.950 
8.72 0.950 
8.68 0.951 
8.67 0.951 
8.60 0.952 
8.58 0.95/+ 
8.38 0.955 
8.41 0.955 
8.48 0.954 
8.43 0.953 
8.08 0.955 
7.71 0.957 
7.43 0.958 
7.47 0.958 
7.39 0.959 
7.44 0.959 
7.52 0.959 
7.98 0.956 
8.07 0.955 
8.46 0.954 
8.37 0.955 
7.91 0.957 
7.34 0.960 
7.01 0.961 
7.190.960 
7 ./~8 0.958 
6.94 0.961 
7.06 0.960 

ANODE CATHODE Resistance (Ohms) 
ON OFF ON OFF ANODE CATHODE 

-0.49 
-0.85 
-0.47 
-0.31 
-0.21 
-0.14 
-0.13 
-0.12 
-0.1'2 
-0.12 
-0.12 
-0.12 
-0.12 
-0.12 
-0.12 
-0.13 
-0.13 
-0.13 
-0.13 
-0.13 
-O. lJ 
-0.14 
-0.14 
-0.14 
-0.14 
-0.13 
-0.13 
-0.14 
-0.13 
-0.13 
-0.14 
-0.13 
-0.14 
-0.14 
-0.13 
-0.14 
-0.13 

-0.98 
-1.13 
-0.93 
-0.82 
-0.65 
-0.60 
-0.57 
-0.55 
-0.55 
-0.53 
-0.53 
-0.53 
-0.53 
-0 52 
-0.52 
-0.52 
-0.52 
-0.52 
-0.52 
-0.52 
-0.52 
-O.~2 

-0.52 
-0 52 
-0.52 
-0.53 
-0.53 
-0.53 
-0.53 
-0.53 
-0.52 
-0.52 
-0.52 
-0.52 
-0.52 
-0.52 
-0.52 

-1. 43 
-1.32 
-1.40 
-1. 28 
-1.16 
-1.11 
-1.12 
-1.11 
-1.11 
-1.11 
-1.12 
-l.12 
-1. 12 
-1.12 
-1.11 
-1.12 
-l.12 
-1.12 
-1. 12 
-1.12 
-1.12 
-1.13 
·1.13 
-1,12 
-1 .12 
-1.12 
-1.12 
-1.12 
-1.12 
-1.12 
-1.13 
-1.13 
-1.13 
-l.13 
-1.13 
-1.12 
-1.13 

-1. 35 
-1.12 
-1.29 
-1.15 
-1.011 

-0.93 
-0.97 
-0.99 
-0.99 
-1.00 
-0.99 
-1.00 
-0.99 
-0.99 
-0.98 
-0.99 
-1.00 
-1.00 

1 00 
·0 97 
-1. 01 
-1.00 
-1.00 
-1.00 
-0.98 
-0.97 
-0.95 
-0.98 
-0.94 
-0.97 
-0.99 
-1.00 
-0.99 
-0.99 
-0.99 
-0.9j 
-0.99 

33 6'1 
20.22 
35 )) 
4/. 37 
41. 82 
44.65 
411 .94 
I~4 75 
44.04 
/.lt, 01 
46 33 
116 66 
46.48 
46.86 
I~6 . 39 
/16.90 
46.49 
45 87 
I~ 5 )5 
I~8 89 
49 I~2 

51.14 
51.41 
51.42 
57 02 
52.79 
/49.7') 

48.33 
46.93 
47.19 
48.93 
52.72 
55.21 
53.1 .. 1 
52.14 
55.76 
55.52 

- 5./12 
-1l~ .65 

-8.50 
-11.4/, 
-11.28 
-17.12 
-14.88 
-13.32 
-12.95 
-12.30 
-14.22 
-14.40 
-14.76 
-15.00 
-15.62 
-15.63 
-14.27 
- 14.74 
-15 07 
-18.56 
-15.05 
-17.36 
-17.67 
-17.19 
-18.82 
-20.08 
-22.06 
-17.72 
-2l.39 
-18.40 
-16.69 
-17.44 
-20.68 
-20.03 
-18.58 
- 18 . 59 
-19 83 



P-8 

SPECIMEN fi' ~C 

VARIABLES' lrnpre&sed Vo1t3ge: 1.0 V 
Distance Bctwecn Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% Nael 
El('ctrodcs Non-Epoxy No.15 
Clcdr Cover 17 . ~ IT'JU (11/16 in.) 

Startlng D.Hl·· December 12, 1990 
Ellding Date J,ll1uary 26, 1991 
ImJ1lersion l'erIod' 4~ duys 

REVERSLD PO!ARITY 
(Concrete-Embedded Cathode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

13-12-90 20.74 0.890 1.87 1.31 0.85 0.98 27.00 -5.88 
14-12-90 21 09 0.880 1. 78 1.09 0.76 0.89 32.72 -5.88 
15·12-90 19.94 0.892 1.82 1.08 0.77 0.92 37.11 -7.52 
17-12-90 19.56 0.893 1. 66 1.01 0.64 0.80 33.23 -7.87 
18-12-90 19.17 0.895 1.54 0.75 0.55 0.69 41.47 -7.09 
19-12-90 18.70 0.898 l.51 0.75 0.52 0.62 40.48 -5.03 
20-12-90 16.92 0.909 1.49 0.72 0.52 0.61 45.74 -5.26 
21-12-90 16.98 0.906 1.46 0.69 0.47 0.58 45.11 -6.60 
22-12-90 18.41 0.900 1.46 0.67 0.47 0.59 42.97 -6.30 
24-12-90 18.41 0.900 1.46 0.65 0.47 0.59 43.94 -6.25 
26-12-90 17.83 0.903 1.46 0.65 0.47 0.59 4~.49 -6.67 
27-12-90 17.60 0.904 1.46 0.65 0.47 0.58 45.97 -6.70 
18-12-90 17.68 0.904 1.46 0.64 0.47 0.59 46.04 -6.90 
29-12-90 17.64 0.904 l.46 0.64 0.47 0.59 46.54 -7.09 
31-12-90 17.23 0.907 1.44 0.61 0.46 0.60 48.29 -7.95 
02·01-91 18.12 0.902 1.46 0.61 0.47 0.61 46.69 -7.62 
03-01-91 18.24 0.900 1.46 o 61 0.47 0.61 46.38 -7.95 
04-01-91 18.47 0.898 1.46 0.60 0.47 0.62 46.18 -8.18 
05-01-91 18.63 0.896 1.45 0.58 0.47 0.63 46.70 -8.37 
07-01-91 17.55 0.903 l.47 0.58 0.47 0.57 50.54 -6.04 
08-01-91 16 71 0.910 1.47 0.59 0.·~8 0.65 52.78 -10.41 
09-01-91 16.68 0.910 1.46 o 61 0.47 0.59 50.54 -7.43 
10-01-91 16.63 0.910 1.46 0.62 0.47 0.58 50.69 -6.55 
11-01-91 16.65 0.910 l.48 0.61 0.48 0.61 52.07 -7.63 
12-01-91 16.97 0.907 1.50 0.61 0.49 0.62 52.50 -7.60 
14-01-91 17 .61 0.904 1. 52 0.60 0.51 0.64 51.90 -7.10 
15-01-91 18.29 0.902 1.49 0.61 0.51 0.63 48.82 -6.29 
16-01-91 19.00 0.896 1.49 0.59 0.51 0.63 47.74 -6.68 
17·01-91 19.08 0.895 1.49 0.58 0.50 0.64 48.06 -7.34 
18-01-91 19.76 0.893 1. 50 0.59 0.51 0.64 46.26 -6.68 

, 19-01-91 18.99 0.897 1.51 0.60 0.50 0.63 47.92 -6.58 
21-01-91 17.64 0.905 1.53 0.60 0.53 0.63 52.95 -5.44 
22-01-91 17.06 0.907 1.52 0.57 0.52 0.69 55.69 -9.85 
23-01-91 17 99 0.902 1.55 0.57 0.55 0.69 54.36 -7.95 
24-01-91 18.43 0.899 1.54 0.57 0.54 0.69 52.63 -8.03 
25-01-91 17.09 0.906 1.51 0.58 0.54 0.68 54.48 -7.90 
26-01-91 17.47 0.902 1. 54 0.58 0.54 0.67 55.01 -7.50 



, 
1 
l 

VARIABLES: 

DATE 
(D-M-Y) 

13-12-90 
14-12-90 
15-12-90 
17-12-90 
18-12-90 
19-12-90 
20-12-90 
21-12-90 
22-12-90 
24-12-90 
26-12-90 
27-12-90 
28-12-90 
29-12-90 
31-12-90 
02-01-91 
03-01-91 
04-01-91 
05-01-91 
07-01-91 
08-01-91 
09-01-91 
10-01-91 
11-01-91 
12-01-91 
14-01-91 
15-01-91 
16-01-91 
17-01-91 
18-01-91 
19-01-91 
21-01-91 
22-01-91 
23-01-91 
24-01-91 
25-01-91 
26-01-91 

P-9 

SPECIMEN #. 5D 

Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cernent Ratio: 0.45 (24 hours curing) 
Electrolyte Solution' 10.0% NaCl 
Electrodes' Non-Epoxy NO.15 
Clear Caver 23 8 mm (l)/16 iu ) 

Starting Date' Decernbcr 17, 1990 
Ending Date. January 20, 1991 
Immersion Period '15 days 

l 
(mA) 

Volt 
(V) 

4.24 0.970 
5.08 0.972 
4.19 0.977 
4.23 0.976 
4.69 0.973 
5.14 0.971 
4.96 0.974 
5.15 0.973 
5.14 0.972 
5.61 0.969 
5.39 0.971 
5.34 0.971 
5.1ü 0.970 
5.54 0.969 
5.59 0.969 
5.91 0.968 
6.04 0.968 
6.15 0.966 
6.21 0.965 
5.92 0.967 
5.45 0.968 
5.52 0.968 
5.70 0.968 
5.30 0.971 
5.42 0.970 
5.51 0.969 
5.92 0.968 
6.08 0.967 
6.50 0.965 
6.74 0.964 
6.30 0.965 
5.80 0.967 
5.70 0.968 
5.76 0.968 
6.12 0.965 
5.68 0.967 
5.80 0.966 

NORMAL l'OIARITY 
(Concrete-Embeddpd Anode) 

Electrode Potentials (V) 
ANODE CATHODE 

ON OFF ON OFF 

-0.05 -0.54 
-0.10 -0.58 
-0.09 -0.55 
-0.10 -0.56 
-0.11 -0.59 
-0.11 -0.58 
-0.12 -0.55 
-0.11 -0.58 
-0.11 -0.55 
-0.12 -0.59 
-0.12 -0.55 
-0.13 -0.55 
-0.13 -0.55 
-0.13 -0.55 
-0.13 -0.55 
-0.12 -0 55 
-0.12 -0.55 
-0.12 -0.55 
-0.13 -0.57 
-0.12 -0.56 
-0.12 -0 55 
-0.12 -0.54 
-0.12 -0.54 
-0.12 -0.54 
-0.12 -0.53 
-0.11 -0.53 
-0.11 -0.53 
-0.11 -0.54 
-0.11 -0.54 
-0.11 -0.55 
-0.10 -0.54 
-0.09 -0.54 
-0.10 -0.53 
-0.10 -0.53 
-0.09 -0.53 
-0 09 -0.53 
-0.09 -0.53 

-l. 05 
-1.09 
-1.09 
-l.09 
-l.11 
-1.10 
-1.12 
-l.11 
-l.11 
-l.12 
-l.11 
-1.12 
-l.12 
-l.13 
-1.13 
-1.12 
-1 12 
-l.12 
-1.12 
-l.12 
-l.11 
-l.11 
-1.11 
-1.12 
-1.11 
-l.11 
-l.11 
-l.11 
-1.11 
-1 11 
-1.09 
-1.09 
-1.10 
-1.10 
-1 .09 
-1 .09 
-1.09 

-0.96 
-0.93 
-0.90 
-0.89 
·0.88 
-0.93 
-0.97 
-0.94 
-0.93 
-C.95 
-0.96 
-0 97 
-0 97 
-0.97 
-0.98 
-0.98 
-0.98 
-0.98 
-0 95 
-0 96 
-0.96 
-0.97 
-0.96 
-0.96 
-0.97 
-0.97 
-0.98 
-0.95 
-0.95 
-0.94 
-0.93 
-0.93 
-0.94 
-0.94 
-0.94 
-0.95 
-0.95 

Electrode 
Resistance (Ohms) 

ANODE CATHODE 

116.51 
93.70 

108.83 
107.80 
103.62 
90.86 
87.70 
91.07 
86 38 
82.89 
79.59 
79.21 
78 19 
76 17 
75 67 
73.43 
70 86 
69.92 
71.18 
74.32 
78 17 
76.09 
74.39 
78.68 
76 94 
75.86 
70 10 
69.90 
66.46 
61~. 84 
70.32 
77.76 
76 49 
75.35 
70.92 
76.76 
75.00 

-20.28 
-32.09 
-46.06 
-48.46 
-49.47 
- 3i .. 05 
-29.03 
-33.20 
-34.82 
-)1.37 
·28.20 
-26.59 
-26.62 
-27.80 
-26.12 
-24.37 
-23.18 
- 22.44 
- 27 . 86 
-27.36 
-28.99 
-26.99 
-27.37 
·29.06 
-26.75 
-25.23 
-23.31 
-25.99 
-24.62 
-25.22 
-25.56 
-27 93 
-27.89 
-26.74 
- 2iL 84 
-24.82 
-24.31 



p-10 

SPECIMEN 1t: 5D 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Betwcen Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: o .l~5 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
Elec trlJdes : Non-Epoxy NO.15 
Clear Cover 23.8 mm (15/16 in.) 

Starting Date: Dccember 12, 1990 
Ending Délte: Jdl1Uary 26, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Ernbedded Cathode) 

Electrode Potentials (V) Electrode 
DATE l 'Jo1t CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

13-12-90 17.24 0.910 1.65 0.93 0.64 0.81 41.94 -9.63 
14-12-90 11.61 0.936 1.52 1.00 0.54 0.63 44.79 -7.92 
15-12-90 10.19 0.94-4 1. 54 1.00 0.54 0.62 53.48 -8.34 
17-12-90 10.21 0.944 1.52 0.93 0.54 0.62 'J8.18 8.23 
18-12-90 10.45 0.942 1.51 0.89 0.53 0.61 59.04 -7.56 
19-12-90 10.29 0.944 1.51 0.84 0.52 0.61 65.01 -9.04 
20-12-90 8.73 0.952 1.54 0.85 0.53 0.61 79.38 -9.16 
21-12-90 9.73 0.947 1.50 0.79 0.50 0.64 73.48 -14.70 
22-12-90 9.89 0.947 1.49 0.78 0.50 0.62 72.09 -11. 32 
24-12-90 10.00 0.946 l.50 0.76 0.50 0.62 73.60 -11.80 
26-12-90 10.20 0.942 1.49 0.75 0.50 0.59 72.84 -8.82 
27-12-90 10.08 0.944 , .49 0.75 0.49 0.59 73.02 -9.52 
28-12-90 10.15 0.943 1.49 0.75 0.49 0.59 73.10 -9.26 
29-12-90 10.28 0.942 1.50 0.75 0.50 0.59 72.67 -8.85 
31-12-90 10.29 0.942 1. 52 0.71 0.52 0.61 78.13 -9.23 
02-01-9l 12.16 0.934 1. 53 0.70 0.54 0.62 68.34 -7.15 
03-01-9l 11.86 0.936 1. 51 0.71 0.52 0.62 66.95 -8.18 
04-01-91 11.37 0.938 l. 51 0.74 0.51 0.62 67.99 -9.32 
05-01-91 11.78 0.936 l. 53 0.67 0.54 0.64 72.84 -8.57 
07-01-91 12.52 0.931 1. 55 0.67 0.55 0.64 69.97 -7.43 
08-01-91 12.02 0.934 1.55 0.65 0.56 0.65 74.63 -7.90 
09-01-91 12.09 0.934 1. 55 0.65 0.55 0.65 74.61 -7.86 
10-01-91 12.02 0.934 1.56 0.64 0.56 0.65 76.37 -6.82 
11-01-91 11.49 0.937 1.55 0.65 0.55 0.65 78.33 -8.79 
12-01-91 11.73 0.935 l.55 0.65 0.55 0.66 77 .15 -8.78 
14-01-91 12.26 0.934 1.55 0.64 0.55 0.66 73.98 -8.97 
15-01-91 13.28 0.927 l.56 0.64 0.56 0.66 69.05 -7.91 
16-01-91 13.36 0.926 1.56 0.64 0.56 0.67 68.86 -7.93 
17-01-91 13.86 0.925 1.55 0.64 0.57 0.67 66.31 -7.50 
18-01-91 14.38 0.923 l. 57 0.63 0.57 0.67 65.37 -6.68 
19-01-91 13.53 0.926 l. 56 0.64 0.57 0.66 68.59 -7.17 
21-01-91 12.59 0.932 1. 58 0.63 0.58 0.66 74.90 -6.67 
22-01-91 12.37 0.932 l. 57 0.60 0.57 0.67 78.90 -7.84 
23-01-91 12.95 0.929 l.58 0.60 0.58 0.66 75.52 -6.49 
24-01-91 13.66 0.925 l. 58 0.61 0.58 0.67 7l.01 -6.15 
75-01-91 12.43 0.931 1. 57 0.64 0.57 0.67 75.14 -7.48 
?6-01-91 12.88 0 927 1. 57 0.64 0.57 0.67 72.52 -7.45 



.. 

VARIABLES: 

DATE 
(D-M-Y) 

13-12-90 
14-12-90 
15-12-90 
17-12-90 
18-12-90 
19-12-90 
20-12-90 
21-12-90 
22-12-90 
24-12-90 
26-12-90 
27-12-90 
28-12-90 
29-12-90 
31-12-90 
02-01-91 
03-01-91 
04-01-91 
05-01-91 
07-01-91 
08-01-9l 
09-01-91 
10-01-91 
11-01-91 
12-01-91 
14-01-91 
15-01-9l 
16-01-91 
17-01-91 
18-01-91 
19-01-91 
21-01-91 
22-01-91 
23-01-91 
24-01-91 
25-01-91 
26-01-91 

p-l1 

SPECIMEN #: 5E 

Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 ~n) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaC1 
Electrodes: Non-Epoxy No.15 
C1ear Cover: 30.2 mm (1-3/16 in.) 

Starting Date: Dccember ]2, 1990 
Ending Date: January 26, 1991 
Immersion Period: q5 days 

1 
(mA) 

Volt 
(V) 

2.87 0.990 
2.53 0.987 
2.20 0.991 
2.02 0.991 
1. 74 0.991 
1. 88 0.990 
1.61 0.994 
1. 58 0.994 
1.58 0.994 
1.45 0.995 
1. 36 0.996 
1. 35 0.996 
1.34 0.995 
1. 35 0.995 
1. 28 0.996 
1.27 0.995 
1.39 0.995 
1. 56 0.994 
1.45 0.995 
1.36 0.995 
1. 32 0.995 
1. 33 0.995 
1.37 0.994 
1. 22 0.994 
1. 23 0.993 
1. 24 0.992 
1. 34 0.991 
1. 35 0.991 
] .52 0.989 
1. 52 0.991 
1.46 0.992 
1. 26 0.993 
1. 39 0.992 
1. 25 0.992 
1. 35 0.991 
1. 35 0.992 
1.37 0.992 

NORMAL POLARITY 
(Concrcte-Embedded Anode) 

Electrode Potentia1s (V) 
ANODE CATHODE 

ON OFF ON OFF 

-0.10 
-0.09 
-0.09 
-0.08 
-0.07 
-0.08 
-0.08 
-0.07 
-0.07 
-0.07 
-0.05 
-0.05 
-0.05 
-0.05 
-0.05 
-0.05 
-0.05 
-0.07 
-0.04 
-0.04 
-0.05 
-0.05 
-0.05 
-0.04 
-0.04 
-0.05 
-0.04 
-0.04 
-0.04 
-0.03 
-0.03 
-0.03 
-0.03 
-0.03 
-0.03 
-0.03 
-0.03 

-0.73 
-0.65 
-0.68 
-0.68 
-0.69 
-0.61 
-0.58 
-0.60 
-0.58 
-0.52 
-0.51 
-0.49 
-0.49 
-0.49 
-0.49 
-0.46 
-0.50 
-0.52 
·0.48 
-0.49 
-0.49 
-0.48 
-0.49 
-0.47 
-0.46 
-0.46 
-0.45 
-0.47 
-0.47 
-0.47 
-0.47 
-0.47 
-0.48 
-0.48 
·0.47 
-0.q7 
-0.48 

-1.12 
-1.08 
-1.0q 
-1.05 
-1.05 
-1.02 
-1.05 
-1.03 
-1.04 
-0.98 
-1.00 
-1.02 
-1.02 
-1.02 
-1.02 
-1. 01 
-1.02 
-1.04 
-1.02 
-1.01 
-l. 01 
-1.01 
-1.01 
-1.02 
-1.02 
-1.03 
-1. 03 
-1.04 
-1. 03 
-1.03 
-1. 01 
-l. 03 
-l. 03 
-l. 03 
-1.03 
-1.02 
-1.03 

-0.80 
-0.88 
-0.85 
-0.82 
-0.81 
-0.90 
-0.Q3 
-0.90 
-0.91 
-0.88 
-0.90 
-0.93 
-0.91 
-0.91 
·0.93 
-0.92 
-0.94 
-0.% 
-0.89 
-0.88 
-0.89 
-0.91 
-0.89 
-0.90 
-0.92 
-0.93 
-0.94 
-0.90 
-0.91 
-0.89 
-0.88 
-0.87 
-0.87 
-0.87 
-0.87 
-0.90 
-0.89 

Electrode 
Resistance (Ohms) 

ANODE CATHODE 

218.47 
218.18 
268.M 
296.04 
352.30 
282.45 
313.66 
336.08 
320.89 
308.28 
336.76 
321.48 
323.88 
322.96 
341~. 53 
326.77 
319.42 
291.67 
297.93 
324.26 
3311.09 
324.06 
319.71 
346.72 
339. 81~ 
333.87 
306.72 
31/4.81 
28j.55 
289.47 
303 42 
350 79 
1?/~.46 

356.80 
326.67 
128.1') 
323 36 

-111.50 
-77.87 
-87.27 

-115.35 
-138.51 

-64.89 
-77.02 
-84.81 
-84.18 
-68.97 
-69.85 
-64.44 
-81. 31~ 
-79.26 
-74.22 
-67.72 
-58.27 
-62.18 
-91. 03 
-94.12 
-93.18 
- 72.93 
-86.13 
-96.72 
-82.11 
-78.23 
-70.90 

-101.48 
-80.92 
-92.1.1 
-91. 78 

-113.81 
-115.83 
-131.20 
-120.7q 

·92.59 
- 101 !{6 





P-13 

( SPECIMEN #: 5F 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water·Cemp.nt Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
t:lectrodes: Non·Epoxy No.15 
Clear Cover: 36.5 mm (1·7/16 in.) 

Starting Date: December 12, 1990 
Ending Date: January 26, 1991 
Immersion Period: 45 days 

NORMAL POlARITY 
(Concrete·Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE I Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

13-12·:W 2.73 0.980 ·0.05 ~0.57 ~1.05 -0.91 189.38 ~50.92 

1I~-12~90 3.12 0.984 -0.09 -0.59 -0.10 ~0.89 160.58 253.21 
15-12~90 2.13 0.992 -0.07 -0.61 -1.07 -0.87 254.93 -94.84 
17·12-90 1.85 0.992 -0.06 -0.60 -1.04 -0.86 292.97 -97.84 
18-12·90 l. 68 0.991 -0.05 -0.58 -1.02 -0.85 312.50 -98.81 
19-12·90 1. 76 0.991 -0.05 -0.55 -1.01 -0.85 283.52 -89.77 
20-12·90 2.13 0.990 ·0.05 -0.60 -0.80 -0.83 256.81 18.31 
21-12·90 1.48 0.994 -0.05 -0.47 -1.01 ·0.84 279.73 ·112.84 
22-12~90 1.51 0.995 -0.04 -0.47 -1.00 -0.82 279.47 -115.23 
24-12-90 1.44 0.995 -0.04 -0.48 -1.00 -0.83 303.47 -121.53 
26-12-90 1.45 0.995 -0.03 -0.48 -0.95 -0.79 308.28 -109.66 
27-12-90 1.42 0.995 -0.02 -0.47 -0.89 -0.72 323.24 -116.90 
28·12·90 1.30 0.995 -0.02 -0.47 -0.89 -0.73 347.69 -125.38 
29-12·90 1.17 0.996 -0.02 -0.47 -0.98 -0.73 382.05 -210.26 
31-12-90 1.19 0.996 -0.01 -0.47 -0.96 -0.78 383.19 -158.82 
02-01-91 1.25 0.995 -0.02 -0.46 -0.95 -0.78 351.20 -131.20 
03-01-91 1.57 0.994 -0.03 -0.47 -0.88 -0.75 282.17 -82.17 
04-01·91 1.98 0.992 -0.03 -0.47 -0.82 -0.72 219.70 -50.51 
05-01-91 1. 33 0.996 -0.02 -0.46 -0.97 -0.78 332.33 -145.11 
07-01·91 1.11 0.996 -0.02 -0.46 -1.00 -0.80 392.79 -172.07 
08-01-91 1.09 0.995 -0.02 -0.46 -0.99 -0.75 406.42 -217.43 
09-01-91 1.13 0.995 -0.07 -0.47 -1.02 -0.76 354.87 -234.51 
10-01-91 1.46 0.993 -0.03 -0.46 -1.01 -0.75 297.26 -175.34 
11-01-91 1.08 0.994 -0.01 -0.47 -1.01 -0.73 420.37 -262.96 
12-01-91 1.03 0.994 -0.01 -0.47 -1.00 -0.73 439.81 -263.11 
14-01-91 0.98 0.994 -0.01 -0.47 ~1.01 -0.73 464.2~ -282.65 
15-01~91 1. 20 0.992 ~0.03 -0.47 -1.01 -0.78 365.00 -192.50 
16-01~91 1.11 0.992 -0.02 -0.47 ~1.02 ~0.78 398.20 -213.51 
17-01-91 1.10 0.992 -0.02 -0.47 -1.01 -0.80 410.00 -187.27 
18-01-91 1.13 0.992 -0.01 -0.47 ~0.99 -0.80 403.54 -169.03 

( 19-01·91 1.19 0.995 -0.01 -0.47 -0.96 -0.77 386.55 -159.66 
21-01-91 1.02 0.994 0.00 -0.47 -0.96 -0.77 459.80 -178.43 
22-01-91 0.84 0.995 0.01 ~0.47 -0.99 -0.74 560.71 -301.19 
23-01-91 0.84 0.995 0.01 -0.47 ~0.99 ~0.74 561. 90 ~304.76 
24-01-91 1.05 0.993 -0.01 -0.47 -1.02 ·0.73 431.43 ~277 .14 
25-01-91 1.12 0.993 ·0.00 -0.47 -1.00 -0.70 ,+~7.86 -260.71 
26-01-91 l.08 0.993 -0.01 -0.47 -1.00 -0.71 4~3.33 -263.89 



P-14 

SPECIMEN #: 5F 
.,\ 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy NO.1S 
Clear Cover: 36.5 mm (1-7/16 in.) 

Starting Date: December 12, 1990 
Ending Date: January 26, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

13-12-90 10.39 0.950 1.52 0.97 0.52 0.67 53.51 -14.15 
14-12-90 8.18 0.955 1.52 1.08 0.53 0.62 53.79 -10.76 
15-12-90 6.88 0.965 1.52 1.09 0.53 0.61 62.50 -11.19 
17-12-90 6.36 0.966 1.52 1.06 0.53 0.61 72.33 -13.21 
18-12-90 5.85 0.968 1.52 1.05 0.53 0.62 80.34 -15.21 
19-12-90 5.74 0.969 1.51 1.02 0.52 0.60 85.37 -14.29 
20-12-90 5.37 0.973 1.50 1.03 0.51 0.57 87.71 -11.36 
21-12-90 5.51 0.972 1.50 0.99 0.51 0.59 93.28 -13.79 
22-12-90 5.45 0.973 1.49 0.97 0.51 0.59 96.33 -15.78 
24-12-90 5.24 0.974 1.49 0.92 0.50 0.59 109.35 -17.75 
26-12-90 5.06 0.975 1.49 0.98 0.49 0.58 101.78 -17.79 
27-12-90 4.95 0.975 1.47 0.96 0.49 0.59 103.84 -19.60 
28-12-90 4.87 0.976 1.47 0.95 0.49 0.59 105.95 - 21. 36 
29-12-90 4.56 0.977 1.47 0.95 0.48 0.59 114.04 -23.90 
31-12-90 4.56 0.978 1.48 0.83 0.48 0.59 141. 67 -24.34 
02-01-91 4.84 0.975 1.48 0.83 0.48 0.60 134.92 -23.97 
03-01-91 4.81 0.976 1.48 0.82 0.48 0.59 136.38 -22.87 
04-01-91 4.59 0.977 1.48 0.82 0.48 0.58 144.01 -22.00 
05-01-91 4.47 0.978 1.48 0.81 0.47 0.59 148.99 -26.62 
07-01-91 4.24 0.978 1.47 0.83 0.47 0.59 152.12 -27.12 
08-01-91 4.11 0.979 1.46 0.87 0.47 0.57 144.28 -24.57 
09-01-91 3.69 0.983 1.33 0.76 0.41 0.59 15'~. 20 -49.86 
10-01-91 3.86 0.982 1.46 0.88 0.47 0.57 149.22 -23.58 
11-01-91 3.74 0.982 1.46 0.92 0.47 0.57 145.72 -26.74 
12-01-91 3.73 0.978 1.46 0.90 0.47 0.57 149.60 -27.08 
14-01-91 3.74 0.978 1.45 0.89 0.46 0.57 149.20 -28.34 
15-01-91 4.57 0.973 1.45 0.84 0.46 0.58 133.92 -25.60 
16-01-91 4.14 0.975 1.48 0.88 0.48 0.59 145.41 -25.60 
17-01-91 4.28 0.975 1.48 0.87 0.48 0.59 142.52 -25.00 
18-01-91 4.09 0.976 1.47 0.90 0.48 0.58 140.34 -24.69 ..,.. 19-01-91 3.88 0.979 1.46 0.90 0.46 0.57 144.07 -28.35 

...... 21-01-91 3.54 0.981 1.46 0.90 0.46 0.57 158.76 -31. 64 
22-01-91 3.87 0.978 l.43 0.78 0.43 0.58 168.99 -37.98 
23-01-91 3.46 0.980 1.45 0.81 0.45 0.57 186.42 -34.68 
24-01-91 3.74 0.977 l.45 0.83 0.45 0.57 165.78 -32.89 
25-01-91 3.56 0.979 1.45 0.90 0.46 0.56 155.90 -28.09 
26-01-91 3.62 0.978 1.45 0.83 0.45 0.56 170.99 -30.39 



P-.i.5 

( 
SPECIMEN #: 5G 

VARIABLES: Impressed Voltage: l.OV 
Distance Between Electrodes: 4 in. (101. 6 uun) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaC1 
Electrodes: Non-Epoxy No.15 
C1ear Cover: 42.9 mm (1-11/16 in.) 

Starting Date: December 12, 1990 
Ending Date: January 26, 1991 
Immersion Pcriod: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE 1 Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

13-12-90 0.77 1.000 0.44 -0.57 -0.86 -0.75 1301.30 -145.45 
14-12-90 0.53 0.998 0.36 -0.46 -0.66 -0.61 1552.83 -100.00 
15-12-90 0.37 0.999 0.40 -0.48 -0.61 -0.59 2389.19 -48.65 
17-12-90 0.31 0.999 0.40 -0.47 -0.61 -0.~9 2806.45 -67.74 
18-12-90 0.28 0.998 0.40 -0.45 -0.61 -0.59 3053.57 -89.29 
19-12-90 0.23 0.999 0.37 -0.42 -O. 6'~ -0.61 3434.78 -113.04 
20-12-90 0.40 0.999 0.40 -0.';0 -0.67 -0.59 2252.50 -202.50 
21-12-90 0.19 0.999 0.40 -0.39 -0.62 -0.51 4163.16 -557.89 
22-12-90 0.18 1.000 0.41 -0.38 -0.62 -0.60 4361.11 -94.44 
24-12-90 0.16 1.000 0.40 -0.34 -0.61 -0.59 4650.00 -112.50 
26-12-90 0.14 1.000 0.41 -0.31 -0.60 -0.59 5150.00 -85.71 
27-12-90 0.13 1.000 0.41 -0.37 -0.60 -0.59 6007.69 -107.69 
28-12-90 0.12 1.000 0.41 -0.38 -0.60 -0.59 6566.67 -91. 67 
29-12-90 0.10 1.000 0.41 -0.37 -0.60 -0.59 7830.00 -80.00 
31-12-90 0.09 1.000 0.42 -0.37 -0.59 -0.59 8711.11 -22.22 
02-01-91 0.09 1.000 0.40 -0.36 -0.61 -0.59 8488.89 -222.22 
03-01-91 0.18 1.000 0.40 -0.36 -0.62 -0.59 4244.44 -172.22 
O/f-Ol- 91 0.25 1.000 0.40 -0.36 -0.64 -0.59 3056.00 -200.00 
05-01-91 0.11 1.000 0.42 -0.30 -0.59 -0.58 6554.55 -100.00 
07-01-91 0.13 1.000 0.41 -0.30 -0.60 -0.59 5438.46 -115.38 
08-01-91 C .11 1.000 0.41 -0.31 -0.60 -0.59 6509.09 -109.09 
09-01-91 0.08 1.000 0.41 -0.27 -0.60 -0.59 8500.00 -87.50 
10-01-91 0.11 0.999 0.41 -0.29 -0.59 -0.59 6354.55 -45.45 
11-01-91 0.08 0.999 0.41 -0.31 -0.59 -0.58 8975.00 -75.00 
12-01-91 0.08 0.999 0.41 -0.32 -0.59 -0.59 9100.00 -62.50 
14-01-91 0.07 0.999 0.41 -0.33 -0.59 -0.59 10557.1 -71.43 
15-01-91 0.09 0.998 0.41 -0.34 -0.59 -0.58 8322.22 -66.67 
16-01-91 0.07 0.998 0.41 -0.33 -0.59 -0.58 10600.0 -42.86 
17-01-91 0.08 0.997 0.41 -0.34 -0.58 -0.58 9400.00 -50.00 
18-01-9:i. 0.09 0.998 0.42 -0.34 -0.58 -0.58 8344. ',4 -55 :J6 

( 
19-01-91 0.11 1.000 0.42 -0.33 .. 0.58 -0.57 6836.36 -100.00 
21-01-91 0.06 0.999 0.42 -0.33 -0.58 -0.58 12433.33 -50.00 
22-01-91 0.05 0.999 0.42 -0.31 -0.58 -0.58 16.640.00 -60.00 
23-01-91 0.05 0.998 0.42 -0.31 -0.58 -0.57 14600.00 -60.00 
24-01-91 0.05 0.998 0.43 -0.31 -0.57 -0.57 14600.00 -60.00 
25-01-91 0.06 0.999 0.43 -0.35 -0.57 -0.56 13066.67 -66.67 
26·01-91 0.06 0.999 0.43 -0.35 -0.57 -0.57 12983.33 -33.33 
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P-16 

SPECIMEN #: 5C 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
E1ectn>des: Non-Epoxy No.15 
C1ear Caver: 42.9 mm (1-11/16 in.) 

StarLing Date: December 1'2, 1990 
Ending Date: January 26, 1991 
Immersion Period: 45 days 

REVERSED ~OLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

13-12-90 9.04 0.950 1. 53 1.01 0.54 0.65 57.52 -12.39 
14-12-90 6.38 0.965 1.49 1.10 0.49 0.59 60.50 -16.14 
15-12-90 5.50 0.973 1.49 l.11 0.49 0.58 68.91 -17.64 
17-12-90 5.02 0.974 1.48 1.10 0.46 0.58 75.90 -22.31 
18-12-90 4.80 0.974 1.45 0.93 0.46 0.57 108.33 -24.17 
19-12-90 4.46 0.975 1. 50 l.07 0.51 0.59 97.31 -17.94 
20-12-90 3.93 0.981 1. 50 1.09 0.51 0.59 106.11 -20.61 
21-12-90 3.62 0.983 1.48 1.08 0.49 0.57 110.2:> -22.93 
22-12-90 3.99 0.980 1.52 l.07 0.52 0.60 113.78 -17.79 
24-12-90 3.75 0.983 1. 52 l.03 0.52 0.59 131.20 -20.27 
26-12-90 3.37 0.984 1.49 0.87 0.50 0.59 182.49 -27.60 
27-12-90 3.17 0.985 1.49 0.88 0.50 0.58 193.38 -26.18 
28-12-90 3.22 0.985 1.49 0.88 0.49 0.58 188.51 -28.26 
29-12-90 3.33 0.984 1.49 0.88 0.49 0.58 183.18 -28.53 
31-12-90 2.89 0.987 1.47 0.96 0.49 0.58 179.24 -30.45 
02-01-91 3.25 0.984 1.50 O. 9l~ 0.50 0.60 173.23 -28.31 
03-01-91 3.16 0.984 1.51 0.93 0.51 0.59 182.28 -24.68 
04-01-91 3.05 0.985 1. 53 0.92 0.51 0.59 197.05 -25.90 
05-01-91 2.87 0.986 1.49 0.96 0.50 0.58 184.32 -27.87 
07-01-91 2.83 0.986 1.50 0.96 0.51 0.59 190.81 -26.15 
08-01-91 2.96 0.986 1.48 0.93 0.49 0.58 185.14 -29.39 
09-01-91 2.71 0.988 1. 51 0.97 0.50 0.58 199.63 -28.41 
10-01-91 2.50 0.990 1.47 0.97 0.49 0.55 201.20 -23.60 
11-01-91 2.54 0.985 1. 51 1.06 0.49 0.58 177 .56 -33.46 
12-01-91 2.56 0.985 1. 51 l.04 0.50 0.56 184.77 - 32.03 
14-01-91 2.58 0.984 1. 51 l.04 0.51 0.58 181.78 -27 n 
15-01-91 2.94 0.983 1.47 0.97 0.49 0.56 173.13 -26.1.9 
16-01-91 2.78 0.983 1. 51 l.06 0.50 0.57 160.07 -i5.90 
17-01-91 2.74 0.983 1. 50 l.04 0.50 0.57 166.06 -26.64 
18-01-91 2.70 0.984 1. 50 1.05 0.50 0.57 163.33 -25.19 

... 19-01-91 2.56 0.986 1.49 1.06 0.50 0.56 169.92 -26.17 
21-01-91 2.46 0.986 1. 51 l.06 0.51 0.57 184.15 -23.17 

\.t 

22-01-91 2.54 0.985 l.48 0.99 0.48 0.56 192 .52 -34.65 
23-01-91 2.37 0.985 1 50 0.97 0.50 0.56 221. 94 -28.69 
24-01-91 2.48 0.985 1.49 0.91 0.49 0.56 208.06 -28.63 
25-01-91 2.35 0.985 1. 50 l.06 0,49 0.56 187.23 -27.23 
26-01-91 2.40 0.985 1. 49 1.01 o 49 0.56 200 1,2 -27.92 



P-17 

SPECIMEN #: 5H , 
t VARIABLES: Impressed Voltage: 1.0 V 

Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours cudng) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Cover~ 50.8 mm (2 in.) 

Starting Date: December 12, 1990 
Ending Date: January 26, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentials (V) Electrode 
DATE l Volt ANODE CATHODE ResistancJ~ (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

13-12-90 1.10 0.992 ~.15 -0.31 -0.92 -0.64 411.82 ·260.00 
14-12-90 0.58 0.995 0.28 -0.42 -0.74 -0.68 1217.24 -89.66 
15-12-90 0.35 0.996 0.39 -0.41 -0.63 -0.59 2291.43 - ·~.14. 29 
17-12-90 0.26 0.997 0.40 -0.43 -0.60 -0.58 3180.77 -76.92 
18-12-90 0.18 0.997 0.41 -0.45 -0.59 -0.57 4788.89 -66.67 
19-12-90 0.29 0.996 0.41 -0.49 -0.60 -0.57 3127.59 -86.21 
20-12-90 0.22 0.997 0.41 -0.35 -0.58 -0.58 3490.91 0.00 
21-12-90 0.17 0.998 0.42 -0.41 -0.59 -0.58 4900.00 -58.82 
22-12-90 0.27 0.997 OJ~l -0.36 -0.60 -0.58 2848.15 -88.89 
24-12-90 0.16 0.997 0.41 -0.34 -0.59 -0.58 4222.22 -83.33 
26-12-90 0.22 0.995 0.40 ·0.33 -0.60 -0.59 3318.18 -77.27 
27-12-90 0.22 0.995 0.40 -0.32 -0.61 -0.59 3286.36 -86.36 
28-12-90 0.20 0.995 0.41 -0.32 -0.59 -0.59 3620.00 -40.00 
29-U-90 0.18 0.996 0.41 -0.31 -0.59 -0.59 4005.56 0.00 
31-12-90 0.15 0.998 O,li2 -0.29 -0.58 -0.59 4693.33 13.33 
02-01-91 0.15 0.998 0.41 -0.23 -0.59 -0.59 4213.33 -60.00 
03 -01-91 0.12 0.998 0.41 -0.22 -0.60 -0.59 5191.67 -83.33 
04-01-91 0.11 0.998 0.40 -0.21 -0.60 -0.59 5545.45 -100.00 
05-01-91 0.16 0.997 0.40 -0.23 -0.60 -0.59 3968.75 -68.75 
07-01-91 0.09 0.997 o .'~1 -0.22 -0.59 -0.58 6977.78 -100.00 
08-01-91 0.15 0.°97 0.41 -0.33 -0.59 -0.58 4960.00 -86.67 
09-01-91 0.20 0.997 0.41 -0.37 -0.60 -0.58 3670.00 -95.00 
10-01-91 0.18 0.998 0.42 -0.30 -0.59 -0.58 3950.00 -83.33 
11-01-91 0.10 0.998 0.42 -0.28 -0.58 -0.58 7040.00 -60.00 
12-01-91 0.11 0.998 0.42 -0.28 -0.58 -0.58 6354.55 -81.82 
14-01-91 0.13 0.998 0.42 -0.27 -0.59 -0.58 5307.69 -76.92 
15-01-91 0.29 0.997 0.41 -0.29 -0.60 -0.57 2389.66 -103.45 
16-Cl-91 0.33 0.996 0.40 -0.36 -0.60 -0.58 2281. 82 -75.76 
17 -01-91 0.33 0.996 0.39 -0.'33 -0.60 -0.58 2187.88 -66.67 
18-01-91 0.34 0.997 0.40 -0.34 -0.60 -0.58 2170.59 -64.71 
19-01-1;;1 0.21 0.997 0.42 -0.28 -0.58 -0.57 3333.33 -71.43 

( 21-01-91 0.17 0.997 0.40 -0.28 -0.60 -0.57 4023.53 -176.47 
, 22-01-91 0.14 0.997 0.41 -0.29 -0.59 -0.57 4992.86 -107.14 

23-01-91 0.20 0.996 0.39 -0.29 -0.60 -0.58 3425.00 -135.00 
24-01-91 0.33 0.995 0.35 -0.29 -0.64 -0.58 1963.64 -187.88 
25-01-91 0.40 0.994 0.35 -0.32 -0.64 -0.60 1665.00 -95.00 
26-01-91 0.38 0.995 0.34 -0.31 -0.64 -0.60 1710.'53 -105.26 

b 
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SPECIMEN #: 5H 

VARIABLES: lmpressed Voltage: l.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Caver: 50.8 mm (2 in.) 

Starting Date: Decembcr 12, 1990 
Ending Date: January 26, 1991 
Imme~sion Period: 45 days 

REVERSED POLARITY 
(Con~rete-Embedded Cathode) 

Electrode Potentlals CV) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

13-12-90 10.54 O. 9'~O 1.57 1.16 0.57 0.70 38.90 -12.43 
14-12-90 7.66 0.956 1.52 1.08 0.53 0.63 57.44 -12.79 
15-12-90 1=\.10 0.966 1.46 1.09 0.49 0.57 60.66 -12.95 
17-12-90 6.02 0.966 1.45 1.06 0.47 0.56 64.78 -14.95 
18-12-90 5.93 0.966 1.43 0.92 0.45 0.56 86.85 -18.04 
19-12-90 4.44 0.975 1.47 1.06 0.49 0.57 92.34 -18.47 
20-12-90 4.06 0.975 1.48 1.03 0.50 0.58 110.84 -19.95 
21-12-90 3.99 0.977 1.47 1.05 0.49 0.57 105.26 -20.05 
22-12-90 3.92 0.977 1.47 1.06 0.49 0.55 104.59 -15.31 
24-12-90 3.59 0.978 1.45 1.04 0.48 0.56 114.21 -22.56 
26-12-90 3.38 0.977 1.47 1.05 0.48 0.56 124.26 -21.01 
27-12-90 3.29 0.978 1.47 1.04 0.49 0.56 130.70 -21.58 
26-12-90 3.38 0.977 1.47 1.04 0.48 0.54 127.22 -18.64 
29-12-90 3.41 0.977 1.47 1.04 0.48 0.54 126.10 -19.06 
31-12-90 3 25 0.981 1.48 1.03 0.50 0.57 138.46 -23.08 
02-01-91 3.13 0.982 1.47 1.05 0.50 0.57 134.19 -22.04 
03-01-91 3.17 0.981 1.48 1.05 0.49 0.57 135.65 -22.40 
04-01-91 3.09 0.982 1.49 1.07 0.50 0.57 135.92 -22.98 
05-01-91 2.96 0.982 1.49 1.08 0.49 0.57 138.51 -24.66 
07-01-91 2.73 0.983 1.47 1.10 0.48 0.56 135.53 -30.40 
08-01-91 2.51 0.985 1.47 LOS 0.47 0.56 167.33 -34.26 
09-01-91 2.53 U.985 1.46 1.01 0.47 0.56 177.87 -35.18 
10-01-91 2.94 0.983 1.45 1.01 0.46 0.54 149.66 -26.19 
11-01 91 2.53 0.985 1.47 1.04 0.47 0.56 169.96 -32.81 
12-01-91 2.51 0.985 1.47 1.04 0.46 0.56 171.31 -37.05 
14-01-91 2.48 0.985 1.46 1.04 0.46 0.56 169.35 -39.52 
15-01-91 2.78 0.984 1.42 1.02 0.44 0.55 143.88 -:~9.21 
16-01-91 2.62 0.984 1.46 1.05 0.46 O.~6 156.49 -34.73 
17-01-91 2.73 0.984 1.46 1.07 0.47 0.55 142.86 -28.94 
18-01-91 2.88 0.983 1.47 1.07 0.48 0.55 138.89 -25.35 

,'"' 19-01-91 2.69 0.984 1.47 1.06 0.48 0.55 152.42 -27.88 
~j.. 21-01-91 2.51 0.985 1.48 1.06 0.48 0.55 167.33 -29.88 

22-01-91 2.390.98l. 1.46 0.95 0.46 0.55 215.06 -36.82 
23-01-91 2.43 0.905 1.47 0.95 0.47 O. 5l~ 2lJ.17 -29.22 
24-01-91 2.47 0.985 1.46 0.96 0.47 0.54 203.24 -28.34 
25-01-91 2.'.6 0.982 1.47 0.96 0.47 0.56 209.35 -36.18 
26-01-91 2.47 0.958 1.46 0.96 0.47 0.55 203 64 -32.79 
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SPECIMEN #: SI 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Betwcen Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0./~5 (24 hours curing) 
Electrolyte Solution: 10.0% NaCI 
Electrodes: Non-Epoxy No.15 
Clear Cover: 63.5 mm (2-1/2 in.) 

Starting Date: December 12, 1990 
Ending Date: January 26, 1991 
Immersion Period: 45 days 

NORMAL POlARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHCDE 

13-12-90 1.10 0.997 0.37 -0.51 -0.63 -0.63 798.18 -1. 82 
14-12-90 1. 64 0.998 0.19 -0.51 -0.79 -0.73 426.83 -37.20 
15-12-90 2.16 0.987 -0.10 -0.61 -1.08 -0.98 238.43 -44.91 
17-12-90 1.84 0.988 -0.10 -0.62 -1.08 -0.95 284.24 -69.57 
18-12-90 1.62 0.989 -0.10 -0.67 -1.08 -0.93 347.53 -95.06 
19-12-90 1. 31 0.991 -0.07 -0.65 -1.02 -0.89 441.98 -103.05 
20-12-90 1. 36 0.991 -0.10 -0.65 -1.08 -0.91 408.09 -127.94 
21-12-90 1.43 0.991 -0.10 -0.65 -1.02 -0.93 383.92 -63.64 
?2-12-90 1.40 0.991 -0.07 -0.64 -1.00 -0.91 405.00 -66.43 
24-12-90 1.30 0.992 -0.07 -0.67 -0.98 -0.87 456.92 -88.46 
26-12-90 1. 23 0.990 -0.03 -0.62 -0.92 -0.83 481.30 -72.36 
27-12-90 1. 22 0.990 -0.03 -0.66 -0.91 -0.83 510.66 -70.49 
28-12-90 1.11 0.991 -0.03 -0.66 -0.92 -0.83 563.06 -81. 08 
29-12-90 0.97 0.993 -0.03 -0.65 -0.92 -0.83 638.14 -98.97 
31-12-90 0.87 0.993 0.06 -0.65 -0.87 -0.80 821.84 -88.51 
02-01-91 0.76 0.994 0.11 -0.51 -0.83 -0.76 811. 84 -86.84 
03-01-91 0.75 0.994 0.12 ··0.51 -0.80 -0.74 840.00 -8G.67 
04-01-91 0.75 \).994 0.16 -0.51 -0.77 -0.71 884.00 -81. 33 
05-01-91 0.78 (;.994 0.19 -0.50 -0.76 -0.71 883.33 -61. 54 
07-01-91 0.80 0.993 0.20 -0.50 -0.73 -0.67 877.50 -68.75 
08-01-91 0.53 0.995 0.29 -0.44 -0.70 -0.65 1366.04 -84.91 
09-01-91 0.58 0.995 0.29 -0.42 -0.67 -0.64 1231.03 -51. 72 
10-01-91 0.57 0.995 0.33 -0.46 -0.64 -0.61 1377 .19 -50.88 
11-01-91 0.43 0.995 0.'37 -0.43 -0.62 -0.59 1860.47 -60.47 
12-01·91 0.42 0.996 0.40 -0.43 -0.60 -0.58 1976.19 -59.52 
14-01-91 0.41 0.996 0.41 -0.43 -0.59 -0.56 2034.15 -75.61 
15-01-91 0.46 0.995 0.39 -0.43 -0.60 -0.57 1786.96 -69.57 
16-01-91 0.35 0.996 0.39 -0.37 -0.60 -0.58 2180.00 -65.71 
17-01-91 0.47 0.995 0.37 -0.38 -0.62 -0.60 1587.23 -36.17 
18-01-91 0.41 0.996 0.38 -0.36 -0.61 -0.59 1812.20 -43.90 

( 19-01-91 0.38 0.996 0.39 -0.39 -0.59 -0.57 2063.16 -55.26 
21-01-91 0.23 0.997 0.43 -0.39 -0.57 -0.57 3552.17 21.74 
22-01-91 o 21 0.996 0.41 -0.37 -0.59 -0.57 3690.48 -109.52 
23-01-91 o 21 0.996 0.41 -0.37 -0.59 -0.56 3695.24 -133.33 
24-01-91 0.230.996 0.39 -0.37 -0.61 -0.57 3321. 74 -160.87 
25-01-91 0.24 0.995 0.42 -0.35 -0.57 -0.55 3225.00 -75.00 
26-01-91 0.23 0.996 0.41 -0.36 -0.59 -0.55 3352.17 -178.26 
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., SPECIMEN #: SI 

VARIABLES: Impres~ed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 nun) 
Water-Cement Ratio: 0.45 (2'~ hours curing) 
Electrolyte Solution: 10.0% NaCl 
E1ectrùdes: Non-Epoxy NO.lS 
Clear Cover' 63 ') mm (2-1/7 in. ) 

Starting Date: Deccrnbcr 12 , 1990 
Ending Date: January 26. 1991 
Immersion Perlod 45 days 

REVERSED POLARITY 
(Concrete-Ernbedded Cathode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OfF CATHODE ANODE 

13-12-90 9.18 0.945 1. 52 1.06 0.53 0.66 50.44 -l3.73 
14-12-90 6.39 0.963 1. 50 1.11 0.51 0.62 60.56 -17 . 53 
15-12-90 7.17 0.960 1. 55 1.09 0.53 0.63 63.32 -12.97 
17-12-90 6.67 0.963 1. 55 0.99 0.60 0.62 83.81 -3.15 
18-12-90 6.17 0.965 1.65 0.96 0.64 0.73 111. 99 -14.75 
19-12-90 5.23 0.970 1. 53 1.07 0.54 0.61 88.91 -13.96 
20-12-90 ' .. 68 0.973 1. 53 1.02 0.53 0.62 108.97 -20.ù9 
21-12-90 4.68 0.973 1. 53 1.04 0.54 0.64 105.13 -21.37 
22-12-90 4.28 0.975 1.53 1.08 0.55 0.66 104.21 -25.23 
24-12-90 4.20 0.975 1. 53 1.08 0.55 0.66 107.38 -25.71 
26-12-90 4.01 0.975 1. 54 1.05 0.55 0.61 122.19 -15.71 
27-12-90 3.95 0.975 1. 54 1.06 0.55 0.61 122.28 ·16 20 
28-12-90 3.97 0.975 1. 54 1.05 0.55 0.61 123.17 ·14.61 
29-12-90 3.95 0.975 1. 54 1.05 0.55 0.61 124.56 ·13.92 
31-12-90 3.75 0.978 1. 53 1.02 0.53 0.60 136.00 -19.20 
02-01-91 3.53 0.978 1. 50 1.02 0.52 O. :8 135.41 -16.15 
03-01-91 3.50 0.978 1.49 1.02 0.52 0.58 134.86 -16.57 
04-01-91 3.48 0.978 1.49 1.01 0.51 0.57 137.64 -16.38 
05-01-91 3.40 0.979 1.48 1.01 0.50 0.57 138.24 -19.1:> 
07-01-91 3.36 0.979 1. 51 1.02 0.51 0.56 146 13 -14.29 
08-01-91 3.04 0.982 1.48 1.00 0.50 0.57 158.22 -22.04 
09-01-91 2.97 0.982 1.46 0.96 0.49 0.55 171.38 -22.90 
10-01-91 2.72 0.983 1.46 0.89 0.44 0.54 208.82 -36.03 
11-01-91 2.74 0.983 1.45 0.98 0.47 0.53 171. 90 -24.45 
12-01-91 2.75 0.983 1.46 0.98 0.47 0.54 173.45 -2/L 73 
14-01-91 2.76 0.983 1.46 0.98 0.47 0.54 175.00 -24.28 
15-01-91 2.98 0.983 1.44 0.99 0.45 0.51 150.67 -28.19 
16-01-91 3.07 0.982 l.49 1.00 0.49 0.56 157.65 -21.82 
17-01-9l 3.13 0.982 1.49 1.04 0.50 0.55 145.05 -18.21 
18 - 01- 91 3.11 0.982 1.49 1.04 0.49 0.54 142.12 -16.40 - 19-01-91 2.95 0.983 1.48 1.03 0.49 0.55 155.25 -18.54 
21-01-91 2.54 0.985 l.47 1.02 0.47 0.54 175.20 -27.56 
22-01-91 2 44 0.984 1.46 0.94 0.46 0.54 215.16 -32.79 
23-01-91 2.56 0.984 1.46 0.95 0.48 o 54 198.05 -24.61 
24-01-91 2.61 0.984 1.46 0.96 0.47 0.54 190.04 ·27.20 
25-01-91 2 50 0.982 1 46 0.96 0.48 0.5~ 203 20 -30.80 
26-01-91 2.55 0 983 1 46 0.95 0.48 O. 5'~ 702 35 ·7 3 97 
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APPENDIX Q 

Test Series #6 

Potential and Current Measurements 
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Daily recordings of voltage and current rcad ings, t or 

bath the normal a:'ld reversed polarity positions, are presented 

for the Test Series #6. These aiso inciude the electrode 

"polarization" resistances for each specimen tested. 
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SPECIMEN #: GA 
'. 

VARIABLES: Impressed Voltage: 1.0 V 
Distanc~ Between Electrodes: ,~ in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaC1 
Electrodes: Non-Epoxy NO.15 
Clear Cover: 7.9 mm (5/16 in.) 

Starting DatE': February 5, 1991 
Ending Date: March 22, 1991 
Immersion Period: 4'J days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-K-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

06-02-91 17.17 0.905 -0.18 -0.58 -1.18 -0.96 23.12 -13.05 
07-02-91 19.58 0.886 -0.17 -0.54 -1.18 -0.99 18.64 -9.81 
08-02-91 21.74 0.879 -0.17 -0.56 -LIB -0.97 17.62 -9.80 
09-02-91 20.50 0.891 -O.lB -0.54 -1.19 -0.97 17 .66 -10.63 
11-02-91 18.50 0.906 -0.17 -0.53 -1.18 -0.97 19.46 -11. 30 
12-02-9] 16.61 0.918 -0.18 -0.53 -1.19 -0.97 20.83 -13.:n 
13-02-')1 15.91 0.914 -0.18 -0.53 -1.19 -0.97 21.62 -14.02 
l4-vL-91 15.91 0.912 -0.18 -0.55 -1.18 -1.01 22.75 -10.69 
15-02-91 H.OO 0.915 -0.18 -0.55 -1.18 -0.99 23.19 -11. 62 
16-02-91 15.28 0.921. -0.17 -0.j5 -1.17 -0.99 24.93 -11. 78 
18-02-91 14.52 0.927 -0.17 -0.55 -1.16 -0.99 26.58 -11. 78 
19-02-91 13.98 0.932 -0.17 -0.55 -1.17 -0.98 27.11 -13.73 
20-02-91 14.13 0.930 -0.17 -0.55 -1.17 -0.99 26.89 -13.09 
21-02 :11 14.65 0.925 -0.17 -0.55 -1.16 -0.99 26.08 -11.60 
22-u2-91 14.51 0.919 -0.18 -0.55 -1.17 -0.99 25.64 -12.54 
23-02-91 14.11 0.923 -0.17 -0.55 -1.16 -0.99 26.65 -12.12 
25-02-91 13.51 0.930 -0.17 -0.55 -1.17 -0.99 28.05 -13.25 
26-~2-91 13.28 0.931 -0.17 -0.55 -1.17 -0.99 28.24 -13.55 
27-02-91 13.84 0.928 -0.17 -0.55 -1.17 -0.99 27.17 -13.08 
28-02-91 13.70 0.931 -0.17 ·0.55 -1.18 -0.94 27 .96 -17.66 
01-03-91 ]4.12 0.927 -0.17 -0.55 -1.17 -0.93 27.41 -17 .21 
02-03-91 14.35 0.924 -0.16 -0.55 -1.17 -0.92 26.97 -17.28 
04-03-91 13.90 0.932 -0.16 -0.55 -1.17 -0.94 28.27 -16.76 
05-03-91 13.79 0.934 -0.16 -0.55 -1.17 -0.93 28.06 -17 .40 
06-03-91 13.75 0.935 -0.16 -0.53 -l.17 -0.92 27.35 -17 .96 
07-03-91 13.82 0.931 -0.16 -0.54 -1.17 -0.94 27.28 -16.79 
08-03-91 13.69 0.932 -0.16 -0.54 -1.1'5 -0.93 27.98 -16.65 
09-03-91 13.43 0.933 -0.15 -0.54 -1.16 -0.94 28.82 -16.75 
11-03-91 13.30 0.934 -0.15 .. 0.53 -1.15 -0.93 28.65 -16.54 
12-03-91 13.16 0.935 -0.15 -0.53 -l.16 -0.93 29.26 -17 .78 

( 13-03-91 13 .31 0.934 -0.15 -0.53 -1.15 -0.92 28.93 -17.05 
14-03-91 13 .48 0.932 -0.15 -0.53 -1.15 -0.92 28.49 -16.77 
16-03-91 13.30 0.935 -0.14 -0.53 -1.15 -0.92 28.87 -17.07 
18-03-91 12.85 0.933 -0.15 -0.52 -1.15 -\l.93 29.18 -17.28 
19-03-91 13 .36 0.933 -0.14 -0.52 -1.15 -0.92 28.29 -17.14 
20-03-91 13.40 0.945 -0.13 -0.52 -l.15 -0.948 28.58 -15.07 
22-03-91 12.84 0.951 -0.12 -0.52 -1.15 -0.925 30.61 -17.52 

. 



~ , 
Q-4 

SPECIMEN #: 6A 
• 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 nun) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Caver: 7.9 mm (5/16 in.) 

Starting Date: February S, 1991 
Ending Date: March 22, 1991 
Immersion Period: LlS (~ays 

REVERSED POLARlTY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Eh.ctrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

06-02-91 24.09 0.867 1.48 0.98 0.48 0.69 20.80 -8.80 
07-02-91 38.20 0.786 1.42 0.88 0.44 0.64 14.21 -5.42 
08-02-91 42.40 0.767 1.44 0.86 0.43 0.65 13.68 -4.58 
09-02-91 44.90 0.759 1.45 0.80 0.46 0.66 14.59 -3.41 
11-02-91 43.80 0.769 1.52 0.75 0.51 0.70 17.65 -4.95 
12-02-91 39.30 0.794 1.49 0.74 0.49 0.69 19.11 -5.24 
13-02-91 38.20 0.790 1.48 0.74 0.49 0.70 19.45 -5.52 
14 .. 02-91 36.70 0.795 1.48 0.66 0.48 0.69 22.32 -5.64 
15-02-91 36.40 0.805 1.49 0.70 0.49 0.68 21.79 -5.25 
16-02-91 34.90 0.814 1.48 0.69 0.49 0.68 22.58 -5.62 
18-02-91 33.60 0.825 1.49 0.69 0.48 0.69 23.93 -5.98 
19-02-91 34.40 0.819 1. 50 0.68 0.50 0.68 23.72 -5.15 
20-02-91 %.5U 0.815 1. 50 0.68 0.50 0.68 23.74 -5.07 
21-02-91 34.80 0.812 1. 51 0.67 0.51 0.68 24.05 -4.86 
22-02-91 36.00 0.801 1.49 0.67 0.50 0.67 22.18 -4.67 
23-02-91 34.70 0.811 1.50 0.66 0.51 0.67 2lL 15 -4.78 
25-02-91 32.50 0.822 1. 51 0.66 0.51 0.68 26.25 -5.08 
26-02-91 32.60 0.823 1. 51 0.66 0.51 0.67 26.10 -5.00 
27-02-91 34.40 0.815 1.51 0.66 0.50 0.67 24.17 -4.88 
28-02-91 34.20 0.818 1. 51 0.61 0.50 0.69 26.32 -5.32 
01-03-91 34.40 0.815 1. 51 0.60 0.51 0.69 26.45 -5.26 
02-03-91 34.60 0.813 1.51 0.60 0.51 0.68 26.21 -5.09 
04-03-91 34.50 0.819 1.52 0.59 0.51 0.69 26.84 -5.22 
05-03-91 34.50 0.821 1.49 0.60 0.48 0.67 25.80 -5.45 
06-03-91 33.80 0.823 1.48 0.58 0.47 0.66 26.51 -5.65 
07-03-91 34.70 0.817 1.48 0.59 0.47 0.68 ~5.79 -5.88 
08-03-91 34.30 0.818 1.48 0.58 0.48 0.68 26.12 -5.92 
09-03-91 33.80 0.820 1.48 0.58 0.48 0.67 26.54 -5.68 
11-03-91 33 .l~O 0.824 1.49 0.58 0.48 0.61 27.16 - 5 . 8l~ 
12-03-91 33.00 0.827 1.48 0.58 0.48 0.67 27.24 -5.67 

..... 13-03-91 33.50 0.824 1.48 0.57 0.48 0.69 27.13 -6.12 
14-03-91 34.00 0.819 1.48 0.56 0.48 0.70 26.97 -6.56 
16-03-91 33.20 0.826 1.48 0.57 0.48 0.66 27.35 -5.48 
18-03-91 33.70 0.819 1.47 0.58 0.46 0.61) 26.56 -5.79 
19-03-91 34.50 0.816 1.47 0.56 0.47 0.70 26.49 -6.72 
20-03-91 32.20 0.843 1.49 0.57 0.47 0.65 28.54 -5.59 
22-03-91 32.50 0.845 1.48 0 55 0.46 0.67 ?8.55 -6.37 
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~ SPECIMEN #: 6B 
( 

VARIABLES: Intpressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solut:f.on: 3.5, NaCl 
Electrodes: Non-Epoxy No.15 
C1ear Cover: 11.1 mm (7/16 in.) 

Start:ing Date: Javuary 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE 1 Volt . ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

30-01··91 4.53 0.973 -0.15 -0.61 -1.17 -0.91 100.44 -56.73 
31-01-91 7.99 0.95.8 -0.15 -0.60 -1.15 -0.95 56.20 -25.28 
01-02-91 9.82 0.948 -0.14 -0.59 -1.16 -0.90 46.54 -26.99 
02-02-91 9.98 0.946 -0.17 -0.61 -1.17 -0.92 44.19 -25.45 
04-02-91 10.86 0.930 -0.16 -0.59 -1.16 -0.96 39.41 -18.60 
05-02-91 10.88 0.935 -0.16 -0.55 -1.15 -1.01 36.67 -12.59 
06-02-91 10.38 0.942 -0.16 -0.58 -1.16 -0.97 40.27 -17.92 
07-02-91 10.17 0.938 -0.17 -0.56 -1.16 -1.01 39.13 -14.26 
08-02-91 10.07 0.943 -0.16 -0.57 -1.15 -0.98 41.01 -17.38 
09-02-91 10.09 0.950 -0.16 -0.57 -1.16 -0.98 41.03 -17.34 
11-02-91 9.30 0.956 -0.15 -0.57 -1.15 -0.97 45.05 -18.71 
12-02-91 8.74 0.959 -0.15 -0.56 -1.16 -0.97 47.37 -21. 74 
13-02-91 8.70 0.953 -0.15 -0.57 -1.16 -0.97 47.93 -21.38 
14-02-91 8.68 0.951 -0.15 -0.56 -1.15 -0.98 46.89 -19.47 
15-02-91 8.96 0.953 -0.15 -0.57 -1.14 -0.91 47.54 -25.00 
16-02-91 8.76 0.955 -0.14 -0.57 -1.14 -0.97 48.97 -19.63 
18-02-91 8.44 0.960 -0.14 -0.56 -1.14 -0.98 49.88 -19.08 
19-02-91 8.17 0.963 -0.14 -0.55 -1.14 -0.96 50.67 -22.40 
20-02-91 8.32 0.962 -0.14 -0.54 -1.14 -0.99 48.68 -18.03 
21-02-91 8.49 0.959 -0.13 -0.53 -1.14 -1.02 46.76 -14.37 
22-02-91 8.44 0.952 -0.14 -0.54 -1.14 -1.01 46.33 -15.76 
23-02-91 8.27 0.955 -0.14 -0.54 -1.14 -1.00 48.49 -16.93 
25-02-91 7.88 0.961 -0.14 -0.55 -1.13 -0.99 52.28 -18.02 
26-02-91 7.72 0.962 -0.14 -0.55 -1.14 -0.99 52.85 -19.95 
27-02-91 7.96 0.961 -0.14 -0.54 -1.14 -0.98 51.38 -19.60 
28-02-91 8.07 0.961 -0.14 -0.55 -1.14 -0.93 51.43 -26.52 
01-03-91 8.14 0.959 -0.13 -0.55 -1. il~ -0.92 51.60 -26.90 
02-03-91 8.21 0.957 -0.13 -0.56 -1.13 -0.90 51. 77 -28.50 
04-03-91 8.13 0.963 -0.12 -0.56 -1.13 -0.92 53.14 -26.32 
05-03-91 8.09 0.964 -0.12 -0.56 -1.13 -0.90 53.28 -28.43 

{ 06-03-91 8.21 0.965 -0.12 -0.55 -1.13 -0.91 52.38 -27.04 
08-03-91 8.30 0.961 -0.12 -0.54 -1.12 -0.91 50.72 -25.54 
09-03-91 8.12 ~.962 -0.12 -0.54 -1.12 -0.90 51.48 -26.48 
1l-03 -9l 8.03 0.963 -0.11 -0.53 -1.12 -0.90 52.30 -27.52 
12-03-91 7.82 0.964 -0.11 -0.53 -1.12 -0.90 53.84 -28.39 
13-03-91 7.97 0.963 -0.11 -0.53 -1.12 -0.89 52.45 -28.23 
15-03-91 8.12 0.962 -0.11 -0.52 -1.12 -0.90 50.99 -26.72 
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."\, SPECIMEN #: 6B 
,~ 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 1. in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 

... C1ear Cover: 11.1 mm (7/16 in.) 

Starting Date: January 29. 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-K-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-91 12.90 0.926 1.!'2 0.91 0.51 0.71 47.05 -15.19 
31-01-91 13.94 0.916 1.50 0.87 0.50 0.67 45.05 -12.48 
01-02-91 16.23 0.9i4 1.48 0.87 0.48 0.68 37.71 -12.69 
02-02-91 16.80 0.909 1.46 0.78 0.47 0.68 40.54 -12.20 
04-02-91 19.21 0.884 1.45 0.74 0.48 0.65 37.27 -9.16 
05-02-91 18.09 0.896 1.47 0.76 0.49 0.65 39.25 -8.84 
06-02-91 19.15 0.895 1.48 0.75 0.49 0.63 38.33 -7.62 
07-02-91 19.28 0.888 1.46 0.76 0.48 0.59 36.62 -5.81 
08-02-91 18.83 0.895 1.47 0.77 0.47 0.58 36.86 -5.95 
09-02-91 18.92 0.902 1.45 0.76 0.46 0.56 36 79 -5.66 
11-02-91 19.10 0.904 1.50 0.71 0.49 0.63 41.52 -6.96 
12-02-91 17 .88 0.910 1.47 0.72 0.47 0.59 42.11 -6.99 
13-02-91 18.13 0.901 1.48 0.72 0.48 0.59 42.14 -5.85 
14-02-91 18.53 0.895 1.50 0.66 0.50 0.66 45.33 -8.31 
15-02-91 18.64 0.902 1.50 0.66 0.50 0.65 45.33 -7.89 
16-02-91 18.39 0.905 1.52 0.67 0.50 0.64 46.06 -7.83 
18-02-91 18.16 0.908 1.53 0.69 0.50 0.64 46.15 -7.60 
19-02-91 18.25 0.907 1. 53 0.68 0.52 0.63 46.47 -6.03 
20-02-91 18.35 0.904 1.53 0.69 0.52 0.63 45.94 -5.99 
21-02-91 18.43 0.901 1.53 0.69 0.53 0.63 45.58 -5.43 
22-02-91 19.31 0.892 1.53 0.69 0.53 0.63 43.40 -5.23 
23-02-91 18.47 0.899 1.53 0.68 0.53 0.64 46.02 -5.47 
25-02-91 17.59 0.905 1.53 0.67 0.54 0.64 49.01 -5.86 
26-02-91 17.93 0.905 1.54 0.67 0.54 0.63 48.35 -5.41 
27-02-91 18.37 0.905 1.55 0.67 0.54 0.63 47.96 -5.06 
28-02-91 18.34 0.905 1.54 0.62 0.54 0.67 49.84 -7.20 
01-03-91 18.57 0.902 1.54 0.62 0.54 0.67 49.54 -7.22 
02-03-91 18.89 0.898 l.54 0.62 0.54 0.67 48.76 -7.20 
04-03-91 18.73 0.905 1.55 0.60 0.53 0.66 50.51 -7.31 
05-03-91 18.68 0.907 1.54 0.61 0.53 0.67 49.79 -7.28 

t 06-03-91 18.98 0.905 1.54 0.61 0.53 0.66 48.68 -6.74 
08-03-91 18.72 0.904 1.52 0.59 0.51 0.67 49.36 -8.60 
09-03-91 18.60 0.905 1.51 0.60 0.51 0.66 49.19 -8.44 
11-03 -91 18.48 0.906 1.51 0.59 0.51 0.66 50.05 -8.17 
12-03-91 18.27 0.907 1.51 0.59 0.51 0.65 50.52 -7.94 
13-03-91 18.55 0.905 1.51 0.58 0.51 0.66 50.13 -8.25 
15-03-91 19.11 0.904 1.51 0.57 0.51 0.67 49.40 -8.32 
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, SPECIMEN #: 6C 
~ 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Cover: 17.5 mm (11/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potent1a1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

30-01-91 0.63 0.995 0.38 -0.53 -0.71 -0.57 1441.27 -214.29 
31-01-91 0.63 0.995 0.37 -0.53 -0.68 -0.57 1419.05 -184.13 
01-02-91 0.89 0.995 0.35 QO.52 -0.62 -0.52 976.40 -115.73 
02-02-91 1.08 0.994 0.21 -0.49 -0.75 -0.60 646.30 -145.37 
04-02-91 2.30 0.986 -0.07 -0.52 -1.02 -0.78 197.83 -105.65 
05-02-91 2.46 0.985 -0.10 -0.52 -1.07 -0.83 169.11 -97.97 
06-02-91 2.98 0.985 -0.11 -0.53 -1.09 -0.86 137.92 -78.86 
07-02-91 3.60 0.980 -0.12 -0.52 -1.10 -0.91 110.28 -53.33 
08-02-91 3.95 0.978 -0.13 -0.54 -1.10 -0.88 103.80 -56.20 
09-02-91 4.30 0.976 -0.13 -0.54 -1.10 -0.88 95.58 -52.09 
11-02-91 4.46 0.975 -0.14 -0.54 -1.09 -0.87 89.91 -48.88 
12-02-91 4.23 0.976 -0.14 -0.54 -1.11 -0.87 96.45 -56.97 
13-02-91 4.60 0.975 -0.14 -0.54 -1.12 -0.87 81.61 -54.35 
14-02-91 5.01 0.973 -0.14 -0.55 -1.11 -0.91 81.64 -39.72 
15-02-91 5.30 0.971 -0.14 -0.57 -1.11 -0.84 80.57 -51.32 
16-02-91 5.20 0.971 -0.14 -0.56 -1.11 -0.88 80.38 -45.00 
18-02-91 5.11 0.972 -0.14 -0.55 -1.11 -0.93 80.63 -35.62 
19-02-91 5.10 0.972 -0.14 -0.55 -1.12 -0.90 80.78 -43.73 
20-02-91 5.24 0.971 -0.14 -0.54 -1.12 -0.94 76.91 -35.11 
21-02-91 5.44 0.971 -0:14 -0.54 -1,11 -0.98 72.79 -23.53 
22-02-91 5.59 0.970 -0.14 -0.54 -1.11 -0.97 72.09 -24.69 
23-02-91 5.53 0.970 -0.14 -0.54 -1.11 -0.96 72.33 -26.58 
25-02-91 5.45 0.971 -0.15 -0.55 -1.11 -0.95 73.21 -29.17 
26-02-91 5.56 0.971 -0.14 -0.54 -1.12 -0.95 72.84 -30.58 
27-02-91 5.84 0.968 -0.14 -0.55 -1.13 -0.94 69.52 - 31. 92 
28-02-91 5.86 0.968 -0.14 -0.56 -1.12 -0.86 72.18 -43.86 
01-03-91 5.95 0.967 -0.14 -0.56 -1.12 -0.85 70.76 -45.55 
02-03-91 6.16 0.966 -0.14 -0.56 -1.12 -0.84 67.53 -45.78 
04-03-91 6.09 0.965 -0.14 -0.57 -1.12 -0.88 69.79 -39.90 
05-03-91 6.02 0.966 -0.14 -0.57 -1.13 -0.87 71.43 -44.02 

1 06-03-91 6.09 0.965 -0.15 -0.57 -1.13 -C.87 69.13 -42.04 
08-03-91 6.17 0.965 -0.15 -0.57 -1.14 -0.89 68.07 -39.87 
09-03-91 6.09 0.965 -0.15 -0.57 -1.13 -0.89 68.97 -39.74 
11-03-91 6.00 0.966 -0.15 -0.57 -1.13 -0.89 69.83 -40.00 
12-03-91 5.93 0.966 -0.15 -0.56 -1.13 -0.89 69.81 -40.13 
13-03-91 5.96 0.966 -0.15 -0.56 -1.13 -0.90 67.95 -39.43 
15-03-91 6.00 0.966 -0.14 -0.55 -1.13 -0.90 66.50 -38.50 

ri' .. 
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,,,. SPECIMEN #: 6C 
~ 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 nun) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No .15 
Clear Cover: 17.5 mm (11/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-91 9.38 0.948 l.44 0.97 0.45 0.60 50.43 ·15.14 
31-01-91 8.68 0.952 l.46 1.06 0.46 0.61 46.08 -16.59 
01-02-91 6.86 0.962 l.44 1.04 0.45 0.61 56.60 -24.64 
02-02-91 6.49 0.964 l.45 1.04 0.46 0.58 63.17 -18.80 
04-02-91 6.84 0.962 1.46 0.98 0.46 0.57 70.91 -16.37 
05-02-91 6.99 0.962 1.49 0.95 0.48 0.51 76.97 -3.86 
06-02-91 6.95 0.962 1.48 0.95 0.46 0.57 76.83 -12.95 
07-02-91 7.49 0.958 l.48 0.94 0.47 0.55 72.10 -10.68 
06-02-91 7.57 0.958 1.47 0.93 0.48 0.55 71.07 -9.78 
09-02-91 7.77 0.957 1.47 0.91 0.47 0.55 72.07 -9.91 
11-02-91 8.59 0.953 l.45 0.78 0.45 0.56 78.35 -11. 87 
12-02-91 8.30 0.955 1.44 0.69 0.45 0.55 66.15 -13.13 
13-02-91 8.91 0.951 1.44 0.81 0.44 0.56 70.59 -12.68 
14-02-91 9.33 0.950 1.45 0.70 0.45 0.59 80.39 -14.79 
15-02-91 9.46 0.949 1.45 0.71 0.45 0.58 77 .91 -13.95 
16-02-91 9.47 0.949 1.46 0.72 0.45 0.58 78.35 -13.83 
18-02-91 9.46 0.948 1.46 0.72 0.45 0.58 78.01 -13.85 
19-02-91 9.84 0.946 1.47 0.72 0.47 0.58 76.52 -10.67 
20-02-91 9.96 0.946 1.47 0.71 0.46 0.56 75.90 -Il. 35 
21-02-91 10.05 0.945 1.46 0.71 0.47 0.57 74.73 -10.75 
22-02-91 11.11 0.939 1.49 0.71 0.49 0.57 70.48 -7.65 
23-02-91 10.72 0.941 1.49 0.70 0.48 0.58 73.88 -9.05 
25-02-91 10.48 0.943 1.49 0.68 0.48 0.59 76.91 -10.86 
26-02-91 Il.12 0.941 1.48 0.68 0.48 0.59 72.39 -9.62 
27-02-91 11.46 0.938 1.50 0.66 0.48 0.59 71.82 -9.77 
28-02-91 11.63 0.938 1.49 0.64 0.49 0.65 73.00 -13.50 
01-03-91 11.85 0.936 1.49 0.64 0.49 0.65 71.90 -13.67 
02-03-91 12.24 0.934 1.49 0.63 0.49 0.65 70.02 -13.56 
04-03-91 12.53 0.931 1.49 0.62 0.49 0.66 69.67 -13 .09 
05-03-91 12.44 0.932 1.49 0.61 0.49 0.65 70.42 -12.70 ... 06-03-91 12.74 0.929 1.49 0.62 0.50 0.65 68.37 -12.01 

...... 06-03-91 13.11 0.928 1.49 0.61 0.50 0.66 66.97 -12.43 
09-03-91 13.05 0.929 1.49 0.61 0.50 0.67 67.74 -12.72 
11-03-91 12.99 0.929 1.50 0.61 0.51 0.67 68.67 -12.78 
12-03-91 12.84 0.929 1.50 0.61 0.51 0.67 69.31 -12.31 
13-03-91 12.28 0.927 1. 50 0.60 0.51 0.67 73.29 -13 .44 
15-03-91 13.56 0.926 1.50 0.60 0.51 0.68 66.74 -12.54 
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( SPECIMEN #: 6D 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Cover: 23.8 mm (15/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion ?eriod: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON 1FF ANODE CATHODE 

30-01-91 0.46 0.997 0.41 -0.51 -0.63 -0.57 1991. 30 -115.22 
31-01-91 0.47 0.996 0.42 -0.51 -0.61 -0.57 1978.72 -74.47 
01-02-91 0.42 0.996 0.42 -0.59 -0.58 -0.57 2419.05 -26.19 
02-02-91 0.30 0.997 0.42 -0.43 -0.58 -0.57 2843.33 -60.00 
04-02-91 0.27 0.997 0.42 -0.45 -0.59 -0.58 3211.11 -48.15 
05-02-91 0.13 0.998 0.42 -0.45 -0.59 -0.58 6684.62 -100.00 
06-02-91 0.20 0.998 0.42 -0.45 -0.59 -0.58 4330.00 -15.00 
07-02-91 0.21 0.999 0.42 -0.43 -0.59 -0.58 4004.76 -57.14 
08-02-91 0.20 0.998 0.42 -0.40 -0.59 -0.58 4090.00 -65.00 
09-02-91 0.20 0.998 0.43 -0.41 -0.58 -0.58 4195.00 -25.00 
11-02-91 0.15 0.998 0.42 -0.40 -0.58 -0.57 5473.33 -46.61 
12-02-91 0.20 0.998 0.42 .0.40 -0.58 -0.57 4090.00 -50.00 
13-02-91 0.26 0.998 0.41 -0.40 -0.59 -0.57 3134.62 -53.85 
14-02-91 0.65 0.996 0.34 -0.42 -0.65 -0.60 1161.54 -73.85 
15-02-91 0.82 0.995 0.22 -0.44 -0.73 -0.66 798.78 -86.59 
16-02-91 0.88 0.994 0.18 -0.47 -0.79 -0.72 737.50 -78.41 
18-02-91 0.96 0.993 0.07 -0.51 -0.85 -0.77 601.04 -87.50 
19-02-91 0.85 0.995 0.05 -0.49 -0.95 -0.71 636.47 -274.12 
20-02-91 0.99 0.993 0.04 -0.51 -0.94 -0.77 551.52 -164.65 
21-02-91 1.24 0.993 0.00 -0.5:l -0.93 -0.81 423.39 -93.55 
22-02-91 1.24 0.994 -0.02 -0.52 -1.01 -0.80 405.65 -175.81 
23-02-91 1.35 0.993 -0.02 -0.52 -1.01 -0.84 368.89 -125.19 
25-02-91 1.51 0.992 -0.04 -0.53 -1.00 -0.87 324.50 -86.75 
26-02-91 1.60 0.992 -0.04 -0.53 -1.05 -0.85 300.63 -119.37 
27-02-91 1.80 0.991 -0.04 -0.53 -1.04 -0.84 267.78 -111.67 
28-02-91 1.87 0.991 -0.05 -0.55 -1.05 -0.80 270.05 -131.02 
01-03-91 1.96 0.990 -0.05 -0.56 -1.05 -0.78 260.71 -139.80 
02-03-91 2.11 0.988 -0.05 -0.58 -1.05 -0.75 248.34 -144.55 
04-03-91 2.27 0.987 -0.05 -0.56 -1.06 -0.81 221.15 -111.45 
05-03-91 2.43 0.986 -0.06 -0.58 -1.06 -0.80 213.58 -107.82 

( 06-03-91 2.66 0.985 -0.06 -0.57 -1.06 ~0.82 192.11 -90.98 
08-03-91 2.87 0.984 -0.07 -0.58 -1.07 -0.82 177.00 -87.11 
09-03-91 2.93 0.984 -0.07 -0.57 -1.07 -0.82 170.99 -85.67 
11-03-91 3.01 0.983 -0.07 -0.57 -1.07 -0.81 167.44 -86.38 
12-03-91 3.06 0.983 -0.07 -0.57 -1.07 -0.81 161.69 -66.69 
13-03-91 3.17 0.982 -0.07 -0.57 -1.07 -0.81 157.73 -82.65 
15-03-91 3.45 0.980 -0.07 -0.57 -1.07 -0.81 143.77 ~ 77 .10 
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1 SPECIMEN #: 60 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaC1 
Electrodes: Non-Epoxy No.15 
Clear Cover: 23. t\ ,run (15/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: '.5 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

E1ectrorle Potentia1s (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-n 8.14 0.955 1.45 1.04 0.45 0.58 50.25 -15.85 
31-01-91 6.77 0.963 1.44 l.08 0.44 0.57 51. 99 -18.61 
01-02-91 5.77 0.967 1.45 l.08 0.45 0.57 63.26 -20.10 
02-02-91 5.12 0.972 1.38 1.08 0.40 0.57 57.81 -32.03 
04-02-91 5.30 0.971 1.-47 1.08 0.47 0.57 73.21 -18.68 
05-02-91 5.12 0.972 1.47 l.08 0.47 0.57 76.95 -18.55 
06-02-91 5.14 0.972 1.47 l.07 0.47 0.57 78.99 -18.48 
07-02-91 4.71 0.974 1.48 1.05 0.48 0.57 91.08 -18.26 
08-02-91 4.51 0.975 1.47 1.03 0.48 0.57 99.33 -19.07 
09-02-91 4.29 0.976 1.48 1.06 0.48 0.56 98.14 -19.11 
11-02-91 3.90 0.978 1.49 1.06 0.49 0.57 110.26 -21.03 
12-02-91 3.56 0.981 1.48 1.05 0.48 0.57 118.26 -26.97 
13-02-91 3.70 0.979 1.47 1.06 0.47 0.57 105.14 -26.76 
14-02-91 3.65 0.979 1.45 0.99 0.45 0.53 132.60 -20.82 
15-02-91 3.88 0.978 1.47 0.97 0.49 0.56 128.09 -18.56 
16-02-91 3.81 0.978 1.47 0.97 0.48 0.55 132.28 -18.90 
18-02-91 3.70 0.978 1.47 0.96 0.48 0.55 142.97 -18.11 
19-02-91 3.43 0.979 1.49 0.96 0.48 0.55 154.23 -19.53 
20-02-91 3.48 0.979 1.48 0.91 0.49 0.~8 163.79 -26.15 
21-02-91 3.51 0.980 1.48 0.87 0.49 0.59 174.93 -28.49 
22-02-91 4.13 0.977 1.49 0.88 0.49 0.59 147.46 -24.70 
23-02-91 4.08 0.977 1.48 0.86 0.48 0.59 15l.23 -25.74 
25-02-91 4.04 0.977 1.47 0.85 0.48 0.58 155.20 -26.73 
26-02-91 4.04 0.978 1.47 0.86 0.48 0.58 153.22 -26.98 
27-02-91 4.48 0.975 1.48 0.86 0.48 0.59 138.62 -24.33 
28-02-91 4.21 0.976 , .48 0.81 0.47 0.59 158.67 -27.32 
01-03-91 4.38 0.975 1,47 0.78 0.47 0.59 156.62 -27.63 
02-03-91 4.55 0.975 1.46 0.77 0.47 0.59 153.63 -27.03 
04-03-91 4.89 0.972 1.48 0.72 0.48 0.61 155.21 -25.56 
05-03-91 4.83 0.972 1.48 0.73 0.48 0.60 156.11 -25.47 .. 06-03-91 5.12 0.972 1.49 0.75 0.48 0.61 144.53 -24.02 

+b 08-03-91 5.65 0.970 1.50 0.71 0.49 0.63 138.23 -23.72 
09-03-91 5.84 0.968 1.50 0.71 0.50 0.64 135.62 -23.46 
11-03-91 6.02 0.967 1.50 0.70 0.51 0.64 133.55 -22.92 
12-03-91 6.19 0.965 1.51 0.69 0.51 0.65 131. 99 -22.62 
13-03-91 6.44 0.964 1. 51 0.69 0.51 0.67 128.73 -23.60 
15-03-91 7.00 0.962 1.52 0.68 0.52 0.67 120.14 -21.71 
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( SPECIMEN #: 6E 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
C1ear Cover: 30.2 mm (1·3/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

30-01-91 0.60 0.995 0.42 -0.57 -0.61 -0.57 1633.33 -56.67 
31-01-91 0.22 0.996 0.42 -0.37 -0.58 -0.58 3581.82 -22.73 
01-02-91 0.05 0.998 0.43 -0.38 -0.57 -0.57 16120.00 20.00 
0.2,02-91 0.30 0.998 0.41 -0.45 -0.60 -0.58 2856.67 -46.67 
04-02-91 0.27 0.995 0.40 -0.46 -0.60 -0.59 3151.85 -51.85 
05-02-91 0.27 0.995 0.41 -0.46 -0.60 -0.58 3196.30 -55.56 
06-02-91 0.18 0.998 0.41 -0.46 -0.60 -0.59 4800.00 -44.44 
07-02-91 0.26 0.996 0.40 -0.44 -0.60 -0.59 3219.23 -53.85 
08-02-91 0.23 0.996 0.40 -0.42 -0.60 -0.59 3560.87 -65.22 
09-02-91 0.23 0.998 0.41 -0.44 -0.59 -0.58 3695.65 -52.17 
11-02-91 0.19 0.998 0.41 -0.44 -0.59 -0.58 4478.95 -57.89 
12-02-91 0.12 0.999 0.42 -0.44 -0.57 -0.58 7125.00 75.00 
13-02-91 0.11 0.998 0.42 -0.43 -0.58 -0.58 7763.64 36.36 
14-02-91 0.16 0.998 0.42 -0.44 -0.60 -0.58 5362.50 -93.75 
15-02-91 0.16 0.998 0.37 -0.43 -0.63 -0.62 5006.25 -50.00 
16-02-91 0.16 0.998 0.39 -0.42 -0.61 -0.60 5056.25 -100.00 
18-02-91 0.15 0.997 0.40 -0.42 -0.61 -0.59 5453.33 -80.00 
19-02-91 0.10 0.998 0.40 -0.42 -0.60 -0.59 8220.00 -80.00 
20-02-91 0.11 0.998 0.41 -0.40 -0.60 -0.59 7354.55 -72.73 
21-02-91 0.12 0.998 0.40 -0.37 -0.60 -0.59 6450.00 -75.00 
22-02-91 0.12 0.998 0.41 -0.37 -0.60 -0.59 6475.00 -58.33 
23-02-91 0.11 0.998 0.40 ·0.37 -0.60 -0.59 7036.36 -63.64 
25-02-91 0.10 0.998 0.41 -0.37 -0.60 -0.59 7ï30.00 -50.00 
26-02-91 0.08 0.999 0.41 -0.37 -0.60 -0.59 9637.50 -62.50 
27-02-91 0.08 0.998 0.40 -0.36 -0.60 -0.59 9575.00 -87.50 
28-02-91 0.08 0.999 0.40 -0.37 -0.60 -0.59 9625.00 -75.00 
01-03-91 0.08 0.999 0.40 -0.35 -0.60 -0.59 9337.50 -75.00 
02-03-91 0.08 0.999 0.40 -0.33 -0.60 -0.60 9100.00 -75.00 
04-03-91 0.20 0.997 0.39 -0.33 -0.61 -0.60 3585.00 -90.00 
05-03-91 0.19 0.996 0.39 -0.36 -0.61 -0.60 3968.42 -57.89 

{ 06-03-91 0.47 0.995 0.33 -0.40 -0.66 -0.61 15:'''.96 -121. 28 
08-03-91 0.63 0.995 0.21 -0.42 -0.76 -0.66 1004.76 -128.57 
09-03-91 0.72 0.995 0.18 -0.45 -0.82 -0.72 868.06 -138.89 
11-03-91 0.81 0.994 0.11 -0.47 -0.89 -0.78 720.99 -136.27 
12-03-91 0.94 0.994 0.05 -0.49 -0.95 -0.61 573.40 -153.19 
13-03-91 1.05 0.993 0.02 -0.50 -0.86 -0.82 497.14 -40.95 
15-03-91 1. 28 0.995 -0.01 -0.51 -1.01 -0.84 389.06 -134.38 
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1 SPECIMEN If: 6E 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cernent Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: aon-Epoxy NO.15 
Clear Cover: 30.2 mm (1-3/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Emedded Cathode) 

Electrode Potentials (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-91 8.62 0.952 1.45 1.05 0.46 0.58 46.40 -14.15 
31-01-91 6.94 0.961 1.44 1.06 0.45 0.57 54.76 -18.01 
01-02-91 6.15 0.965 1.45 1.05 0.46 0.57 65.04 -18.54 
02-02-91 5.75 0.968 1.45 1.07 0.45 0.58 66.09 -21.22 
04-02-91 5.50 0.967 1.46 1.07 0.47 0.58 70.91 -18.91 
05-02-91 5.27 0.969 1.47 1.07 0.48 0.57 75.90 -18.60 
06-02-91 5.17 0.970 1.48 1.06 0.48 0.57 81.24 -19.15 
07-02-91 4.86 0.972 1.48 1.05 0.48 0.58 88.48 -20.78 
08-02-91 4.63 0.973 1.47 1.03 0.47 0.57 95.03 -21. 81 
09-02-91 4.42 0.975 1.47 1.04 0.47 0.57 97.29 -22.40 
11-02-91 4.09 0.977 1.49 1.03 0.48 0.57 112.47 -23.47 
12-02-91 3.76 0.979 1.47 1.03 0.47 0.57 117.02 -26.33 
13-02-91 3.89 0.978 1.48 1.03 0.47 0.57 115.68 -25.71 
14-02-91 3.87 0.978 1. 53 1.08 0.52 0.61 116.28 -24.81 
15-02-91 3.78 0.978 1.51 1.08 0.51 0.60 113.76 -24.34 
16-02-91 3.63 0.978 1.49 1.03 0.50 0.58 126.72 -21.49 
18-02-91 3.52 0.979 1.47 1.01 0.49 0.57 130.68 -22.16 
19-02-91 3.66 0.980 1.48 1.02 0.49 0.57 125.68 -21. 31 
20-02-91 3.73 0.979 1.48 1.00 0.49 0.57 128.69 -2l.98 
21-02-91 3.86 0.978 1.48 0.99 0.49 0.58 127.20 -22.80 
22-02-91 3.90 0.978 1.48 0.99 0.49 0.58 126.92 -22.31 
23-02-91 3.88 0.978 1.48 0.97 0.49 0.57 132.73 -21.13 
25-02-91 3.92 0.978 1.48 0.95 0.49 0.56 134.95 -20.15 
26-02-91 3.58 0.981 1.48 0.95 0.49 0.~6 148.88 -19.55 
27-02-91 4.25 0.975 1.48 0.94 0.48 0.56 126.12 ·18.12 
28-02-91 3.82 0.979 1.48 0.97 0.49 0.58 132.72 -23.56 
01-03-91 3.78 0.979 1.48 0.98 0.49 0.58 133.07 -23.81 
02-03-91 3.72 0.979 1.49 0.98 0.50 0.59 136.02 -24.19 
04-03-91 3.81 0.977 1.49 0.95 0.49 0.59 142.52 -24.67 
05-03-91 3.46 0.979 1.49 0.97 0.49 0.57 151.16 -23.12 - 06-03-~1 3.44 0.979 1.49 1.00 0.49 0.57 142.44 -22.67 

'" 08-03-91 3.51 0.979 1.46 0.95 0.48 0.57 146.15 -26.78 
09-03-91 3 55 0.979 1.46 0.94 0.47 0.58 147.04 -28.45 
11-03-91 3.61 0.978 1.47 0.91 0.48 0.58 154.57 -26.59 
12-03-91 3.67 0.978 1.47 0.87 0.48 0.58 164.58 -28.07 
13-03-91 3.78 0.978 1.47 0.84 0.48 0.59 167.46 -28.31 
15-03-91 3.72 0.978 1.48 0.82 0.47 0.59 176.34 -31.45 



0-13 

,f SPECIMEN #: 6F 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaC1 
Electrodes: Non-Epoxy No .15 
C1ear Cover: 36.5 mm (1-7/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POlARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-H-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

30-01-91 0.77 0.994 0.40 -0.63 -0.67 -0.57 1342.86 -136.36 
31-01-91 0.62 0.995 0.39 -0.55 -0.63 -0.58 1527.42 -87.10 
01-02-91 0.33 0.996 0.39 -0.52 -0.60 -0.58 2760.61 -66.67 
02-02-91 0.36 0.998 0.41 -0.53 -0.60 -0.58 2588.89 -75.00 
04-02-91 0.32 0.995 0.40 -0.51 -0.60 -0.58 2828.13 -62.50 
05-02-91 0.28 0.996 0.40 -0.50 -0.61 -0.59 3207.14 -67.86 
06-02-91 0.32 0.996 0.40 -0.50 -0.61 -0.59 2831.25 -56.25 
07-02-91 0.42 0.997 0.40 -0.50 -0.61 -0.59 2133.33 -42.86 
08-02-91 0.41 0.995 0.41 -0.67 -0.61 -0.58 2631.71 -53.66 
09-02-91 0.25 0.997 0.41 -0.44 -O.~O -0.58 3400.00 -52.00 
11-02-91 0.06 0.999 0.41 -0.42 -0.60 -0.59 13916.67 -166.67 
12-02-91 0.04 0.999 0.42 -0.42 -0.59 -0.58 20850.00 -175.00 
13-02-91 0.13 0.998 0.41 -0.42 -0.58 -0.58 6376.92 23.08 
14-02-91 0.05 0.998 0.41 -0.42 -0.59 -0.59 16560.00 -40.00 
15-02-91 0.13 0.998 0.41 -0.41 -0.59 -0.59 6284.62 -53.85 
16-02-91 0.09 0.998 0.41 -0.40 -0.59 ··0.59 9011.11 -44.44 
18-02-91 0.10 0.998 0.41 -0.40 -0.59 -0.59 8060.00 -60.00 
19-02-91 O.CS 0.998 0.41 -0.40 -0.58 -0.59 10137.50 25.00 
20-02-91 0.11 0.998 0.40 -0.39 -0.59 -0.58 7136.36 -27.27 
21-02-91 0.11 0.998 0.38 -0.37 -0.59 -0.58 6781.82 -90.91 
22-02-91 0.10 0.998 0.41 -0.36 -0.58 -0.58 7780.00 -40.00 
23-02-91 0.10 0.998 0.41 -0.34 -0.59 -0.58 7530.00 -60.00 
25-02-91 0.09 0.9~8 0.41 -0.32 -0.59 -0.58 8133.33 - 77 . 78 
26-02-91 0.09 0.999 0.41 -0.32 -0.59 -0.58 8144.44 -66.67 
27-02-91 0.11 0.998 0.41 -0.32 -0.59 -0.58 6627.27 -36.36 
28-02-91 0.10 0.999 0.41 -0.33 -0.59 -0.59 7360.00 -70.00 
01-03-91 0.08 0.999 0.41 -0.31 -0.59 -0.58 8987.50 -125.00 
02-03-91 0.04 0.999 0.40 -0.29 -0.60 -0.59 17225.00 -250.00 
04-03-91 0.06 0.997 0.40 -0.28 -0.60 -0.59 11400.00 -66.67 
05-03-91 0.07 0.998 0.41 -0.35 -0.59 -0.59 10871.43 -85.71 

(, 06-03-91 0.05 0.998 0.40 -0.30 -0.60 -0.59 13940.00 -220.00 
08-03-91 0.06 0.998 0.41 -0.30 -0.59 -0.59 11700.00 -66.67 
09-03-91 0.05 0.998 0.41 -0.29 -0.59 -0.59 13900.00 -80.00 
11-03-91 0.06 0.998 0.40 -0.28 -0.59 -0.59 11466.67 0.00 
12-03-91 0.06 0.998 0.41 -0.27 -0.59 -0.59 11300.00 0.00 
13-03-91 0.06 0.998 0.40 -0.28 -0.59 -0.59 11333.33 -66.67 
15-03-91 0.05 0.999 0.41 -0.29 -0.59 -0.59 13980.00 -100.00 



Q-14 

t SPECIMEN #: 6F 

VARIABLES: Impressed Voltage: l.0 V 
Distance Between Electrodes: 4 in. (101. 6 nun) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy NO.15 
Clear Cover: 36.5 mm ( 1- 7/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-91 7.08 0.959 1.46 1.06 0.46 0.58 56.50 -16.95 
31-01-91 5.90 0.966 1.44 1.08 0.45 0.57 61.02 -20.17 
01-02-91 5.42 0.968 1,46 1.02 0.46 0.57 81.18 -2l. 59 
02-02-91 4.84 0.973 1.45 1.02 0.46 0.58 88.84 -23.35 
04-02-91 4.70 0.972 1.47 1.01 0.48 0.58 97.87 -2l. 28 
05-02-91 4.46 0.973 1.47 1.02 0.48 0.58 100.90 -22 .42 
06-02-91 4.40 0.973 1.47 l.02 0.1.8 0.58 102.27 -21. 59 
07-02-91 4.23 0.975 1.48 1.03 0.49 0.58 106.38 -21. 28 
08-02-91 4.11 0.975 1.48 1.04 0.49 0.58 107.06 -21. 65 
09-02-91 3.99 0.977 1.48 1.05 .0.49 0.57 107.77 -21. 55 
11-02-91 3.82 0.978 1.49 1.06 0.50 0.58 112.57 -21.47 
12-02-91 3.45 0.981 1.48 1.05 0.48 0.58 124.64 -27.54 
13-02-91 3.51 0.981 1.48 1.06 0.48 0.58 119.66 -26.78 
14-02-91 3.51 0.980 1.48 1.05 0.49 0.57 122.51 -23.93 
15-02-91 3.43 0.980 1.49 1.06 0.49 0.57 125.36 -24.20 
16-02-91 3.39 0.980 1.49 1.06 0.49 0.58 126.84 -24.48 
18~02-91 3.19 0.981 1.49 1.07 0.49 0.58 131.66 -25.39 
19-02-91 3.07 0.982 1.47 1.06 0.47 0.57 133.55 -33.55 
20-02-91 3.08 0.982 1.47 1.06 0.47 0.57 133.12 -30.52 
21-02-91 3.05 0.983 1.48 1.06 0.48 0.56 137.70 -26.56 
22-02-91 3.12 0.982 1.46 1.06 0.46 0.57 128.21 -32.69 
23-02-91 3.03 0.983 1.46 1.05 0.47 0.56 135.31 -30.03 
25-02-91 2.85 0.984 1.46 1.04 0.48 0.55 147.37 ·27.02 
26-02-91 2.81 0.985 1.47 1.05 0.47 0.56 149.47 -3l.32 
27-02-91 3.32 0.982 1.'~5 1.05 0.46 0.55 120.48 -29.82 
28-02-91 2.90 0.984 1.47 1.00 0.47 0.57 162.07 -36. 2i 
01-03-91 3.14 0.983 1.46 0.99 0.46 0.57 150.00 -37.58 
02-03-91 3.25 0.982 1.45 0.97 0.45 0.58 146.46 -39.08 
04-03-91 2.86 0.983 1.47 1.02 0.47 0.57 157.34 -35.31 
05-03-91 2.98 0.982 1.44 0.97 0.45 0.57 159.06 -40.94 .. 06-03-91 2.82 0.983 1.46 1.01 0.47 0.57 159.57 -36.52 

.- 08-03-91 2.90 0.983 1.45 1.00 0.46 0.57 155.17 -38.97 
09-03-91 2.93 0.982 1.44 1.01 0.46 0.56 146.76 -3l.77 
11-03-91 2.85 0.983 1.44 1.01 0.47 0.57 150.88 -35.44 
12-03-91 2.73 0.984 1.45 1.02 0.41 0.57 157.51 -37.73 
13-03-91 2.81 0.983 1.46 1.00 0.47 0.57 163.70 -'38.43 
15-03-91 2.62 0.985 1.46 1.00 0.47 0.57 176.34 -40.84 



Q-15 

~ SPECIMEN #: 6G 
\. 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.lS 
Clear Cover; 42.9 mm (1-11/16 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l VoIr ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

30-01-91 0.04 0.998 -0.01 -0.47 -0.91 -0.95 11475.00 1050.00 
31-01-91 0.05 0.998 -0.04 -0.42 -0.8'l -0.92 7600.00 640.00 
01-02-91 0.02 0.998 -0.03 -0.41 -0.85 -0.94 19000.00 4350.00 
02-02-91 0.04 0.999 -0.03 -0.41 -0.88 -0.91 9500.00 775.00 
04-02-91 0.29 0.995 -0.04 -0.41 -0.90 -0.92 1272.41 79.31 
05-02-91 0.04 0.997 -0.06 -0.71 -0.88 -0.90 16300.00 450.00 
06-02-91 0.04 0.998 -0.05 -0.53 -0.88 -0.89 11875.00 325.00 
07-02-91 0.02 0.998 -0.05 -0.57 -0.90 -0.96 25950.00 2750.00 
08-02-91 0.10 0.997 -0.06 -0.60 -0.84 -0.85 5450.00 30.00 
09-02-91 0.02 0.999 -0.04 .. 0.59 -0 '90 -0.94 27600.00 2200.00 
11-02-91 0.06 0.999 -0:05 -0.44 -0.87 -0.90 6433.33 483.33 
12-02-91 0.03 0.999 -0.04 -0.43 ~0.91 -0.90 12966.67 -400.00 
13-02-91 0.12 0.998 -0.05 -0.43 -0.92 -0.90 3191.67 -150.00 
14-02-91 0.12 0.998 -0.05 -0.50 -0.88 -0.90 3800.00 158.33 
15-02-91 0.12 0.998 -0.04 -0.52 -0.87 -0.88 4000.00 75.00 
16-02-91 0.09 0.~98 -0.04 -0.52 -0.85 -0.86 5277.78 111.11 
18-02-91 0.01 0.998 -0.04 -0.52 -0.82 -0.84 47700.00 1900.00 
19-02-91 0.10 0.998 -0.03 -0.52 -0.88 -0.83 4860.00 -490.00 
20-02-91 0.11 0.998 -0.04 -0.52 -0.86 -0.83 4363.64 -209.09 
21-02-91 0.12 0.998 -0.05 -0.57 -0.85 -0.86 4283.33 83.33 
22-02-91 0.10 0.998 -0.04 -0.56 -0.85 -0.85 5140.00 20.00 
23-02-91 0.10 0.998 -0.05 -0.56 -0.85 -0.87 5150.00 230.00 
75-02-91 0.10 0.998 -0.04 -0.56 -0.86 -0.91 5150.00 550.00 
26-02-91 0.10 0.999 -0.04 -0.56 -0.88 -0.89 5118.00 90.00 
27 -02-91 0.06 0.998 -0.04 -0.55 -0.89 -0.89 8533.33 -83.33 
28-02-91 0.04 0.999 -0.04 -0.51 -0.91 -0.89 11900.00 -550.00 
01-03-91 0.08 0.998 -0.04 -0.55 -0.90 -0.87 6337.50 -400.00 
02-03-91 0.10 0.998 -0.05 -0.54 -0.90 -0.86 4940.00 -400.00 
04-03-91 0.06 0.997 -0.05 -0.47 -0.90 -0.87 7050.00 -416.67 
05-03-91 0.05 0.998 -0.04 -0.51 -0.90 -0.85 9520.00 -880.00 

C 06-03-91 0.07 0.998 -0.04 -0.53 -0.90 -0.86 6900.00 -657.14 
08-03-91 0.07 0.997 -0.04 -0.52 -0.90 -0.87 6828.57 -414.29 
09-03-91 0.07 0.998 -0.04 -0.53 -0.90 -0.87 6928.57 -514.29 
11-03-91 O.OB 0.998 -0.04 -0.53 -0.90 -0.87 6075.00 -337.50 
12-03-91 0.08 0.998 -0.04 ~0.52 -0.90 -0.87 6000.00 -375.00 
13 -03-91 0.08 0.998 -0.05 -0.53 -0.91 -0.87 6050.00 -550.00 
15-03-91 0.06 0.99~ -0.05 -0.52 -0.89 -0.89 7866.67 -100.00 



, 
: ~ Q-16 
" 

SPECIMEN #: 6G 

.' 
VARIABLES: Impressed Voltage: 1.0 V 

Distance Between Electrodes: 4 in. (101. (, mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Cover: 42.9 mm (1- 11/16 in.) 

" 
Starting Date: January 29, 1991 

t Ending Date: March 15. 1991 
Immersion Period: 45 days 

REVERSED POLARITY 

1 
(Concrete-Embedded Cathode) 

~ 

t Electrode Potentials (V) Electrode 

f DATE l Volt CATHODE ANODE Resistance (Ohms) 
l (D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE , 
t, 

i 30-01-91 7.05 0.959 1. 79 1.29 0.73 0.86 70.50 -18.58 
~ 31-01-91 6.41 0.963 1. 79 1.32 0.73 0.85 73.48 -18.88 
i 01-02-91 5.57 0.967 1. 78 1.32 0.71 0.81 83.66 -17.41 

1 
02-02-91 4.79 0.973 1. 75 1.31 0.71 0.83 92.28 -23.80 
04-02-91 4.52 0.972 1. 77 1.33 0.74 0.84 98.23 -23.89 

1 
05-02-91 4.38 0,974 1. 77 1.30 0.73 0.84 107.31 -23.29 
06-02-91 4.29 0.974 1. 79 1.33 0.75 0.85 106.99 -24.48 
07-02-91 4.12 0.975 1.81 1.34 0.77 0.87 114.81 -25.00 
08-02-91 3.95 0.976 1. 79 1.28 0.11 0.81 129.11 -24.81 
09-02-91 3.92 0.977 1. 79 1.33 0.76 0.84 117.09 -21. 94 
11-02-91 3.67 0.979 1. 77 l.30 0.75 0.83 128.07 -22.89 
12-02-91 3.37 0.981 1. 76 1.29 0.76 0.84 138.28 -21. 96 
13-02-91 3.41 0.981 1. 76 l. 30 0.79 0.84 136.95 -14.37 
14-02-91 3.31 0.981 1. 74 1. 28 0.74 0.82 138.07 -26.28 
15-02-91 3.30 0.981 1. 73 1. 30 0.74 0.81 130.91 -23.33 
16-02-91 3.19 0.981 1. 74 1.29 0.73 0.81 139.81 -24.14 
18-02-91 3.07 0.982 1. 76 1.29 0.72 0.80 153.09 -25.08 
19-02-91 2.89 0.983 1. 74 1.28 0.76 0.80 160.90 -12.11 
20-02-91 2.92 0.983 1. 75 1.29 0.75 0.80 157.53 -17 . 12 
21-02-91 2.98 0.982 1. 75 1.31 0.74 0.81 150.00 -24.16 
22-02-91 3.10 0.982 1. 71 1. 30 0.73 0.80 132.58 -24.19 
23-02-91 2.99 0.983 1. 71 1.28 0.73 0.80 141. 81 -24.08 
25-02-91 2.82 0.984 1. 71 1.28 0.73 0.80 15/ ... 26 -24.82 

i 26-02-91 2.80 0.985 1. 72 1.28 0.75 0.80 157.14 -18.57 
27-02-91 2.49 0.980 1. 71 1.28 0.74 0.80 173.09 -24.10 

~ 28-02-91 2.93 0.984 1.69 1.25 0.71 0.85 148.81 -47.10 

f 
01-03-91 2.94 0.984 1.68 1.26 0.71 0.85 145.24 -47.62 
02-03-91 2.90 0.984 1.68 1. 26 0.71 0.85 143.79 -47.59 

[ 
04-03-91 2.81 0.983 1..69 1.23 0.71 o.ln 165.48 -40.93 
05-03-91 2.91 0.982 1. 67 l.19 0.70 0.84 163.92 -47.42 

• 06-03-91 2.86 0.983 1.66 1. 22 0.72 0.83 155.2/. -39.86 
.,., 08-03-91 2.92 0.983 1.68 1.24 0.72 0.83 152.05 -36.64 

~ 09-03-91 2.94 0.982 1.68 1.23 0.72 0.82 154.08 -34.69 

! 11-03-91 2.86 0.983 1.69 1.23 0.72 0.82 l60.1 .. 9 -35.66 
12-03-91 2.75 0.984 1.69 1.22 0.72 0.82 170.91 -37.09 
13-03-91 2.81 0.983 1.69 1.20 0.72 0.82 172.24 -38.08 
15-03-91 2.72 0.985 1. 70 1.17 0.1'2 0.82 191 •. 49 -37.87 



Q .. 17 

SPECIMEN #: 6H 

" 
VARIABLES: Impressed Voltage: 1.0 V 

Distance Between Electrodes: 4 in. (10l. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
Clear Cover: 50.8 mm (2 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POlARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

30-01-91 0.97 0.994 0.16 -0.60 -0.86 -0.63 782.47 -243.30 
31-01-91 o 88 0.994 0.24 -0.62 -0.82 -0.68 982.95 -157.95 
01-02-91 0.89 0.993 0.43 -0.63 -0.64 -0.46 1191.01 -200.00 
02-02-9l 0.74 0.994 0.32 -0.62 -0.69 -0.59 1259.46 -136.49 
04-02-91 0.70 0.997 0.41 -0.61 -0.65 -0.52 1455.71 -182.86 
05-02-91 0.65 0.998 0.42 -0.78 -0.68 -0.52 1841.54 -246.15 
06-02-91 0.61 0.998 0.42 -0.59 -0.63 -0.53 1655.74 -172.13 
07-02-91 0.74 0.997 0.44 -0.56 -0.62 -0.51 1350.00 -152.70 
08-02-91 0.51 0.999 0.43 -0.57 -0.60 -0.52 1956.86 -166.67 
09-02-91 0.44 0.999 0.43 -0.50 -0.60 -0.53 2097.73 -159.09 
11-02-91 0.35 0.999 0.44 -0.43 -0.58 -0.53 2480.00 -137.14 
12-02-91 0.24 0.999 0.43 -0.45 -0.57 -0.53 3662.50 -154.17 
13-02-Si 0.24 0.999 0.44 -0.44 -0.56 -0.53 3691. 67 -120.83 
14-02-91 o 35 0.998 0.44 -0.45 -0.57 -0.52 2560.00 -142.86 
15-02-91 0.37 0.998 0.45 -0.45 -0.57 -0.52 2418.92 -129.73 
16-02-91 0.29 0.998 0.45 -0.44 -0.57 -0.53 3051. 72 -124.14 
18-02-91 0.24 0.999 0.45 -0.43 -0.57 -0.53 3650.00 -141. 67 
19-02 -91 0.18 0.999 0.45 -0.42 -0.56 -0.52 4822.22 -172.22 
20-02-9l 0.21 0.999 0.45 -0.43 -0.56 -0.53 4166.67 -161. 90 
21-02-91 0.24 0.999 0.45 -0.44 -0.57 -0.54 3691. 67 -116.67 
22-02-91 0.20 0.999 0.45 -0.44 -0.55 -0.54 4435.00 -85.00 
23-02-91 0.18 0.999 0.45 -0.44 -0.56 -0.54 4916.67 -l11.ll 
25-02-91 0.20 0.999 0.45 -0.44 -0.57 -0.54 4410.00 -130.00 
26-02-91 0.15 0.999 0.45 -0.44 -0.55 -0.54 5920.00 -73.33 
27-02-91 0.16 0.999 0.45 -0.43 -0.55 -0.54 5525.00 -87.50 
28-02-91 0.15 0.999 0.45 -0.42 -0.56 -0.54 5800.00 -113.33 
01-03-91 0.15 0.999 0.45 -0.45 -0.56 -0.54 5986.67 -100.00 
02-03-91 0.16 0.999 0.44 -0.49 -0.56 -0.55 5856.25 -87.50 
04-03 -91 0.16 0.998 0.44 -0.43 -0.56 -0.55 5450.00 -106.25 
05-03-91 0.16 0.998 0.44 -0.43 -0.56 -0.54 5437.50 -112.50 

! 
06-03-91 0.16 0.998 0.44 -0.41 -0.56 -0.54 5325.00 -93.75 

~ 08-03-91 0.16 0.998 0.44 -0.39 -0.56 -0.54 5206.25 -100.00 
09-03-9l 0.15 0.998 0.44 -0.39 -0.56 -0.55 5506.67 -73.33 
11-03-91 0.15 0.998 0.44 -0.38 -0.56 -0.55 5460.00 -86.67 
12-03-91 0.12 0.999 0.43 -0.38 -0.57 -0.55 6775.00 -108.33 
13-03-91 0.14 0.999 0.43 -0.38 -0.57 -0.56 5807.14 -78.57 
15-03-91 0.14 0.999 0.44 -0.37 -0.56 -0.55 5821.43 -64.29 

• 
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SPECIMEN #: 6H 

.' VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cernent Ratio: o .i~5 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 
C1ear Caver: 50.8 mm (2 in.) 

Start.ing Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE I Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-91 6.37 0.964 1.49 1.12 0.50 0.61 58.08 -18.68 
31-01-91 6.35 0.964 1.48 1.12 0.49 0.59 56.69 -16.69 
01-02-91 4.44 0.975 1.40 1.01 0.45 0.52 87.84 -15.77 
02-02-91 4.27 0.975 1.44 l.08 0.45 0.55 84.31 -24.59 
04-02-91 3.82 0.980 1.37 0.97 0.40 0.52 104.97 -31.68 
05-02-91 4.01 0.979 l.45 1.08 <.>.45 0.56 92.27 - '17 . 18 
06-02-91 3.68 0.982 1.44 1.08 0.46 0.55 97.83 -26.63 
07-02-91 3.96 0.979 1.39 0.98 0.41 0.50 104.29 -23.48 
08-02-91 3.32 0.984 1.40 1.03 0.42 0.51 111.45 -25.00 
09-02-91 3.17 0.984 1.40 1.02 0.43 0.52 119.87 -27.76 
11-02-91 3.12 0.985 1.35 1.02 0.43 0.50 105.77 -22.76 
12-02-91 2.45 0.987 1.40 1.01 0.40 0.50 159.18 -40.41 
13-02-91 2.56 0.986 1.40 1.02 0.40 0.50 148.44 -38.28 
14-02-91 2.72 0.985 1.42 1.07 0.43 0.53 128.68 -37.50 
15-02-91 2.68 0.985 1.42 l.07 0.43 0.51 130.60 -28.73 
16-02-91 2.72 0.985 1.41 1.06 0.42 0.52 128.68 -36.76 
18-02-91 2.79 0.985 1.42 1.06 0.41 0.52 129.03 -37.28 
19-02-91 2.09 0.989 1.39 1.05 0.38 0.51 162.68 -61. 24 
20-02-91 2.18 0.989 1. 37 1.05 0.38 0.48 146.79 -45.87 
21-02-91 2.31 0.988 1.36 1.05 0.37 0.44 134.20 -29.87 
22-02-91 2.47 0.988 1.36 1.05 0.37 0.45 125.51 -34.01 
23-02-91 2.29 0.988 1. 36 1.05 0.36 0.45 135.37 -37.99 
25-02-91 2.18 0.989 1.36 1.04 0.36 0.45 146.79 41. 74 
26-02-91 2.20 0.991 1.36 1.05 0.37 0.45 140.91 -37.27 
27-02-91 2.10 0.991 1. 39 1. Ol~ 0.39 0.45 166.67 -29.05 
28-02-91 2.12 0.991 1.36 1.04 0.36 0.45 150.94 -40.57 
01-03-91 2.17 0.989 1.38 1.01 0.38 0.48 170.51 -45.16 
02-03-91 2.22 0.987 1.40 1.00 0.40 0.53 181. 53 -56.76 
04-03-91 2.41 0.985 1. 38 0.98 0.38 0.53 164.73 -61.41 
05-03-91 2.19 0.987 1.41 0.98 0.41 0.53 195.89 - S4. 3i. 
06-03-91 2.25 0.986 1.40 0.99 0.40 0.52 183.56 -52.89 

~ 08-03-91 2.40 0.986 1.40 0.96 0.40 0.52 185.42 -51.67 
'.1> 09-03-91 2.44 0.986 1.40 0.94 0.39 0.53 187.30 -~3.69 

11-03-91 2.49 0.985 1.40 0.94 0.40 0.53 186.35 -)3.82 
12-03-91 2.56 0.985 1.40 0.93 0.40 0.53 184.37 -50.00 
13-03-91 2.48 0.986 1.41 0.92 0.41 0.53 196. 77 -51.21 
15-03-91 2.26 0.987 1.42 0.92 0.42 0.54 221 613 -51.33 
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( SPECIMEN #: 61 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Elpctro1yte Solution: 3.5\ NaC1 
Electrodes: Non-Epoxy No.15 
C1ear Cover: 63.5 mm (2-1/2 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF 'ON OFF ANODE CATHODE 

30-01-91 0.68 0.995 0.41 -0.63 -0.64 -0.49 1530.88 -225.00 
31-01-91 0.56 0.995 0.42 -0.60 -0.64 -0.51 1828.57 -239.29 
01-02-91 0.57 0.995 0.43 -0.55 -0.63 -0.53 1710.53 -175.44 
02-02-91 0.53 0.996 0.44 -0.54 -0.56 -0.56 1835.85 -1.89 
04-02-91 0.52 0.996 0.44 -0.57 -0.56 -0.56 1955.77 -1.92 
05-02-91 0.51 0.996 0.44 -0.51 -0.56 -0.56 1864.71 -9.80 
06-02-91 0.52 0.996 0.45 -0.50 -0.56 -0.56 1813.46 0.00 
07-02-91 0.45 0.997 0.39 -0.47 -0.59 -0.54 1920.00 -108.89 
08-02-91 0.22 0.999 0.41 -0.44 -0.56 -0.50 3854.55 -245.45 
09-02-91 0.10 0.999 0.43 -0.38 -0.56 -0.55 8150.00 -170.00 
11-02-91 0.35 0.999 0.42 -0.45 -0.59 -0.55 2488.57 -11l.43 
12-02-91 0.24 0.999 0.43 -0.43 -0.57 -0.55 3579.17 -100.00 
13-02-91 0.30 0.998 0.42 -0.44 -0.58 -0.55 2843.33 -113.33 
14-02-91 0.32 0.998 0.44 -0.48 -0.57 -0.52 2868.75 -150.00 
15-02-91 0.33 0.998 0.45 -0.48 -0.57 -0.52 2790.91 -154.55 
16-02-91 0.26 0.998 0.45 -0.45 -0.57 -0.53 3469.23 -16l.54 
18-02-91 0.20 0.999 0.45 -0.43 -0.56 -0.53 4425.00 -160.00 
19-02-91 0.15 0.999 0.45 -0.43 -0.55 -0.52 5860.00 -193.33 
20-02-91 0.16 0.999 0.45 -0.43 -0.56 -0.53 5462.50 -175.00 
21-02-91 0.18 0.999 0.45 -0.42 -0.56 -0.54 4833.33 -133.33 
22-02-91 0.15 0.999 0.45 -0.43 -0.55 -0.53 5840.00 -106.67 
23-02-91 0.14 0.999 0.45 -0.42 -0.56 -0.54 6207.14 -12l.43 
25-02-91 0.15 0.999 0.45 -0.42 -0.57 -0.55 5746.67 -146.67 
26-02-91 0.12 0.999 0.45 -0.42 -0.55 -0.55 7233.33 -25.00 
27-02-91 0.12 0.999 0.45 -0.42 -0.55 -0.5~ 7233.33 0.00 
28-02-91 0.11 0.999 0.45 -0.39 -0.55 -0.54 7681.82 -100.00 
01-03-91 0.11 0.999 0.45 -0.42 -0.55 -0.54 7945.45 -90.91 
02-03-91 0.11 0.999 0.45 -0.45 -0.55 -0.54 8172.73 -8l.82 
04-03-91 0.10 0.998 0.43 -0.41 -0.57 -0.54 8300.00 -330.00 
05-03-91 0.09 0.998 0.41 -0.40 -0.59 -0.59 8966.67 11.11 

( 06-03-91 0.09 0.998 0.41 -0.37 -0.59 -0.59 8677.78 0.00 
08-03-91 0.09 0.998 0.42 -0.35 -0.58 -0.58 8511.11 0.00 
09-03-91 0.08 0.999 0.42 -0.35 -0.58 -0.58 9650.00 -12.50 
11-03-91 0.08 0.999 0.42 -0.35 -0.58 -0.58 9587.50 0.00 
12 -03-91 0.07 0.999 0.42 -0.34 -0.58 -0.58 10971.43 14.29 
13-03-91 0.07 0.999 0.42 -0.35 -0.58 -0.58 10914.29 -14.29 
15-03-91 0.07 0.999 0.42 -0.29 -0.58 -0.59 10028.57 14.29 
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., 
SPECIMEN #: 61 .. 

VARIABLES: 1mpressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (1Ol.6 mm) 
Water-Cement Ratio: 0.45 (24 hours curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy NO.15 
Clear Cover: 61.5 mm (2-1/2 in.) 

Starting Date: January 29, 1991 
Ending Date: March 15, 1991 
Immersion Period: 4S days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentia1s (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

30-01-91 7.76 0.956 1.44 1.08 0.44 0.58 45.75 -16.88 
31-01-91 5.22 0.969 1.42 1.08 0.43 0.53 65.52 -19.16 
01-02-91 4.06 0.976 1. 31 0.95 0.37 0.47 87.93 -25.62 
02-02-91 4.04 0.976 1.41 1.01 0.42 0.55 99.26 -30.69 
04-02-91 3.59 0.981 1. 35 0.92 0.37 0.51 120.06 -41. 23 
05-02-91 3.62 0.982 1.40 1.03 0.41 0.54 103.59 -35.08 
06-02-91 3.36 0.983 1.40 1.01 0.42 0.53 116.67 -35.12 
07-02-91 3.87 0.981 1.34 0.93 0.36 0.47 105.17 -30.75 
08-02-91 3.18 0.984 1.38 0.97 0.40 0.49 128.62 -27.67 
09-02-91 2.95 0.985 1. 38 0.96 0.40 0.51 140.00 -36.95 
11-02-91 2.88 0.985 1. 33 0.96 0.40 0.48 127.43 -28.12 
12-02-91 2.29 0.988 1.38 0.96 0.38 0.48 183.84 -46.29 
13-02-91 2.28 0.987 1. 38 0.96 0.38 0.48 185.09 -44.30 
14-02-91 2.60 0.986 1.40 1.06 0.41 0.52 130.77 -42.69 
15-02-91 2.55 0.986 l. 39 1.05 0.41 0.49 134.12 -31.76 
16-02-91 2.66 0.986 1.40 1.04 0.41 0.49 136.09 - 31. 95 
18-02-91 2.77 0.985 1.40 1.02 0.41 0.50 136.10 -3l. 77 
19-02-91 2.08 0.989 1. 38 1.02 0.38 0.49 174.52 -50.96 
20-02-91 2.17 0.989 1. 36 1.01 0.37 0.46 162.21 -41.01 
21-02-91 2.17 0.989 1.34 1.01 0.36 0.44 155.30 -35.9l. 
22-02-91 2.39 0.988 1. 35 1.00 0.35 0.45 144.77 -41.00 
23-02-91 2.24 0.988 1.34 1.00 0.35 0.45 153.13 -45.09 
25-02-91 2.07 0.989 1.34 1.00 0.34 0.44 165.22 -50.24 
26-02-91 2.06 0.992 1.34 0.99 0.34 0.45 166.99 -5l. 94 
27-02-91 l.94 0.992 1. 37 0.99 0.37 0.44 196.39 -38.66 
28-02-91 l.96 0.992 1. 37 1.05 0.37 0.50 167.35 -66.33 
01-03-91 2.08 0.990 1.39 1.05 0.38 0.51 162.02 -62.98 
02-03-91 2.20 0.988 1.40 1.05 0.40 0.53 159.09 -57.73 
04-03-91 2.80 0.984 1.47 1.01 0.35 0.57 165.00 -78.96 
05-03-91 2.95 0.983 1.49 1.04 0.50 0.57 155.59 -26.78 - 06-03-91 2.90 0.983 1.49 1.04 0.49 0.57 154.14 -28.28 , 

..,.. 
08-03-91 2.84 0.984 1.49 1.03 0.49 0.57 16l. 97 - 3l. 34 
09-03-91 2.80 0.984 l.48 1.02 0.49 0.57 167.14 -30.36 
11-03-91 2.79 0.984 1.49 1.01 0.49 0.57 170.25 -29.03 
12-03-91 2.77 0.984 1.49 1.00 0.49 0.57 175.81 -29.60 
13-03-91 2.86 0.984 1.47 0.99 0.48 0.57 169.93 -32.17 
15-03-91 2.82 0.984 1. 50 0.95 0.50 0.58 193.97 -27.30 
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APPENDIX R 

Test Series #7 

Potential and Current Measurements 

( 
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1\-2 

This appendix includes the voltage and current 

measurements recorded daily for each specimen of Test Series 

#7, for both polarity modes. The electrode "polarization" 

resistance of each specimen is also included. 

.. 
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SPECIMEN #: 7A 

< VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4" 
Water-Cemeut Ratio: 
Electrolyte Solution: 10.0% NaCl 

'Electrodes: Non-Epoxy No.15 

Starting Date: March 25, 1991 
Ending Date: April lB, 1991 
Immersion Period: 24 days 

NORMAL POLARITY 

Electrode Potentials (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

26-03-91 72.70 0.623 -0.34 -0.62 -1.34 -0.94 3.85 -5.49 
27-03-91 72.10 0.624 -0.34 -0.59 -1.34 -1.00 3.47 -4.72 
28-03-91 71.30 C.625 -0.35 -0.58 -1.34 -1.02 3.23 -4.49 
29-03-91 54.70 0.715 -0.32 -0.56 -1. 33 -1.01 4.28 -5.85 
30-03-91 47.80 0.755 -0.31 -0.54 -1. 31 -0.99 4.92 -6.74 
01-04-91 45.60 0.770 -0.29 -0.53 -1.30 -1.00 5.39 -6.69 
02-04-91 46.10 0.767 -0.28 -0.53 -1. 29 -0.96 5.38 -7.22 
03-04-91 46.60 0.764 -0.28 -C.53 -1.29 -0.92 5.36 -8.05 
04-04-91 48.30 0.755 -0.28 -0.53 -1. 29 -0.94 5.30 -7.27 
05-04-91 48.20 0.753 -0.28 -0.53 -1.28 -0.91 5.21 -7.61 
06-04-91 48.40 0.751 -0.29 -0.53 -1.29 -0.99 5.08 -6.12 
08-04-91 48.60 0.747 -0.28 -0.50 -1.27 -0.98 4.40 -5.95 
09-04-91 47.90 0.745 -0.29 -0.54 -1.28 -1.00 5.05 -5.85 
10-04-91 49.30 0.751 -0.29 -0.54 -1.29 -1.01 4.93 -5.68 
11-04-91 47.90 0.762 -0.28 -0.54 -1. 29 -0.96 5.34 -6.91 
12-04-91 49.20 0.754 -0.28 -0.54 -1.29 -1.01 5.22 -5.69 
13-04-91 48.50 0.758 -0.28 -0.54 -1.29 -1.01 5.36 -5.77 
15-04- 91 48.00 0.763 -0.27 -0.53 -1.28 -1.02 5.42 -5.42 
16-04-91 47.40 0.769 -0.27 -0.53 -1. 28 -1.02 5.53 -5.49 
17-04-91 -28.48 -0.264 -0.80 -0.17 -0.56 -0.66 0.77 -3.48 
18-04-91 -25.90 -0.417 -0.95 -0.92 -0.55 -0.63 1.24 -3.24 

{ 
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- SPECIMEN #: 7A 
.; 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4" 
Water-Cement Ratio: 
Electrolyte Solution: 10.0% NaCl 
Electrodes: Non-Epoxy NO.15 

Starting Date: March 25, 1991 
Entling Date: April lB, 1991 
Immersion Period: 24 days 

REVERSED POLARITY 

Electrode Potentials (V) Electrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

26-03-91 86.30 0.520 1.20 0.77 0.21 0.84 5.02 -7.29 
27-03-91 97.80 0.495 1.26 0.80 0.26 0.88 4.70 -6.38 
28-03-91 102.50 0.456 1.34 0.85 0.36 0.90 4.81 -5.30 
29-03-91 117.20 0.369 1.20 0.69 0.23 0.89 4.36 -5.66 
30-03-91 124.80 0.333 1.17 0.64 0.21 0.87 4.24 -5.30 
01-04-91 130.00 0.306 1.18 0.64 0.22 0.83 4.17 -4.72 
02-04-91 132.90 0.288 1.18 0.62 0.22 0.76 4.20 -4.11 
03-04-91 136.10 0.275 1.18 0.61 0.21 0.70 4.22 -3.60 
04-04-91 140.30 0.253 1.17 0.59 0.20 0.72 4.11 -3.65 
05-04-91 139.50 0.250 1.16 0.60 0.20 0.69 4.05 -3.49 
06-04-91 139.10 0.247 1.15 0.60 0.21 0.67 3.98 -3.36 
08-04-91 141.30 0.235 1.14 0.58 0.18 0.67 3.98 -3.48 
09-04-91 142.20 0.229 1.12 0.58 0.18 0.67 3.78 -3.43 
10-04-91 140.10 0.242 1.13 0.60 0.18 0.68 3.81 -3.51 
11-04-91 137.80 0.265 1.15 0.61 0.19 0.68 3.93 -3.59 
12-04-91 134.80 0.286 1.11 0.58 0.16 0.72 3.95 -4.22 
13-04-91 132.70 0.297 1.12 0.58 0.14 0.72 4.07 -4.39 
15-04-91 131.40 0.304 1.13 0.58 0.11 0.72 4.16 -4.63 
16-04-91 130.70 0.309 1.12 0.59 0.06 0.71 4.09 -4.99 
17-04-91 -29.33 -0.201 0.69 0.74 0.88 0.79 l.67 -2.83 
18-04-91 -30.02 -0.028 0.87 0.89 0.87 0.78 0.67 -3.10 
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( 
SPECIMEN #: 7B 

VARIABLES: Impressed Voltage: l.OV 
Distance Between Electrodes: 4" 
Water-Cement Ratio: 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 

Starting Dat.e· March 19, 1991 
Ending Date: April 18, 1991 
Immersion Period: 30 days 

NORMAL POURITY 

Electrode Potentials (V) Electrode 
DATE 1 Vo1l ANODE CATHODE Resistance (Ohms) 

(D-K-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

20-03-91 58.90 0.695 -0.34 -0.61 -1.34 -1.14 4.69 -3.41 
21-03-91 56.40 0.709 -0.34 -0.61 -1.35 -0.92 4.72 -7.55 
22-03-91 55.80 0.713 -0.34 -0.60 -1.35 -0.95 4.59 -7.10 
23-03-91 54.60 0.722 -0.34 -0.59 -1.35 -0.96 4.51 -7.22 
25-03-91 52.60 0.725 -0.34 -0.57 -1.34 -0.97 4.43 -7.07 
26-03-91 47.00 0.761 -0.32 -0.56 -1.34 -0.96 5.11 -7.96 
27-03-91 48.30 0.746 -0.33 -0.56 -1.34 -0.97 4.78 -7.62 
28-03-91 49.90 0.739 -0.34 -0.56 -1.34 -0.98 4.43 -7.23 
29-03-91 47.60 0.754 -0.32 -0.55 -1.33 -0.92 4.85 -8.51 
30-03-91 46.00 0.762 -0.31 -0.55 -1.32 -0.92 5.17 -8.70 
01-04-91 44.20 0.715 -0.31 -0.54 -1.32 -0.94 5.20 -8.53 
02-04-91 44.90 0.772 -0.31 -0.54 -1.32 -0.94 5.23 -8.44 
03-04-91 45.60 0.769 -0.30 -0.54 -1.31 -0.93 5.20 -8.33 
04-04-91 44.60 0.774 -0.30 -0.54 -1.31 -0.93 5.49 -8.54 
05-04-91 44.20 0.763 -0.30 -0.54 -1.31 -0.94 5.43 -8.33 
06-04-91 43.80 0.758 -0.30 -0.53 -1.30 -0.95 5.39 -8.13 
08-04-91 45.10 0.765 -0.30 -0.54 -1.30 -0.94 5.32 -7.92 
09-04-91 44.60 0.761 -0.30 -0.54 -1.30 -0.92 5.36 -8.54 
10-04-91 45.90 0.768 -0.29 -0.51 -1.31 -0.92 4.84 -8.45 
11-04-91 45.60 0.774 -0.28 -0.55 -1.30 -0.93 5.83 -8.00 
12-04-91 45.50 'J. ï15 -0.28 -0.55 -1.29 -0.94 5.91 -7.67 
13-04-91 44.90 0.779 -0.37 -0.54 -1.29 -0.94 3.88 -7.68 
15-04-91 44.10 0.785 -0.51 -0.54 -1.29 -0.95 0.57 -7.69 
16-04-91 43.40 0.791 -0.65 -0.53 -1.29 -0.95 -2.67 -7.81 
17-04-91 -11.86 -0.115 -0.73 -0.67 -0.51 -0.63 4.54 -10.03 
18-04-91 -7.78 -0.364 -0.92 -0.88 -0.53 -0.62 5.27 -11.31 

(, 
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VARIABLES: 

DATE 
(D-M-Y) 

20-03-91 
21-03-91 
22-03-91 
23-03-91 
25-03-91 
26-03-91 
27-03-91 
28-03-91 
29-03-91 
30-03-91 
01-04-91 
02-04-91 
03-04-91 
04-04-91 
05-04-91 
06-04-91 
08-04-91 
09-04-91 
10-04-91 
11-04-91 
12-04-91 
13-04-91 
15-04-91 
16-04-91 
17-04-91 
18-04-91 

l 
(mA) 

55.90 
67.50 
71.10 
64.50 
85.10 
89.90 
94.70 

106.70 
104.90 
105.80 
107.30 
108.40 
109.80 
109.40 
109.70 
110.00 
110.60 
106.20 
106.50 
105.70 
104.40 
107.60 
105.80 
105.60 

-5.90 
-5.24 
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SPECIMEN #: 7B 

Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4" 
Water-Cement Ratio: 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.15 

Starting Date: March 19. 1991 
Ending Date: April 18. 1991 
Immersion Period: 30 days 

REVERSED POLARITY 

Electrode Potentials (V) 
Volt CATHODE ANODE 

(V) ON OFF ON OFF 

0.712 1.36 0.92 0.36 0.80 
0.649 1.39 0.93 0.38 0.79 
0.632 1.36 0.86 0.35 0.87 
0.667 1.31 0.88 0.31 0.87 
0.545 1.19 0.70 0.23 0.88 
0.520 1.17 0.69 0.20 0.88 
0.501 1.13 0.69 0.19 0.87 
0.433 1.12 0.68 0.19 0.87 
0.436 1.10 0.61 0.21 0.86 
0.435 1.14 0.61 0.18 0.85 
0.472 1.12 0.61 0.21 0.73 
0.420 1.12 0.60 0.21 0.70 
0.415 1.11 0.60 0.21 0.69 
0.415 1.11 0.59 0.21 0.68 
0.408 1.10 0.59 0.21 0.68 
0.401 1.09 0.59 0.23 0.68 
0.401 1.06 0.58 0.21 0.72 
0.410 1.07 0.58 0.20 0.70 
0.423 1.10 0.59 0.21 0.70 
0.437 1.14 0.60 0.22 0.69 
0.449 1.13 0.59 0.19 0.68 
0.432 1.12 0.59 0.19 0.69 
0.436 1.11 0.58 0.18 0.70 
0.437 1.10 0.58 0.18 0.70 

-0.153 0.63 0.66 0.79 0.73 
-0.025 0.84 0.86 0.82 0.72 

Electrode 
Resistance (Ohms) 
CATHODE ANODE 

7.92 -7.85 
6.68 -6.09 
7.06 -7.33 
6.73 -8.67 
5.79 -7.69 
5.26 -7.49 
4.69 -7.17 
4.07 -6.43 
4.67 -6.22 
5.02 -6.27 
4.78 -4.90 
4.76 -4.52 
4.73 -4.36 
4.69 -4.33 
4.62 -4.26 
4.55 -4.15 
4.36 -4.59 
4.47 -4.67 
4.80 -4.60 
5.11 -4.47 
5.14 -4.74 
4.93 -4.67 
4.94 -4.85 
4.90 -4.96 
5.08 -10.51 
3.63 -19.27 



R-1 

{ SPECIMEN #: 7C 

VARIABLES: Impressed Voltage: l.OV 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hrs. c.uring) 
Electrolyte Solution: 3.5' NaC1 
Electrodes: Non-Epoxy No.15 
Clear Caver: anode - 7/16 in. (11.1 mm) 

cathode - 1-3/16 in. (30.2 mm) 
Starting Date: March 19, 1991 
Ending Date: May 3, 1991 
Iœmersion Period: 45 days 

NORMAL POURITY 
(Concrete-Embedded Anode) 

Electrode Potentials (V) Electrode 
DATE 1 Volt: ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

20-03-91 0.02 0.999 -0.14 -0.22 ~1.14 -1.01 4200.00 -6500.00 
21-03-91 0.06 0.999 -0.03 -0.30 -1.03 -1.00 4633.33 -500.00 
22-03-91 0.17 0.999 -0.15 -0.37 -1.15 -1.10 1323.53 -294.12 
23-03-91 0.27 0.998 -0.17 -0.41 -1.17 -1.10 903.70 -259.26 
25-03-91 0.72 0.995 -0.21 -0.52 -1.21 -1.09 431. 94 -166.67 
26-03-91 1.02 0.994 -0.24 -0.56 -1.23 -1.08 317 .65 -147.06 
27-03-91 1.31 0.993 -0.26 -0.58 -1.25 -1.08 248.09 -129.77 
28-03-91 1.60 0.992 -0.28 -0.61 -1.28 -1.07 205.00 -131.25 
29-03-91 1. 75 0.991 -0.30 -0.63 -1.30 -1.08 186.29 -125.71 
30-03-91 1.85 0.989 -0.31 -0.62 -1.32 .,1.07 165.95 -135.14 
01-04-91 2.08 0.988 -0.33 -0.59 -1.34 -1.07 125.96 -129.81 
02-04-91 2.17 0.988 -0.34 -0.59 -1.34 -1.07 116.59 -124.42 
03-04-91 2.26 0.987 -0.35 -0.59 ':1.34 -1.07 107.96 -119.47 
04-04-91 2.28 0.987 -0.35 -0.59 -1.36 -1.07 106.14 -127.19 
05-04-91 2.39 0.987 -0.36 -0.58 -1.36 -1.08 95.40 -117.15 
06-04-91 2.50 0.986 -0.36 -0.58 -1.36 -1.07 86.00 -116.00 
08-04-91 2.59 0.985 -0.37 -0.58 -1.37 -1.08 81.85 -111.97 
09-04-91 2.65 0.985 -0.38 -0.59 -1.38 -1.08 78.49 -113.21 
10-04-91 2.61 0.985 -0.38 -0.59 -1.38 -1.08 78.93 -114.94 
11-04-91 2.62 0.985 -0.38 ·0.60 -1.38 -1.07 82.06 -118.32 
12-04-91 2.58 0.986 -0.39 -0.59 -1.39 -1.08 79.07 -120.16 
13-04-91 2.62 0.986 -0.39 -0.59 -1.39 -1.08 76.34 -118.32 
15-04-91 2.69 0.985 -0.39 -0.59 -1.39 -1.07 74.72 -118.96 
16-04-91 2.75 0.985 -0.40 -0.59 -1.39 -1.08 72.00 -112.73 
17-04-91 2.75 0.985 -0.40 -0.60 -1.40 -1.08 72.00 -116.36 
18-04-91 2.70 0.985 -0.39 -0.59 -1.40 -1.08 72.22 -118.52 
19-04-91 2.74 0.985 -0.40 -0.59 -1.41 -1.08 70.80 -120.44 
20-04-91 2.88 0.984 -0.40 -0.59 ,:,1.40 -1.08 64.58 -111.11 
22-04-91 2.83 0.985 -0.40 -0.59 -1.41 -1.08 66.43 -116.61 
23-04-91 2.92 0.984 -0.40 -0.59 -1'.41 -1.07 63.70 -116.44 

{ 24-04-91 3.02 0.984 -0.41 -0.59 -1.42 -1.08 60.60 -112.58 
26-04-91 3.13 0.984 -0.42 -0.59 -1.42 -1.08 57.19 -108.63 
27-04-91 3.13 0.985 -0.42 -0.58 -1.42 -1.08 53.04 -108.63 
29-04-91 3.24 0.982 -0.42 -0.56 ~l.43 -1.05 44.14 -117.28 
30-04-91 3.15 0.983 -0.41 -0.58 -1.41 -1.06 53.65 -111.11 
01-05-91 3.01 0.984 -0.41 -0.59 -1.41 -1.07 58.47 -112.96 
03-05-91 2.88 0.985 -0.41 -0.60 -1.42 -1.07 64.24 -121. 53 



, 
R-8 , 

~ 

" SPECIMEN #: 7C 
J> 

VARIABLES: !mpressed Voltage: l.OV 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Watcr-Cement Ratio: 0.45 (24 hrs. curing) 
Electrolyte Solution: 3.5% NaC1 
Electrodes: Non-Epoxy No.15 
C1ear Cover: anode - 7/16 in. (11.1 mm) 

cathode - 1-3/16 in. (30.2 mm) 
Starting Date: March 19, 1991 
Ending Date: May 3, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE l Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

20-03-91 0.92 0.995 l.18 1.02 0.18 0.80 173.91 -673.91 
21-03-91 0.84 0.995 1.18 1.01 0.18 0.68 202.38 -591.67 
22-03-91 1.02 0.995 1.20 1.00 0.20 0.79 198.04 -579.41 
23-03-91 0.86 0.995 1.18 1.02 0.18 0.71 186.05 -620.93 
25-03-91 3.41 0.982 1.37 0.94 0.34 0.82 127.57 -140.76 
26-03-91 3.77 0.980 1.37 0.90 0.34 0.84 124.14 -131. 30 
27-03-91 4.21 0.977 1.37 0.89 0.35 0.86 114.49 -120.67 
28-03-91 4.92 0.974 1.36 0.84 0.36 0.87 104.88 -104.27 
29-03-91 4.78 0.975 1.34 0.86 0.34 0.82 101.26 -100.84 
30-03-91 4.85 0.974 1.'33 0.84 0.32 0.82 100.82 -102.68 
01-04-91 5.24 0.972 1.28 0.80 0.28 0.81 91.41 -102.29 
02-04-91 5.48 0.970 1.26 0.78 0.26 0.84 87.77 -106.02 
03-04-91 5.79 0.968 1.25 0.76 0.24 0.87 85.49 -107.60 
04-04-91 5.91 0.968 1.24 0.74 0.23 0.87 84.26 -109.14 
05-04-91 6.14 0.967 1.22 0.13 0.22 0.88 79.15 -107.49 
06-04-91 6.37 0.965 1.21 0.73 0.20 0.88 75.82 -106.12 
08-04-91 6.93 0.963 1.19 0.69 0.18 1.02 72.73 -120.63 
09-04-91 7.55 0.959 1.19 0.67 0.18 1.03 69.27 -112.05 
10-04-91 7.03 0.962 1.17 0.68 0.17 0.98 69.42 -114.94 
11-04-91 6.44 0.965 1.16 0.70 0.15 0.94 72 .05 -122.52 
12-04-91 6.54 0.965 l.15 0.68 0.14 0.95 71.41 -122.94 
13-04-91 6.75 0.963 1.15 0.68 0.15 0.98 69.78 -122.96 
15-04-91 7.11 0.960 1.16 0.68 0.15 1.00 68.21 -119.55 
16-04-91 7.53 0.958 1.16 0.67 0.15 1.02 64.94 -115.14 
17-04-91 7.33 0.958 l.14 0.65 0.13 1.04 66.65 -124.28 
18-04-91 7.05 0.962 l.12 0.66 0.11 0.97 65.53 -121. 99 
19-04-91 7.40 0.958 1.12 0.66 0.11 1.01 62.70 -122.30 
20-04-91 7.57 0.958 1.12 0.65 0.10 1.03 61.56 -123.12 
22-04-91 7.70 0.957 1.12 0.66 0.10 1.02 60.~9 -118.96 
23-04-91 7.88 0.956 l.12 0.65 0.11 1.01 59.64 -114.09 .... 
24-04-91 8.00 0.956 1.12 0.65 0.12 1.01 58.50 -111.88 

,~ 26-04-91 8.37 0.955 1.12 0.65 0.11 1.02 55.63 -108.36 
27-04-91 8.26 0.956 1.08 0.65 0.07 1.00 52.42 -112.23 
29-04-91 6.92 0.963 i.08 0.62 0.06 0.95 65.90 -128.47 
30-04-91 7.46 0.959 1.07 0.64 0.06 0.94 57.91 -t19.03 
01-05-91 7.81 0.9~6 1.06 0.65 0.05 0.94 52.62 -113.70 
03-05-91 8.38 0.955 1.07 0.64 0.07 1.03 51. 31 -115.04 





R-10 

-'l, SPECIMEN #: 70 ... 
VARIABLES: Impressed Voltage: 1.0 V 

Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hrs cudng) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy NO.15 
Clear Cover: anode - 2.0 in. (50.8 mm) 

cathode - 1-3/16 in. (30.2 mm) 
Starting Date: March 19, 1991 
Ending Date: May 3, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentials (V) Electrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D~M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

20-03-91 0.23 0.998 1.03 1.03 0.04 0.33 21. 7'~ -1300.00 
21-03-91 0.53 0.997 1.03 1.00 0.03 0.66 66.04 -1179.25 
22-03-91 0.48 0.997 1.02 0.99 0.02 0.67 45.83 -1350.00 
23-03-91 0.54 0.996 1.17 1.08 0.17 0.66 164.81 -911.11 
25-03-91 0.93 0.995 1.15 0.99 0.14 0.73 168.82 -631.18 
26-03-91 0.80 0.995 1.13 0.99 0.13 0.68 180.00 -688.75 
27-03-91 0.75 0.996 1.12 0.99 0.12 0.65 181. 33 -702.67 
28-03-91 0.64 0.996 1.11 0.99 0.11 0.63 192.19 -809.38 
29-03-91 0.56 0.997 1.06 0.95 0.06 0.49 196.43 -762.50 
30-03-91 0.43 0.991 1.00 0.92 0.00 0.37 193.02 -858.14 
01-04-91 0.36 0.997 0.98 0.90 -0.02 0.36 213.89 -1061.11 
02-04-91 0.36 0.998 0.98 0.91 -0.02 0.36 202.78 -1058.33 
03-04-91 0.36 0.998 0.98 0.91 -0.02 0.36 194.44 -1058.33 
04-04-91 0.37 0.998 0.99 0.92 -0.01 0.37 202.70 -1010.81 
05-04-91 0.37 0.998 1.00 0.92 -0.00 0.39 194.59 -1054.05 
06-04-91 0.38 0.998 1.00 0.93 0.00 0.42 184.21 -1097.37 
08-04-91 0.45 0.997 1.06 0.96 0.05 0.53 204.44 -1057.78 
09-04-91 0.53 0.997 1.07 0.97 0.07 0.53 205.66 -858.49 
10-04-91 0.39 0.997 1.04 0.91 0.03 0.49 335.90 -1194.87 
11-04-91 0.27 0.998 0.98 0.86 -0.02 0.46 429.63 -1770.37 
12-04-~1 0.29 0.998 0.97 0.84 -0.03 0.4] 448.28 -1500.00 
13-04-91 0.28 0.998 0.94 0.80 -0.05 0.34 500.00 -1407.14 
15-04-91 0.29 0.998 0.89 0.76 -0.09 0.30 455.17 -1341. 38 
16-04-91 0.28 0.998 0.83 0.72 -0.12 0.21 417.86 -117l.43 
17-04-91 0.29 0.997 0.88 0.66 -0.12 0.24 758.62 -1244.83 
18-04-91 0.22 0.998 0.88 0.72 -0.12 0.21 745.45 -1490.91 
19-04-91 0.23 0.998 0.88 0.71 -0.13 0.22 730.43 -1482.61 
20-04-91 0.24 0.998 0.88 0.71 -0.13 0.22 725.00 -1458.33 
22-04-91 0.24 0.998 0.87 0.70 -0.13 0.22 712.50 -1454.17 
23-04-91 0.23 0.998 0.87 0.71 -0.13 0.21 700.00 -1508.70 

* 24-04-91 0.22 0.998 0.86 0.71 -0.13 0.21 695.45 -1545.45 - 26-04-91 0.23 0.998 0.87 0.72 -0.13 0.20 652.17 -1434.78 
27-04-91 0.23 0.999 0.88 0.73 -0.12 0.19 669.57 -1347.83 
29-04-91 0.25 0.999 0.88 0.84 -0.10 0.54 152.00 -2548.00 
30-04-91 0.31 0.998 0.98 0.89 -0.01 0.46 293.55 -1519.35 
01-05-91 0.34 0.997 1. 06 0.94 0.06 0.35 352.94 -84lL 12 
03-05-91 0.64 0.998 0.99 0.81 -0.00 0.35 290.63 -')51.56 

• 



R-11 

" SPECIMEN #: 7E 
II 
'1. 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101. 6 mm) 
Water-Cement Ratio: 0.45 (24 hrs curing) 
Electrolyte Solution: 3.5% NaCl 
Electrodes: Non-Epoxy No.1S 
C1ear Cover: anode - 1-3/16 in. (30.2 mm) 

cathode - 1-3/16 in. (30.2 mm) 
Starting Date: March 19, 1991 
Ending Date: May 3, 1991 
Immersion Period: 45 days 

NORMAL POLARITY 
(Concrete-Embedded Anode) 

Electrode Potentials (V) Electrode 
DATE l Volt ANODE CATHODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF ANODE CATHODE 

20-03-91 0.61 0.995 -0.24 -0.64 -1. 23 -1.12 642.62 -180.33 
21-03-91 0.61 0.996 -0.24 -0.67 -1.22 -1.12 711.48 -163.93 
22-03-91 0.57 0.996 -0.23 -0.65 -1.20 -1.12 743.86 -140.35 
23-03-91 0.36 0.998 -0.20 -0.55 -1.20 -1.12 983.33 -222.22 
25-03-91 0.36 0.997 -0.22 -0.52 -1.21 -LU 847.22 -277.78 
26-03-91 0.30 0.997 -0.21 -0.49 -1.20 -1.10 956.67 -333.33 
27-03-91 0.31 0.996 -0.21 -0.55 -1.19 -1.10 1106.45 -290.32 
28-03-91 0.30 0.996 -0.21 -0.58 -1.18 -1.10 1253.33 -266.67 
29-03-91 0.24 0.998 -0.20 -0.47 -l.lB -l.U 1129.17 -291.67 
30-03-91 0.20 0.999 -0.18 -0.47 -1.18 -1.09 1455.00 -450.00 
01-04-91 0.17 0.998 -0.18 -0.45 -1.17 -1.10 1594.12 -411.76 
02-04-91 0.17 0.998 -0.18 -0.46 -1.17 -LU 1605.88 -352.94 
03-04-91 0.16 0.999 -0.18 -0.46 -1.17 -1.10 1725.00 -437.50 
04-0/~-91 0.16 0.999 -0.18 -0.41 -1.17 -1.07 1418.75 -625.00 
05-04-91 0.20 0.998 -0.18 -0.44 -1.17 -1.09 1285.00 -400.00 
06-04-91 0.24 0.997 -0.18 -0.47 -1.18 -1.10 1208.33 -333.33 
08-04-91 0.25 0.996 -0.20 -0.48 -1.18 -LU 1140.00 -280.00 
09-04-91 0.25 0.996 -0.19 ~0.48 -1.18 -1.10 1164.00 -320.00 
10-04-91 0.22 0.997 -0.19 -0.45 "'1.17 -1.09 1218.18 -363.64 
U-04-91 0.20 0.998 -0.18 -0.55 -1.17 -1.08 1815.00 -450.00 
12-0'~-91 0.21 0.998 -0.18 -0.46 -1.17 -1.08 1300.00 -428.57 
13-04-91 0.25 0.998 -0.19 -0.49 -1.17 -1.09 1204.00 -320.00 
15-04-91 0.29 0.997 -0.19 -0.49 -1.18 -1.10 1044.83 -275.86 
16-04-91 0.28 0.997 -0.19 -0.51 .. 1.18 -LU 1128.57 -250.00 
17-04-91 0.22 0.997 -0.19 -0.49 -1.18 -1.10 1337.84 -360.36 
18-04-91 0.25 0.997 -0.19 -0.52 -t'.18 -1.10 1300.00 -320.00 
19-04-91 0.25 0.997 -0.19 -0.52 -1.18 -1.10 1336.00 -320.00 
20-04-91 0.26 0.997 -0.19 -0.52 -1.18 -1.10 1284.62 -307.69 
22-04-91 0.26 0.997 -0.19 -0.53 -1.18 -LU 1280.77 -269.23 
23-04-91 0.25 0.997 -0.19 -0.53 -1.18 -1.11 1356.00 -280.00 

( 24-04-91 0.24 0.998 -0.20 -0.53 -1.18 -1.10 1412.50 -333.33 
26-04-91 0.23 0.998 -0.20 -0.53 -1.18 -1.11 1452.17 -304.35 
27-04-91 0.25 0.999 -0.21 -0.56 -1.20 -1.11 1384.00 -360.00 
29-04-91 0.19 0.999 -0.19 -0.46 -1.18 -1.12 1384.21 -315.79 
30-04-91 0.18 0.998 -0.19 -0.47 -1.17 -1.10 1572.22 -388.89 
01-05-91 0.16 0.997 -0.18 -0.48 -1.17 -1.08 1900.00 -562.50 
03-05-91 0.13 0.999 -0.15 -0.42 -1.16 -1.05 2030.77 -846.15 

-



R-12 

., SPECIMEN #: 7E 
" 

VARIABLES: Impressed Voltage: 1.0 V 
Distance Between Electrodes: 4 in. (101.6 mm) 
Water-Cement Ratio: 0.45 (24 hrs curing) 
Electrolyte Solution: 3.5% NaC1 
Electrodes: Non-Epoxy No.15 
C1ear Caver: anode - 1-3/16 in. (30.2 mm) 

cathode - 1-3/16 in. (30.2 mm) 
Starting Date: March 19, 1991 
Ending Date: May 3, 1991 
Immersion Period: 45 days 

REVERSED POLARITY 
(Concrete-Embedded Cathode) 

Electrode Potentia1s (V) Electrode 
DATE 1 Volt CATHODE ANODE Resistance (Ohms) 

(D-M-Y) (mA) (V) ON OFF ON OFF CATHODE ANODE 

20-03-91 1.11 0.993 1.24 1.08 0.23 0.85 144.14 -565.77 
21-03-91 1. 31 0.993 1.24 1.05 0.22 0.79 145.04 -434.35 
22-03-91 1.85 0.989 1.31 1.04 -0.29 0.83 145.95 -293.51 
23-03-91 1.13 0.995 1.30 1.05 0.29 0.74 221. 24 -404.42 
25-03-91 3.59 0.979 1.40 0.98 0.40 0.87 116.71 -130.36 
26-03-91 3.50 0.979 1.40 1.00 0.41 0.86 115.14 -129.14 
27-03-91 3.38 0.980 1.41 1.00 0.41 0.85 121. 30 -130.47 
28-03-91 3.28 0.981 1.42 1.02 0.42 0.85 121.95 -130.18 
29-03-91 3.13 0.982 1.42 1.01 0.41 0.81 130.99 -126.84 
30-Q3-91 3.03 0.984 1.42 1.03 0.42 0.81 128.71 -128.38 
01-04-91 2.92 0.985 1.43 1.04 0.43 0.82 133.56 -131.51 
02-04-91 2.86 0.985 1.43 1.04 0.43 0.81 136.36 -132.17 
03-04-91 2.81 0.985 1.43 1.04 0.43 0.81 138.79 -132.38 
04-04-91 '2.98 0.984 1.41 1.00 0.40 o.el· 138.26 -132.21 
05-04-91 2.87 0.984 1.41 1.00 0.41 0.00 142.86 -137.63 
06-04-91 2.78 0.985 1.42 1.02 0.41 0.81 143.88 -142.45 
08-04-91 3.20 0.98q 1.44 1.01 0.44 0.83 134.37 -123.44 
09-04-91 3.25 0.980 1.44 1.00 0.44 0.83 135.38 -119.08 
10-04-91 3.30 0.980 1.42 1.00 0.37 0.81 127.27 -132.73 
11-04-91 3.25 0.981 1.43 LOI 0.28 0.79 129.23 -157.23 
12-04-91 1.72 0.991 1.43 1.01 0.33 0.79 244.19 -272.09 
13-04-91 2.01 0.989 1.43 1.00 0.37 0.80 213.93 -211.94 
15-04-91 2.38 0.986 1.43 1.00 0.40 0.81 181.51 -173.53 
16-04-91 2.75 0.983 1.43 1.00 0.42 0.83 158.18 -145.82 
17-04-91 3.07 0.983 1.44 1.00 0.43 0.87 143.65 -141. 37 
18-04-91 2.63 0.985 1.42 1.00 0.42 0.83 159.70 -156.27 
19-04-91 2.55 0.986 1.42 1.00 0.42 0.82 164.71 -159.22 
20-04-91 2.41 0.986 1.43 1.00 0.41 0.82 179.67 -168.05 
22-04-91 2.33 0.987 1.43 1.01 0.41 0.81 180.26 -173.39 
23-04-91 2.18 0.988 1.44 1.02 0.41 0.81 192.66 -185.32 

.- 24-04-91 2.22 0.987 1.42 1.03 0.40 0.81 175.68 -183.78 
26-04-91 2.27 0.987 1.43 1.03 0.40 0.80 176.21 -178.41 
27-04-91 2.62 0.986 1.40 0.97 0.39 0.80 164.50 -159.54 
29-04-91 2.52 0.985 1.41 1.00 0.41 0.80 162.70 -154.37 
30-04-91 2.02 0.987 1.38 1.03 0.38 0.78 173.27 -197.52 
01-05-91 1.62 0.989 1. 35 1.05 0.35 0.74 185.19 -245.68 
03-05-91 3.54 0.982 1. 37 0.90 0.37 0.79 133.90 -120.62 


