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ABSTRACT 

Deterioration of reinforced concrete structures resulting 

from corrosion of the reinforcing steel is a growing and a 

major worldwide problem. The seriousness of the problem is 

illustrated by the fact that corrosion costs over $15 billion 

per year in the United States. In the United Kingdom, 

approximately US $900 000 is being spent annually on surveying 

buildings and civil engineering structures suffering from 

deterioration. 

Generally, the deterioration is the result of cracking 

and spalling of the concrete, which in turn is the result of 

its property deficiencies, high permeability, low strength, 

poor durability, sensitivity to freezing and thawing. The 

intrusion of chlorides into the concrete causes corrosion of 

the embedded reinforcing steel. Accumulation of corrosion 

products around the reinforcing bar develops more cracks in 

the protective concrete cover due to expansion, allowing 

penetration of additional deleterious materials, thereby 

accelerating corrosion, causing more spalling, and adversely 

affecting the structural integrity. 

The theoretical part of this thesis reviews the basic 

corrosion concepts, types of corrosion, the corrosion of 
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reinforcing steel and the techniques of protection from 

corrosion. In addition, the various available corrosion 

testing methods are reviewed. 

The second part describes the experimental work carried out 

at McGill University dealing with accelerated electrochemical 

corrosion testing of reinforced concrete. The effect of clear 

concrete cover depth on the corrosion of reinforcing steel and 

the preventive effects of epoxy coating bars, concrete surface 

sealant coating used as a protection measures for steel in 

concrete are studied. 

The results of the various test series including the 

experimental data along with the conclusions and appropriate 

recommendations are presented. 
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RESUME 

La deterioration des structures en baton arme causae par 

la corrosion de l'acier de !'armature est devenue interessante 

de plus en plus, car maintenant elle est un probleme d'ordre 

mondial. L'importance de ce probleme est illustre par les 

depenses payees aux Etats-unis d'une valeur de $15 billions 

chaque annee. En Angleterre, chaque annee, les travaux de 

maintenance des structures qui souffrent de problemes de 

deterioration, coutent $900.000. 

Generalement, la deterioration est causee par la 

fissuration du baton, qui, a son tour est la cause des defauts 

dans les proprietes de beton conventionnel, comme avoir une 

permeabilite elevee, une faible resistance, une courte 

durabilite, etre sensible a la congelation et la degelations. 

L'intrusion de chlorure dans le beton cause la corrosion de 

1 'acier enfonce dedans. L' accumulation de ces substances 

corrosives autour de la barre d'acier et dans les fissures 

cause une expansion du beton et par consequent !'augmentation 

du volume et nombre des fissures; permettant la penetration 

additionnelle des matieres nuisibles, et par la suite 

!'acceleration de la corrosion augmente encore les fissures et 

affecte l'integrite de structure. 
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La partie theorique de cette recherche traite la 

conception fondamental de la corrosion, les types de 

corrosion, la corrosion de l'acier de l'armature, les 

techniques de protection contre la corrosion, en plus des 

methodes d'utilisations de differents tests de corrosion ont 

ete etudies. 

La deuxieme partie decrit le travail experimental 

effectue a l'universite McGill qui a traite les tests de 

corrosion electrochimiques du baton arme, l'effet de 

l'epaisseur nette de la couverture de baton sur le taux de 

corrosion de 1 'acier de 1' armature et 1' effet des barres 

d I acier revetues par 1 I epoxy. Ainsi I la surface de baton 

revetue par des matieres stanches comme des mesures de 

protection pour l'acier de l'armature, a ete etudiee. 

Les resultats des differents series de tests incluant les 

resultats experimentaux et leurs conclusions en plus de 

quelques et des recommandation appropriees ont ete presentes. 
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GLOSSARY OF CORROSION TERMS 

Active. 

Anion. 

Anode. 

Freely corroding 

Negatively charged ion, which migrates to the 

anode of a galvanic or voltaic cell. 

An electrode at which oxidation of the surface or 

some component of the solution is occurring. 

Anodic polarization. That portion of polarization of 

a cell which occurs at the anode. 

Cathode. The electrode of an electrolyte cell at which 

reduction occurs. In corrosion processes, it is 

usually the area that is not attacked. Typical 

cathodic processes are cations taking up electrons 

and being discharged, oxygen being reduced, and 

the reduction of an element or group of elements 

from a higher to a lower valence state. 

Cathodic polarization. That portion of the polarization of 

a cell which occurs at the cathode. 

Cation. A positively charged ion of an electrolyte, which 

migrates toward the cathode in a galvanic or 

voltaic cell. 



0 Electrode potential. 

XXII 

The potential of an electrode as 

measured against a reference 

electrode. The electrode potential 

does not include any resistance 

loss in potential in solution due 

to the current passing to or from 

the electrode. 

Electrolysis. The chemical change in an electrolyte 

resulting from the passage of electricity. 

Electrolyte. A chemical substance or mixture, usually 

liquid, containing ions which migrate in an 

electric field. 

Electromotive force series (Bmf series). 

A list of elements arranged according to their standard 

electrode potentials, the sign being positive for elements 

whose potentials are cathodic to hydrogen and negative for 

those anodic to hydrogen. 

Eabrittleaent. Severe loss of ductility of a metal or alloy. 

A thin , but not necessarily visible layer of 

material .. 

Galvanic cell. A cell made up of two dissimilar conductors 

in contact with an electrolyte. 



Galvanic series. 

XXIII 

A list of metals and alloys arranged 

according to their relative potentials 

in a given environment. 

Hydrogen embrittleaent. Embrittlement caused by entrance of 

hydrogen into a metal. 

Impingeaent attack. Corrosion associated with turbulent 

flow of a liquid. 

Inhibitor. A chemical substance or mixture which, when 

added to an environment usually in small 

concentration, effectively 

corrosion. 

decreases 

Ion. An electrically charged atom or group of atoms. 

Noble •etal. 

OXidation. 

Passivation. 

A metal which occurs commonly in nature in 

free state. Also, a metal whose corrosion 

product are formed with a low-negative or a 

positive free-energy change. 

Loss of electrons by a constituent of 

chemical reaction. 

A reduction of the anodic reaction rate of an 

electrode involved in electrochemical action 

such as corrosion. 
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pH value. 

Polarization. 

Potential. 

Reduction. 

Rusting. 

XXIV 

Measure of acidity or alkalinity. A scale 

ranging from 0 to 14 is used to express 

acidity or alkalinity of aqueous solutions. 

Values ranging from 7 to o denote increasing 

acidity and from 7 to 14 increasing alkalinity. 

The deviation from the open circuit 

potential of an electrode resulting from 

passage of current. 

Electrical state of a body which 

promotes the exchange of electrons with 

a second body. The potential difference 

is measured in volts. 

An electrochemical reaction which is 

reverse of oxidation. A chemical change 

of state in which the substance gains 

electrons. 

Corrosion of iron resulting in formation of 

products on the surface consisting largely of 

hydrous ferric oxide. 

Sacrificial protection 1 anodes 1 pieces. 

A detailed description is provided in Section 4.4.1 

Spallinq. The chipping or fragmenting of a surface or 

surface coating caused, for example, by 

differential thermal expansion or contraction 
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CHAPTER 1 

INTRODUCTION 

L.l COrrosion 

CORROSION, is often mentioned in different fields of 

sciences, because of the importance of this natural event. The 

origin of this word comes from the latin word CORRODERE which 

means •gnawing away•. Rusting of iron and steel is the most 

well known form of corrosion. Similar processes occur in the 

other metals and also in non metallic materials such as 

. concrete. 

Two of the definitions were given to this process by 

scientists and engineers are: 

- Corrosion is an involuntary destruction of substances like 

metals and mineral building materials by the surrounding 

media, which are usually liquid. It usually begins at the 

surface and is caused by chemical, or electrochemical 

reactions. 

- Corrosion is the destructive attack of a metal by chemical 

or electrochemical reaction with its environment. 

From the above two definitions it can concluded that both 
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definitions have the same connotation, that is, it is an 

attack by the environment causing deterioration in metallic 

and non-metallic materials. 

LA IBPOR'l'AICI Ol CORRQSIOI 

The importance of corrosion studies is twofold. The first 

is economic, including the reduction of material losses 

resulting in the wasting away or sudden failure of piping, 

tanks, concrete and metallic structures. 

The second is conservation, applied primarily to metallic 

resources, whose supply around the world is limited. Also, 

the wastage of these resources includes the corresponding 

losses of enerqy accompanying the production and fabrication 

of metal and concrete structures. The accompanying 

conservation and optimization of the human effort required for 

desiqn and rebuilding of corroded metal equipment, bridges, 

structures, etc •• , is equally important. 

Economic losses are divided into (i) direct losses and 

(ii) indirect losses. The direct losses consist of the cost of 

replacing the corroded structures and their components such as 

pipelines, metal roofing or repainting of structures where 

prevention of rusting is the main objective. The indirect 

losses are more difficult to assess, but a brief survey of 
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typical losses of this kind leads to the conclusion that they 

total several billions of dollars more than the direct losses 

already outlined. Examples of indirect losses are: 

1. Shutdown.. The replacement of a corroded tube in an oil 

refinery may cost a few hundred dollars, but a shutdown of the 

unit while repairs may cost $800 per hour in lost production•. 

2.Loss of product. Losses of oil, gas or water occur through 

a corroded pipe system until repairs are made. 

3.Qverdesign. This factor is common in the design of water 

tanks, bridges, and many important structures. Because 

corrosion rates are unknown, and because the methods of 

corrosion control are uncertain, they are often designed 

significantly larger than that re~ired for normal or applied 

stresses to ensure a reasonable service life .. 

With an adequate knowledge of corrosion, more reliable 

estimates of equipment service life can be made, and 

construction cost can be reduced in terms of materials and 

labour. 

The economic importance of corrosion and corrosion 

protection can be shown by the following examples: 

It is estimated that roughly 3t of the annual production of 

steel is lost by corrosion. 

The collapse of the Silver Bridge into the Ohio river, 
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(because of stress corrosion) cost 40 lives and million of 

dollars11
• 

A chemical company spends $2 million dollars per year on 

painting steel to prevent rusting from marine environment. 

Costs of corrosion will escalate substantially in the next few 

decades because of the worldwide shortages of construction 

materials, hiqher enerqy costs, aqqressive corrosion 

environments in coal conversion processes, and other factors. 

Therefore, it is extremely important to reduce as far as 

possible the financial loss due to corrosion, which not only 

affects steel but to some extent all other structural 

materials as well. 

1.a.l, CORRQSIOH Of COIS'l'RUC'l'IOI MATIRIAI§ 

Concrete and steel are the major materials used in the 

construction industry. Therefore, the following discussion 

concentrates on these materials. 

When concrete corrodes, the corrosive substances are carried 

to the buildinq materials by means of aqueous solutions 

(natural and industrial waters, qases dissolved in moisture 

etc •• ). New readily soluble compounds can be formed on the 

surface, causinq solution corrosion. Swellinq corrosion can 

take place by the formation of voluminous new compounds 

produced inside the material. 
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The factors which cause the destructive reactions affecting 

construction materials are manifold. The followinq are the 

most important: 

1.3.1 Pbysical factors: 

Heat 

Temperature variation 

Frost 

Running water 

Solar radiation (particularly ultraviolet rays) 

Wind 

Dust 

1.3.2 

Acids 

Alkalis 

Chemical factors: 

Salt solution 

Organic materials 

Flue gases 

1.3.3 Biological factors: 

Microorganisms 

Fungi 

Algae 

Marine animals 

Insects 

Worms 
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Multicellular plants 

These factors may act singly, but usually more than one 

factor are involved, thereby increasing the degree of 

corrosion. The most important factors causing corrosion of 

construction materials are generally chemical in nature. In 

addition, humidity in its various forms (rain, condensation, 

fog, high atmospheric humidity 1 ground water 1 steam, sea 

water, river water) is always a necessary precondition for 

corrosion under normal conditions. 

~ COST Ol IWfAGI DUI '1'0 CORRQSIOI 

Corrosion of steel reinforcing bars is a problem in many 

structures (i.e. 1 pier and buildings), but it is a major 

problem (because of deicing salts) in highway bridges, large 

parking areas. It is a problem of multibillion dollars in 

Canada and the United states. One study has estimated that an 

additional $3 trillion dollars are needed to be spent in the 

United states during the next decade simply to halt the rate 

of deterioration. This cost seems to be very large, however, 

rough estimates and evaluation of the cost of repairing and 

protecting bridge decks and parking structures shows beyond 

doubt that this estimate is reasonable. 
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1.4.1 Bridge Deck Bepair eosts 

According to data from the National Bridge Inventory 

file,in the Northeast, Midwest, and Mountain regions in the 

USA --where deleing salts are used commonly--approximately 

60,000 decks less than 20 years old are now in sound condition 

and potentially vulnerable to chloride contamination from 

continued salting. on the basis of historical rates of deck 

deterioration in these salt-using regions, one would expect 

about 15 percent, or 10,000 of these bridge decks, to become 

seriously damaged during the next 10 years. 

The following rough calculation suggests that about 

10,000 decks will become damaged during the next 10 years 

because of continued salting. 

To estimate the average annual cost of repairing these 

damaged decks, it can be assumed (for simplicity) that about 

1 in 10, or 1000, will need to be rehabilitated each year 

during the lO~year period. The typical surface area of a deck 

is 7 1.000 ft2 
( 650 m3

). 

Multiplying this figure by 1000 damaged decks yields around 

7 million ft2 of deck surface that will need to be 

rehabilitated each year. According to estimates provided by 

the California and New York State Highway Departments, the 

average cost of rehabilitating a concrete deck, wherein the 

concrete is completely removed and replaced and the 
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reinforcing steel is cleaned, is between $20 and $40/ft2
• This 

results in a cost of about $280 million per year to repair 

deteriorated bridge decks with surface areas around 7 million 

ft3 
( 650300 m3

). 

An analysis of the National Bridge 

indicates that between 3,000 and 4,000 

Inventory file 

new decks are 

constructed each year in salt-using regions, where deck 

protection is necessary. Multiplied by the average deck 

surface area of 7,000 ft2
, the total area of these 3,000 to 

4,000 new decks range between 20 million and 30 million ft2
• 

Hence, given an incremental protection cost of $4/ft2 , the 

total annual cost of new deck protection is $75 million to 

$125 million"•47 (rounded to the nearest $25 million). 

During the next 10 years, the total cost of protecting 

newly constructed decks and restoring currently sound (and 

uncontaminated) decks that become damaged by salting will be 

roughly $325 million per year. 

1.•.a Parking structure Re,pa.ir casts 

There are some 5, 000 parking garages in the Northeast and 

Midwest parts of the USA. Like bridge decks, many older parking 

garages are critically contaminated with salt and will need to 

undergo major rehabilitation in the near future. Accordingly, 

a priority of the parking garage industry is to protect newer 



9 

garages not already critically contaminated with chloride. 

During the next ten years, the total cost of protecting new 

garages ($30 million) and rehabilitating currently sound 

garages that become damaged by continued salting ($50 million 

to $150 million) will be roughly $75 million to $175 million 

per year10
•'''

70
• 

As mentioned before, the huge cost of replacement or 

rehabilitation of these important structures puts the 

engineering community on the alert. Time is running out, and 

this necessitates special attention to the development of new 

techniques to protect against damages caused by corrosion. 

l.a.A Scope Of The Thesis 

The protection of reinforcing steel embedded in concrete 

is the main general objective of this research program. This 

can be achieved by different methods. Evaluating the effect of 

clear concrete cover depth on the corrosion of reinforcing 

embedded in concrete is the point of interest in this thesis. 

This phenomenon will be studied in this research prograa by 

running an accelerated electrochemicai corrosion experiment 

with different variables such as improving the quality of 

concrete cover, using epoxy coated bars and different kinds of 

surface sealing for different concrete cover depths. 

The basic corrosion concepts, which covers the mechanism 

of corrosion, polarization, passivity, and the various types 
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of corrosion will be reviewed in Chapter 2. 

The corrosion of reinforcement steel including the main 

causes of rebar corrosion, the effect of concrete properties, 

and the service life of the structures as related to 

reinforcement corrosion will be the main subject of Chapter 

Three. 

Chapter 4 outlines the techniques and the methods used in 

protectinq the reinforcement steel from corrosion. 

Chapter 5 presents the various corrosion testinq methods 

that can be used to predict the likelihood of corrosion takinq 

place, and identify the areas of structure which are of a 

higher risk. 

The description of the experiment set-up, the details of 

the research program carried out at McGill University durinq 

the year 1992-1993 and the results of the tests will be 

presented in Chapter 6~ 

Analyzinq of the results obtained from the various test 

series, the effect of usinq the epoxy coated bars, the effect 

of surface sealing, and the effect of concrete quality on 

corrosion are discussed in Chapter 7. In addition, the summary 

and the conclusions of this test program are presented. 

It is hoped that this further informations on the 

corrosion phenomenon and the results obtained from the various 

test series will prove to be of value in the quest to provide 

practical solutions to the problem. 
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CHAPTER 2 

BASIC CORROSION CONCEPTS 

~ IftTRODUCTIOH 

Knowledge of fundamental concepts of corrosion is necessary to 

understand the corrosion process. Because of its broad scope, this 

chapter deals only with the basic principles involved in the 

corrosion process, The parameters that affect the corrosion process 

are defined and classified. Corrosion is divided into two 

categories: wet corrosion and dry corrosion. This chapter deals 

primarily with wet corrosion and covers the.corrosion mechanism 

forms and the effects of environmental factors, The basic 

components of a corrosion cell are explained. The principles of 

polarization, and the rate of corrosion are reviewed. Examples are 

used throughout the chapter to illustrate applications of the 

various principles. Forms of corrosion such as uniform and pitting 

attack are presented. The environmental influences discussed 

include biological corrosion, and stray currents. 

Within the corrosion theory one can distinguish concepts which 

are of fundamental importance. Furthermore, one can divide the 

C) subject area in various ways, according to the corrosion type, 
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corrosive medium, the method of corrosion protection, the type of 

material or field of application, etc • 

.3...a CQRROSIOI MECJWfiSJI 

corrosion occurs by chemical or electrochemical reactions. An 

example of a chemical reaction is the dissolving of a metal by an 

acid. An electrochemical reaction involves metals, chemicals, and 

water that combine to form cells capable of generating electricity. 

Through the action of these cells, metals revert back to their 

native compounds by using electricity as a source of energy. 

According to the International standards ISO 80442
", "corrosion was 

defined as a physicochemical interaction between a metal and its 

environment which results in changes in the properties of the metal 

and which may often lead to impairment of the function of the 

metal, the environment or the technical system of which these form 

a part". 

This interaction is usually of an electrochemical nature. 

All metals are thermodynamically unstable and tend to react 

with their environment to produce compounds such as oxides or 

carbonates. This reaction involves the movement of electrons and is 

called the electrochemical reaction. 

The most common forms of metallic corrosion are caused by 
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electrochemical reactions, wherein two metallic phases (e.g. iron 

oxide and iron) react in the presence of electrolytic solutions. 

2.3.1 Blectrochewical Reactions 

An electrochemical reaction is characterized by the fact that 

it takes place with donation and receiving of electrons. Such a 

reaction can be schematically represented: 

reduction 
Ox+ne .. RED, (Eq. 1) 

oxidation 

where red is a reducing agent (electron donor), ox is an oxidizing 

agent (electron acceptor) and n is the number of electrons(e-), 

taking part in the reaction. 

When a reaction takes place with the emission of electrons, (i.e. 

when it goes to the left in Equation 1), it is termed oxidation. 

If it takes place with consumption of electrons, (i.e. it goes to 

the right in Equation 1), then it is termed reduction. A reducing 

agent and an oxidation agent associated as indicated by the formula 

are often called a redox pair and the reaction a redox reaction. 

Electrons cannot exist free in a solution in any significant 

concentration. The electrons emitted in an oxidation reaction must 

therefore be used up in a simultaneous reduction reaction. It is 

possible that the reactions take place by contact between an 

oxidizing agent and a reducing agent, both of which are in the 



solution, for example: 

Oxidation: 2Fe2 • --~ 2Fe3
• + 2e -

Reduction: 

Total reaction: 

(Eq. 2) 

(Eq. 3) 
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Alternatively, the reaction can take place in an electrochemical 

~ (Fig. 2.1 ). 

Figure 2.1 Electrochemical cell; the arrows show the 
direction of the electric current (I) 

An ordinary electrochemical cell consists of two electrodes 

connected by an electrolyte. The electrodes are made of an electron 

conductor, e.g. a metal which is in contact with an electrolyte. 
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The electrolyte is often an aqueous solution having the ability to 

conduct electricity. The current is conducted through the 

electrolyte by ions. The electrode from which the positive electric 

current enters the electrolyte is called the anode. The other 

electrode, through which the electric current leaves the 

electrolyte, is called the cathode. 

When the electric current passes through an electrode surface 

in one direction or the other, an electrochemical reaction always 

takes place. This is called an electrode reaction, The electrode 

reaction at the anode, i.e. the anodic reaction, is always an 

oxidation reaction. Similarly, the cathodic reaction which occurs 

at the cathode is always a reduction reaction • 

An electrochemical cell, in which the current flow is forced 

by an external source, is called an electrolytic cell. An 

electrochemical cell, which can itself produce an electric current, 

is called a galvanic cell. 

2.3.2 Faraday's Law 

The current entry into and exit from an electrolyte are always 

associated with electrode reactions which are manifested as change 

in the electrode materials or the environment. The quanti ties 

converted during electrode reactions are proportional to the amount 

Q of current which passes through the electrode surface. This is 
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governed by Faraday's law, according to which it requires 96,500 

Coulombs (ampere-seconds) or 26.8 Ah(ampere-hours) for a conversion 

including one mole of electrode (e-). 

The current efficiency for a given electrode reaction gives 

the proportion of current through the electrode surface, which is 

required for that reaction. The remainder of the current is 

consumed by other electrode reactions which take place 

simultaneously at the electrode surface. 

2.3.3 Tbe Concept Of Electrode Potential 

If a piece of metal, Fe, is surrounded by an aqueous solution 

containing ions of the metal, Fen+ , then electrode reactions take 

place at the surface of the metal until equilibrium is reached: 

Fen+ + ne .. Fe. (Eq. 4) 

These reactions lead as a rule to an electrical double 

layer being established in the interface region (Fig.2-2). 

The existence of this electrical double layer means that the 

piece of metal now has another electrical potential, that is, the 

so-called Galvanic potential (~1 ) compared with the solution 

potential ( ~2) • 

The differen~e in Galvanic potential, (~1-~2 ), cannot as a rule be 

determined by direct measurement but a relative value can be 
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Fe 
+ - - + 
+ - - + 

n++ - - + 
+ - ~ - + ¥'z Fe + - - + 
+ - - + 
+ - - + 
+ - - + 
+ - - + 
+ - - + ----++++ 

Figure 2-2 Metal (Fe) in an aqueous solution containing the 
metal ions, Fen+: an electrical double layer has formed. 

measured in comparison with the Galvanic potential difference of a 

so-called reference electrode. This measurable relative value is 

called the electrode potential and is designated by the symbol E. 

2.3.4 '1'he Galvanic cell 

It was mentioned before that an electrochemical cell 

having the ability to produce electric current itself, is called a 

galvanic cell (Fig. 2.3). If the electrodes of such a galvanic cell 

are coupled using an external metal conductor, an electric current 

will flow from one electrode (positive pole) to the other (negative 

pole). On the other hand, in the electrolyte the current will flow 

in the opposite direction, as indicated in (Fig. 2.3). Therefore, 

the positive pole acts as the cathode and the negative pole as an 



18 

I 

Minus pole ---t 1----- PJus pole 

D2 Dl 

I 

-

Figure 2-3 : Galvanic cell with voltmeter 

anode. The electrical potential difference between the electrodes, 

which can be measured with a voltmeter is called the terminal 

voltage. The terminal voltage measured when the galvanic cell is 

not producing current is called the electromotive force, or tna 

e.m.f. The electromotive force is a measure of the driving force of 

the chemical reaction that takes place in the cell, when the 

electrodes are connected by a metal conductor. The electromotive 

force (AE) can be calculated from the potentials(E1 and E2 ) of the 

electrodes making up the cell: 

AE = E1 - Ea • 

Each electrode with its surrounding electrolyte is called a hAlf 
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2.3.5 Beference Electrodes 

The potential of an electrode has an absolute value, the 

Galvanic potential difference, but this is difficult to measure 

experimentally. The interest is usually centered on the reaction 

which occurs at one electrode only. Measurements are made by using 

an electrode which has a relatively fixed value of potential, 

regardless of the environment in which it is used, called a 

reference electrode. Therefore any change occurring in the emf is 

the result of change in the potential of the electrode under 

observation and not of the reference electrode. Examples of 

reference electrodes are: 

- The standard hydrogen electrode (SHE) consisting of a platinum 

wire platinized by electrolysis, which is surrounded by a solution 

having a H+ ion activity of 1 and bathed in hydrogen gas at 1 

atmospheric pressure. 

- The calomel electrode, which consist of mercury in equilibrium 

with Hq2 •• , its activity is determined by the solubility of Hg2Cl
2 

(mercurous chloride or calomel). 

In technical experimental work it is normal to make measurements 

with the saturated calomel electrode SCE • 
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2.3.6 Folarization 

An electrode is no longer in electrical equilibrium when a net 

current flows to or from its surface. The measured potential of 

such an electrode is altered to an extent depending on the 

maqnitude of the external current and its direction. The direction 

of potential change is always such as to oppose the shift from 

equilibrium and hence to oppose the flow of current, whether the 

current is impressed externally, or it is of galvanic origin. When 

current flows in a galvanic cell for example, the anode always 

becomes more cathodic in potential and the cathode always becomes 

more anodic, with the difference of potential decreasing. 

The extent of potential change caused by net current to or from an 

electrode, measured in volts, is called polarization. 

Polarization can be divided into two main components: 

Concentration . polarization, caused by the difference in 

concentration between the layer of electrolyte nearest the 

electrode surface and the bulk of electrolyte. 

- Activation polarization, caused by a retardation of the electrode 

reaction. 

The polarization of an anode is always positive and that of a 

cathode is always negative (Fig.2-4). 
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Anooic carreot 
( I. e. el«trode = anode) 

'I (Auode positive) 

I 

fJ (Cathode negative) 

Cadlodic cwmnt 

Figure 2-4 : Anodic and cathodic polarization curves 1 E=electrode 
potential, !=current density, ~=polarization 

Polarization reduces the terminal voltage of a galvanic cell, 

as the current drawn from the cell increases. When current is 

passed through an electrolytic cell from an external source, the 

polarization produced will lead to the need for a higher applied 

voltage. 

2.3.7 Electrolytic Conductance 

The flow of current in an electrolyte solution takes place via 

the movement of ions;anions (negatively charged) and cations 

(positively charged) (Fig.2.5). Cations migrate in the direction of 

~ the current and anions against it. In some parts of the solution, 
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Figure 2-5 : Transport of electric current throuqh electrolyte. 

there is always electro-neutrality which means that the anions and 

cations balance each other. 

Ohm's law applies for transportation of current throuqh the 

electrolyte solution: 

U = I.R , (Eq. 5) 

where l. is the current strength in amperes, ll is the· potential 

difference between the electrodes in volts and B is the resistance 

of the electrolyte in ohms. 

Further: 

1 -=L I 

R 
(Eq. 6) 
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where L is the conductance of the electrolyte in ohms-1
• 

2.3.8 Tbe Rate Of Corrosion 

If a thermodynamic driving force* exists for a corrosion 

process, then it will take place. The rate of corrosion can, 

however, vary within wide limits. In certain cases, it can be large 

and it can cause serious damage to the material. In other cases, it 

can be small and of little practical importance; This is a result 

of inhibition of one or more of the electrode reactions. 

The extent of corrosion can be expressed in a variety of ways, such 

as the change in weight of the material, the depth of the surface 

zone which has been corroded away, the number or quantity of pits 

formed, the amount of corrosion product, changes in the ultimate 

strength, yield strength or rupture strain of the metal, etc. The 

changes in magnitude of these phenomenological entities per unit of 

time is a measure of the corrosion rate. Another measure is the 

density of the corrosion current. In Table 2.1, some of the most 

frequently encountered units of corrosion rate are given. 

* The driving force of corrosion : In general it is a 'return' to 

the ore composition which takes place when a metal corrodes. An 

example is the rusting of steel. 
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Table 2.1 - Various units of corrosion rates 

Corrosion effect 

Weight change 

Increase in corrosion depth 

Corrosion current 

Decrease in ultimate strength 

strength or rupture strain 

Unit 

gjm2 ;year 

mg/r /day 

pmjyear 

pmjyear=l0-3 mmjyear 

inch per year=25.4mmjyear 

mil per year=mpy=l0-3 ipy 

=25.4 pmjyear 

mA/cm.2 

per centjyear (of the yield 

initial value) 

If the corrosion rate is expressed as the corrosion current 

density then a retardation of the reaction will become apparent in 

the form of polarization. The polarization curves displaying this 

effect for the electrode reactions in the corrosion process can be 

shown on an Evans diagram (Fig.2-6). 

In the Evans diagram''10
, the polarization curves have been drawn for 

both the anodic metal oxidation, and for the cathodic reduction 

process. The intersection of these two curves provides information 

about the corroding electrode. A is the corrosion current and B is 

the mixed potential, called the free corrosion potential, which can 
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Figure 2-6 : Evans diagram; E=electrode potential, I=current. 

be measured for the corroding electrode. 
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As can be seen from the Evans diagram, the position of the 

intersection of the two curves and thereby the magnitude of the 

corrosion current is determined by the form of the polarization 

curve. When there is a high cathodic polarization (Fiq.2-7), the 

corrosion process is said to be under a catbodic control. 

Alternatively, if the anodic polarization is dominant (Fiq.2-8), 

the corrosion process is termed to be under anodic control. In 

cases where the anodic and the cathodic polarization are of the 

same order of magnitude, the control is mixed (Fiq.2.6). 

The Evans diagram is applicable in many other similar cases for the 

schematic description of the polarization curves of corrosion 

cells. 
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Figure 2-7 : Cathodic control; E=electrode potential, !=current 

2.3.9 Passivity 

A metal which is thermodynamically unstable in a given 

electrolytic solution is said to be passive when it remains visibly 

unchanged for a prolonged period. 

It was observed that iron reacts rapidly in dilute HN03 , but it is 

visibly unattacked by concentrated HH03 • Upon removing the iron 

from concentrated ~cid and immersing it into dilute acid, a 

temporary state of corrosion resistance persists. 
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E 
Anode reaction 

Icorr I 

Figure 2-8 : Anodic control; E=electrode potential, !=current 

The phenomenon itself is rather difficult to define because of 

its complex nature and the specific conditions under which it 

occurs. Essentially, passivity refers to the loss of chemical 

reactivity experienced by certain metals and alloys under 

particular environmental conditions. That is, certain metals become 

essentially inert and act as if they were noble metals such as 

platinum and gold. Fortunately, from an enqineering standpoint, the 

metals most susceptible to this kind of behaviour are the common 

engineering and structural materials. 

Two scientific definitions were given to this phenomena1
' 

Definition 1. A metal active in the Emf Series, or an alloy com

posed of such metals, is considered passive when its 



28 

electrochemical behaviour becomes that of an appreciably less 

active or noble metal. 

Definition 2. A metal or alloy is passive if it resists corrosion 

substantially in an environment where thermodynamically there is a 

large free energy decrease associated with its passage from the 

metallic state to appropriate corrosion products. 

Passivity can be quantitatively described by characterizing 

the behaviour of metals which show this unusual effect. 

Fiqure 2. 9 illustrates the typical behaviour of a metal that 

demonstrates pas si vi ty effects11
• The behaviour of this metal can be 

conveniently divided into three regions: active, passive, and 

transpassive. In the active region the behaviour of this material 

is identical to that of a normal metal. Slight increases in the 

oxidizing power of the solution cause a corresponding rapid 

increase in the corrosion rate. If more oxidizing agent is added, 

the corrosion rate shows a sudden decrease. This corresponds to the 

beginning of the passive region. Further increases in oxidizing 

agents produce little change in the corrosion rate of the material. 

Finally, at very hiqh concentrations of oxidizers or in the 

presence of very powerful oxidizers, the corrosion rate again 

increases with increasing oxidizer power. This region is termed the 

transpassive region. 

It is important to note that during the transition from the 

Q active to the passive region, a reduction of 10' to 106 is usually 
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Figure 2-9: Corrosion characteristics of an active-passive metal 
as a function of solution oxidizing power (electrode potential). 

observed in the corrosion rate • The precise cause for this unusual 

active-passive-transpassive transition is not completely 

understood. It is a special case of activation polarization due to 

the formation of a surface fila or protective barrier that is 

stable over a considerable range of oxidizing power and is 

eventually destroyed in strong oxidizing solutions. The exact 

nature of this barrier is not understood. However, for the purposes 

of engineering application, it is not necessary to understand the 

mechanism of this unusual effect completely since it can be readily 

characterized by data such as are shown in (Fig. 2-9). 

To summarize, metals that possess an active-passive transition 

become passive or very corrosion resistant in moderate to strong 

oxidizing environments. Under extremely strong oxidizing 
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conditions, these materials lose their corrosion resistance 

properties. 

Passivity offers a unique possibility for reducing corrosion, 

but it must be used with caution because of the possibility of a 

transition from the passive to the active state • 

.3.d TXPJS OF CORRQSIOlf 

2. 4 .1 Introduction 

Industry still does not fully realise the situation; more and 

more corrosive effluent is being emitted in a self-poisoning 

circle, resulting in increasing corrosiveness of atmosphere, soil 

and natural waters. 

Until a decade ago, various generalisations were the 

substance of discussions about corrosion. One was supposed to avoid 

a particular metal or to treat its surface carefully. Data were 

tabulated to indicate compatibilities 

between dissimilar metals that should not be placed toqether or in 

ionic contact in an electrolytic solution. These generalisations 

are still valid but at present one must regard them as being 

superficial. Any corrosion process is chemically complex; it is not 

just a simple case of one material being oxidised to an ionic state 

and the other reduced through a gain of electrons. One must 

Q consider the surface effects which initiate a corrosion process 
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along with the cumulative effect of the individual corrosion 

attacks. 

2.4.2 scope 

This section lays the groundwork to the basic information 

about the more common forms of corrosion, by considering the 

different causes of corrosion and their mechanisms as well as the 

appearance of the attack. 

2.4.3 Unifora Corrosion (General corrosion) 

2.4.3.1 Definition 

Uniform corrosion is a chemical or electrochemical reaction 

that proceeds uniformly over the entire exposed surface to the 

corrosive environment. There are no distinguishable areas of the 

metal surface which are solely anodic or cathodic, i.e. anodes and 

cathodes are inseparable (Figure.2-10). 

2.4.3.2 cause 

This corrosion is characterised by a general wasting away of 

the surface and will normally be found where a metal is in contact 

with an acid or a solution. However, the presence of an acid in a 

solution is not essential, e.q., high temperature oxidisation is a 



32 

ElecTrolrte 

Figure 2-10 : Uniform corrosion (general corrosion) 

form of uniform attack which occurs in a relatively dry atmosphere. 

The corrosion product may either form a protective layer on the 

metal and slow down further corrosion or, the corroded material may 

dissolve in the corrosive environment, as in the case with a direct 

chemical attack. 

2.4.4 CAvitation Corrosion 

2.4.4.1 Definition 

Cavitation corrosion involves conjoint action of corrosion and 

cavitation. When vapour bubbles formed under reduced pressure 

collapse, the resulting shock wave can cause material damage. 

(Fiqure. 2-11) 
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Figure 2-11 : Cavitation damage 

2.4.4.2 cause 

Repeated collapse of vapour bubbles on a metal surface can 

cause mild physical damage to the protective films (cavitation 

corrosion), resulting in severe deformation and fracture of surface 

(cavitation deformation) or fatigue of metal surface (cavitation 

fatigue). The low pressure regions are created by flow divergence, 

water rotation, and restrictions met on lines, or by vibration. 

; 

2.4.5 concentration cell 

2.4.5.1 Definitions 

Concentration cell is a galvanic cell in which the emf is due 

to the difference in the concentration of one or more reactive 

constituents of the electrolyte solution (Fiqure 2-12). 
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Figure 2-12 : Concentration cell 

Crevice corrosion consists of localised corrosion resulting 

from a crevice formed between two surfaces, at least one of which 

is a metal. 

2.4.5.2 cause 

Oxygen concentration cells are present in crevices, and also 

in water lines, adherent deposits and deep recesses, which hinder 

the diffusion of oxygen and set up differences in solution 

~oncentration. The low oxygen areas are anodic and thus corrosion 

prone. 

Metal ion concentration cells, much like their oxygen counterparts, 

strive to balance out concentration differences. Thus, when the 

solution over a metal contains more metal ions at one point 

compared with another, the metal goes into solution where ion 

~ concentration is low. 
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2.4.6 Corrosioo-Brosioo 

2.4.6.1 Definitions 

Corrosion-erosion is a corrosion reaction accelerated by 

velocity and abrasion, usually accelerated also by presence of 

solid particles (Figure 2-13). 

Flow 
• 

Figure 2-13 : Corrosion-erosion 

Impingement attack consists of localised corrosion resulting 

from the action and/or erosion (separately or conjoint) when 

liquids impinge on a surface. 

Wire drawing consists of corrosion attack promoted by high 

velocity wet steam at a speed of over 60 mjs (200 ft/s). 
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2.4.6.2 Cause 

Impingement corrosion is caused by an impinging water stream 

breaking through corrosion scale and dissolving the metal; the 

cause of wire drawing is high velocity wet steam. The effect 

depends mainly on liquid speed and the amount of air or solids 

contained in it and other factors which affect the rate of 

formation of protective films. 

2.4.7 Corrosion Fatigue 

2.4.7.1 Definition 

Corrosion fatigue is manifested by failure through cracking 

resulting from the action of alternating stresses in the presence 

of a corrosive environment (Figure.2-14). 

2.4.7.2 Cause 

In much the same way as static stresses link up with corrosion 

to produce stress corrosion cracking, cyclic loads combine with 

corrosion to cause corrosion fatigue. This results in metal failure 

occurring substantially below the fatigue limit for non-corrosive 

conditions. The combined deteriorating effect of these two 

phenomena -corrosion and fatigue- is greater than the sum of the 

damage caused by the two individual phenomena. 
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Figure 2-14 : Corrosion fatigue 

2.4.8 Fretting corrosiQo 

2.4.8.1 Definition 

Fatigue 
crocks 
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Fretting corrosion consists of localised deterioration at the 

interface between two contacting surfaces, accelerated by relative 

motion of sufficient amplitude between them to produce slip (Figure 

2-15). 

2.4.8.2 Cause 

This corrosion occurs between surfaces in close contact, 

usually under a fairly heavy load and subjected to very slight 

relative movement (e.g. minute slippages caused by high frequency 
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Figure 2-15 : Fretting corrosion 

vibrations). Differences in elastic strain between surfaces may be 

sufficient to cause fretting corrosion, which appears to be due to 

welding of contacting high spots and their subsequent rupture. 

Local attack may start fatigue cracks, especially at locations 

where there is stress concentration, and the mating areas are 

pitted. Wearing away of surface protective films can initiate 

galvanic or concentration cell corrosion. 

2.4.9 Galvanic corrosion 

2.4.9.1 Definition 

Galvanic corrosion is associated with the current resulting 

from the coupling of dissimilar electrodes in an electrolyte 

(Figure 2-16). 
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Figure 2-16 : Galvanic corrosion 

2.4.9.2 cause 

When two dissimilar metals exposed to an electrically 

conductive environment are in direct contact, connected 

electrically by a conductor or by a conductive medium, preferential 

attack on one, the anodic metal, occurs while corrosion on the 

other, the cathodic metal, slows down or ceases. 

2.4.10 High Temperature eorrosion 

2.4.10.1 Definition 

Corrosion results from the effects of atmospheric conditions, 

various gases, mol ten metals and salts at high temperatures (Figure 

2-17) • 
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Figure 2-17 : High temperature corrosion 

2.4.10.2 cause 

This form of corrosion is causeq by high temperatures and it 

depends on the composition of the basic metals, composition of the 

environmental atmosphere, gases, salts or deposited metals, the 

temperature and the exposure time. It varies considerably. Light 

metals (those lighter than their oxides) form a non-protective 

layer that gets thicker with passage of time. This layer forms, 

spalls and re-forms. Other forms of high temperature corrosion 

include sulphidation, carburisation and decarburization. 

2.4.11 Hydrogen Mpge 

2.4.11.1 Definition 

Hydrogen damage causes reduction of the load-carrying 
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capability by admission of hydroqen into the metal (Fiqure.2-18). 

Electrolyte 

Air 

Figure 2-18 : Hydrogen damage 

2.4.11.2 cause 

Mechanical damage of a metal is caused by the presence of 

hydrogen, or interaction with it. Hydrogen blistering and hydrogen 

embrittlement are caused by penetration of atomic hydrogen into 

metal. Decarburization is caused by moist hydrogen at high 

temperatures. Hydrogen attack is a disintegration of 

oxygen-containing metal in the presence of hydrogen. The origin of 

hydrogen can be found in the cleaning, pickling, cathodic 

protection, welding, treatment and operation. 
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2.4.12 Intergranular Corrosion 

2.4.12.1 Definition 

Interqranular corrosion consists of preferential corrosion at 

qrain boundaries of a metal or an alloy (Fiqure.2-19) • 

Figure 2-19 : Interqranular corrosion 

2.4.12.2 cause 

Interqranular corrosion can be caused by impurities at the 

grain boundaries, enrichment of an element, or depletion of one of 

these elements in the grain boundary areas. Therefore, the grain 

boundary becomes anodic to the surrounding grains. As a result, the 

alloy at the grain boundary corrodes and may also lose its 

strength. stainless steels that are improperly heat treated and do 

not contain special stabilizing alloying additions are susceptible 

to intergranular corrosion. lntergranular corrosion can be 
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recognized by crack patterns along the grain boundaries. 

a.4.13 Microbial Corrosion 

2.4.13.1 Definition 

Microbial corrosion is manifested as deterioration of 

materials caused directly or indirectly by bacteria, moulds or 

fungi singly or in combination. 

2.4.13.2 Cause 

Using the term corrosion in its broadest sense, the microbes 

(bacteria, moulds or fungi) may cause corrosion by: 

(a) Chemical attack of metals, concrete and other materials by 

the by-products of microbial life, namely acids (e.g. sulphuric, 

carbonic or other organic acids), hydrogen sulphide or ammonia. 

(b) Microbial attack of organic materials (e.g. organic paint 

coatings,plastic fittings and linings), some natural inorganic 

materials (e.g. sulphur), or inhibitors. 

(c) Depassivation of metal surfaces and induction of corrosion 

cells. 

(d) Attack of metal by a process in which microbes and the metal 
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cooperate to sustain the corrosion reaction. 

(e) Attack due to a combination of bacteria. 

2.4.14 Pitting corrosion 

2.4.14~1 Definition 

Pitting corrosion consists a localised corrosion with 

appreciable penetration into the metal, resulting in the formation 

of cavities (Fiqure. 2-20). 

Fiqure 2-20 : Pitting corrosion 

• 
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2.4.14.2 cause 

When protective film, or layers of corrosion product break 

down, localised corrosion (pitting) occurs. An anode forms where 

the film has broken, and the unbroken film (or corrosion product) 

acts as a cathode. The pits form starting points for stress 

concentration that can cause, or accelerate, stress corrosion or 

corrosion fatigue attack. 

2.4.15 Selective Attack CI.eaching) 

2.4.15.1 Definition 

Selective attack is the process of extraction of a soluble 

component from an alloy with an insoluble component, by percolation 

of the alloy with a solvent--usually water (Figure.2-21). 

2.4.15.2 cause 

Basically, one element of a metal or alloy is singled out for 

corrosion attack. The most well known example of selective 

corrosion is the dezincification of brass. upon dezincification, 

the zinc is dissolved selectively, while the copper is left as a 

porous mass havinq poor structural strength. Dealuminification of 

aluminium bronze is a similar corrosion processes. 

Graphitic corrosion in grey cast-iron provides another example of 
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Figure 2-21 : Selective attack (leaching) 

selective corrosion where the metallic 
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constituents of the iron are removed. The remaining graphite allows 

the object concerned to maintain its shape but its strength and 

weight are severely reduced. 

2.4.16 Stray CUrrent eorrosion (Electrolysis) 

2.4.16.1 Definition 

This form of corrosion results usually from direct current 

flow through paths other than the intended circuit (Figure.2-22). 

2.4.16.2 Cause 

Electrolytic corrosion due to uncontrolled electrical currents 

(mostly de or hvdc) from extraneous sources through unintended 
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Figure 2-22 : stray current corrosion 
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paths. In general, it is only direct current which gives rise to 

stray current corrosion in iron and steel. Stray current likely to 

cause damage can originate from, for example, direct current driven 

tramcars or underground trains, direct current of welding equipment 

through metal structures causing connected structures to corrode. 

2.4.17 Tberaogalvanic Corrosion 

2.4.17.1 Definition 

Thermogalvanic corrosion results from a galvanic cell caused 

by a thermal gradient (Figure. 2-23). 
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Figure 2-23 : Thermogalvanic corrosion 

2.4.17.2 cause 

When a metal is subjected to a thermal gradient by uneven 

heating or dissipation of heat, there is a similar effect on the 

metal as in galvanic corrosion. The metal is differentially 

polarised, and anodic and cathodic areas are formed, causing 

preferential attack to develop • 

.L2 SUMMARY 

The basic theory of the corrosion process may be summarised as 

follows: 

(1) Oxygen and water (the electrolyte) must normally be present 

for corrosion of metal to occur (but there are exceptions) • 

(2) Corrosion involves movement of electrons; thus an electric 

current flows in the metal. 
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( 3) Corrosion of metal does not take place evenly over the 

surface; there are local areas of corrosion which give rise to 

pitting. 

(4) The corrosion product, e.g. rust, may form at some distance 

from the points of origin, namely at a point where anodic and 

cathodic products combine. 

(5) A high concentration of oxygen encourages the formation of a 

cathode, and the area immediately beyond this becomes the anode and 

corrodes. Corrosion is accelerated when the oxygen concentration 

increases at the cathode or reduces at the anode. 

(6) The extent of corrosion reaction between dissimilar metals 

depends on the emf potential difference between the metals, the 

electrolyte and the spacing and the relative areas of the two 

metals. 

(7) Films form on the surface of all metals, giving the metal a 

degree of corrosion resistance, which depends on the nature of the 

film. Materials with tightly adherent (insoluble) films have 

greater corrosion resistance than materials with soluble films. 

Breakage of the film initiates further corrosion of the bare metal. 

(8) Corrosion of metals is influenced by their environment. The 

degree of this influence is relative to the physical state of the 

environment, its temperature, concentration and working conditions 

(e.g. time of exposure, osmosis, effect of cycling). 

( 9) Corrosion of metals is influenced by their metallurgical 

composition and microstructure. 
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The next chapter reviews the corrosion of building materials, 

and specially the corrosion of reinforcing steel embedded in 

concrete. 



CHAPTER 3 

CORROSION OF REINFORCEMENT 

STEEL 

.LJ. Introduction 
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The importance of corrosion in our modern, high-tech 

society can be measured by the magnitude of the direct and 

indirect problems which result from this degradation process. 

Certainly, the effects on our infrastructure are a great 

contributor because of the magnitude of the problems which 

exist today, basically because of the increasingly aggressive 

environment. Throughout the world, elements of the 

infrastructures are deteriorating to such a degree that it is 

considered to be of critical importance. The infrastructure 

consists basically of highways, bridges, parking garages, 

water supply and sewage disposal systems, harbours, 

reservoirs, and subway systems, etc. Corrosion of reinforcing 

steel in concrete (rebar) is an extremely important problem, 

not only because of cost and safety concerns, but also because 

of the inconvenience involved in making repairs. 

Concrete and steel will continue to be essential 

materials for construction for the foreseeable future. Recent 
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research has identified new additives, coatings, and 

applications of these materials to the durability and 

resistance of the infrastructure elements. Concrete is 

considerably stronger in compression than in tension. To 

compensate for its low tensile strength, concrete is 

reinforced with steel. Concrete is also porous and acts like 

a sponge in the presence of water and liquids. Under normal 

conditions, concrete possesses an alkaline environment. In 

this case, steel rebars form an oxide film that prevents 

further corrosion while this film remains intact. When this 

protective layer is disturbed, corrosion of steel begins and 

continue until it causes deterioration of the concrete. The 

main reason for the deterioration is that the corrosion 

products occupy a much larger volume than the steel, which 

leads to cracking and delamination followed by spalling • 

.L.a Main Causes of Rebar Corrqsion 

The principal reasons for corrosion of the reinforcing 

steel bars are: 

1. Chloride ions cause breakdown of the protective layer 

and start of the corrosion process. Research has determined 

that a content of 0.6 to 0.8 kg of chloride per cubic meter of 

concrete is enough to destroy the passivity of the steel and 

promote active corrosion. 
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2. Differences in chloride ion concentration lead to a 

difference in potential, creatfng anodic and cathodic areas of 

steel. 

3. oxygen is another important contributor to corrosion 

of steel in concrete. 

4. A drop in the pH of the concrete to a level of 9 to 10 

is another contributor to rebar corrosion. This can result 

from the absorption of carbon dioxide in the concrete. 

s. Stray o.c. currents entering a steel reinforced 

concrete structure create cathodic areas; when they leave, the 

steel becomes anodic, causing it to corrode. 

Ll, The Effects of COncrete Properties on corrosion 

Concrete is a finely porous material. The pore sizes vary 

from a few AngstrOm (one A= 10-7mm) to several millimeters. 

This pore system is more or less filled with a solution which 

contains varying quantities of different salts. The design, 

volume and structure of the pore system vary widely depending 

on the quantities of constituents in the concrete. One feature 

which is common to all concretes is that the pore solutions 

which surround the embedded steel have an extremely high 

pH-value (13-14). As a result, the steel surface frequently 
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receives a very dense oxide layer which is difficult to 

dissolve. This limits further disintegration, thus leading to 

what is known as passivation. 

Corrosion commences only if this passivity is destroyed. 

This normally happens either by carbonation of the concrete 

around the steel, which reduces its alkalinity, or the 

presence of even small quantities of chlorides in the concrete 

around the steel. steel corrosion in the presence of chlorides 

is an electrochemical process, with moist chloride-containing 

concrete serving as the electrolyte. The depth of the 

penetration of chlorides is a function of time and 

permeability of the concrete. once the steel becomes 

depassivated, the rate of corrosion depends mainly upon the 

availability of moisture and oxygen near the steel surface. In 

the absence of either of these, normally corrosion will not 

occur. 

General rusting is the most readily recognised form of 

steel corrosion, and is often described as a simple chemical 

reaction that occurs when steel is exposed to air and water. 

In fact, it is a complex electrochemical process that can be 

controlled if certain conditions are maintained. 

When rusting takes place, small electrical currents flow 

between areas of differing voltage potential on the steel, 

through a surrounding medium, or 'electrolyte'. In doing this, 

they transport ions of metal from anodic to cathodic areas, 
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reducing the steel cross-section at the anode, and depositing 

the material at the cathode, where it forms rust. For these 

corrosion currents to occur on steel in concrete, three 

essential conditions must be met : 

1- There must be a difference in voltage potential between 

points on the steel surface or the surrounding material. 

2- The concrete must be conductive to form the electrolyte. 

3- The concrete must have electrical contact with the steel. 

The engineer has little control over the first condition, for 

variations in the steel surface impurities, and the stresses 

resultinq from bending or fabrication all induce potential 

differences. Cover concrete, however, provides an opportunity 

to control the latter two conditions. 

To control corrosion, the engineer must be concerned with 

maintaining the conditions that prevent the flow of corrosion 

currents. This requires knowledge of the physical, chemical, 

and electrical properties of the materials. 

Concrete; Typical concrete is a mixture of cement, sand, 

coarse aggregates, and water. cement itself is a mixture of 

calcium, aluminum, silicon and iron. Aggregate is usually 

crushed rock, or gravel. Most gravel is a mixture of rocks, 

depending on their source, a river bed or glacier. sand is 
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also occasionally a aixture of different types of rock 

particles. The water must be of drinkable quality, but usually 

contains some traces of minerals, organic matter, fluorides 

and chlorides. 

some mixes are difficult to compact and therefore less 

dense. In this case some microcracking occurs during the 

initial curing resulting in shrinkage at the interfaces 

between the large concrete aggregates and the steel. The 

permeability of concrete is always an order of magnitude 

higher than that of the pure cement paste. 

Aggregates and reinforcement also tend to encourage micro 

cracking by restraining the free shrinkage of the surrounding 

cement paste. The larger is the aggregate or the steel 

reinforcement, the more extensive is the microcracking. 

Aggregate type also affects microcracking. Minerals such as 

quartz, granite or flint produce a weaker bond with the cement 

paste than with limestone or dolomite. The weak bonds break 

durinq normal temperature and humidity cbanqes and cause 

microcracking, particularly at the cement pastejaqgregate 

interface. This is of course the same process that permits 

natural rock erosion to take place. 

Microcracking also tends to occur during curing due to 

differential temperature stresses, particularly in larger 

elements and where curing is achieved by membrane rather than 
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by water spray, which helps to reduce the temperature. 

Hicrocracking is also caused by the stresses or strains caused 

by the mechanical loadings. 

The range of materials present in concrete is important, 

because they determine its permeability, and density. They 

affect the type and the rate of corrosion that may occur. 

Where admixtures are used, they may well introduce further 

variables. An example in this case is that at one time calcium 

chloride was used commonly to accelerate the setting of 

cement. This released free chlorides into the concrete, which 

were later found to be a key catalyst in the corrosion 

process • 

.1.,! Corrpsion of reinfqrcina steel 

As stated before, for corrosion of embedded steel to occur, 

the protective, passivating properties of overlying concrete 

must be destroyed, and this can happen in many ways, though 

they can be summarised in three broad categories : 

Chemical attack on concrete from the environment or 

spillage 

Chemical attack on steel of an internal or external 

nature 
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Physical damage, such as cracks from impact, 

settlement, overloading, or fire damage, and erosion or 

stripping. 

3.4.1 Cheaical attack on Concrete -carbonation: 

As an example of atmospheric or environmental attack, the 

carbonation process shows the interaction which occurs during 

the deterioration of concrete. Cement paste has a 

submicroscopic pore matrix, and absorbs moisture by capillary 

action. It 'breathes' with changes in humidity, atmospheric 

pressure, and temperature. carbon dioxide penetrates the 

concrete and reacts with the pore moisture, forming carbonic 

acid. (Fig 3.1). This in turn reacts with the alkaline calcium 

hydroxide in the cement to form calcium carbonate, reducing 

the pH of the matrix to around 9-10. By causing a reduction in 

the alkalinity of concrete, carbonation can destroy the 

ability of the concrete to maintain the protective oxide layer 

on any embedded steel, and thus open the way for 

corrosion.(Fig 3.2). 

The rate of carbonation is influenced mainly by the following: 

a. BtDiidity. The rate of carbonation is a maximum at 

50-70% relative humidity, while under water, it is almost 

zero. 
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Figure 3.1 : Diagra..atic view of steel protected fro• 
corrosion in partially-carbonated concrete. 
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Figure 3. 2: Diagra.aatic view of steel oorrodiDCJ in 
carbonated concrete 
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b. The composition of the concrete, particularly the 

water to cement ratio. As the water to cement ratio rises a 

more porous structure develops. Carbonation rates increase as 

follows with increasing water to cement ratios41
'
42
'": 

W/C ratio 

0.6 

0.8 

0.45 

Carbonation rate 

1 

2 

0.4 

Table 3 .1: carbonation rates relatinq to W/C ratios. 

Portland cement concrete carbonates more slowly than blast 

furnace cement concrete. 

c. curing: If concrete is kept moist for a longer period 

of time, its resistance against carbonation increases. 

d. 'l'iae: At constant temperature and average humidity the 

progress of carbonation ~s roughly proportional to the square 

root of time'M', i.e. , with increasing time the rate of 

carbonation falls. When concrete is completely wetted through, 

carbonation stops altogether. Depths of carbonation of roughly 

40 mm have been observed with concrete about 50 years old. 
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3.4.2 Cbeaical attack on Steel - Chlorides : 

A secondary effect of carbonation involves 

chloro-aluminates58
•
5
', which are harmless in the concrete. 

However these compounds are stable only at high pH levels, 

therefore carbonation, in reducing the alkalinity of the 

concrete, also causes breakdown of chloro-aluminates, 

releasing chloride ions. The presence of sufficient quantities 

of chloride ions in the concrete can stimulate reinforcement 

corrosion even in highly alkaline conditions. The mechanism of 

corrosion of reinforcement in chloride-containing concrete is 

complex. The majority (perhaps 90 per cent) of chloride ion 

introduced during the earliest stages of cement hydration 

reacts with the calcium aluminate minerals in the cement to 

form solid compounds, thus being effectively immobilized. The 

remainder exists as free chloride in the pore solution and, if 

in sufficient concentration, it may stimulate subsequent 

corrosion reactions. Cements with low tricalcium aluminate do 

not have the capacity to immobilize chlorides and so steel 

corrosion can be initiated at lower chloride levels. 

Free chlorides increase the electrical conduct! vi ty of 

moisture present in the carbonated concrete, and promote 

de pas si vat ion of the steel by chemical reaction, In the 

process, they create both of the conditions that make the 

concrete conduct! ve , and good electrical contact between 

concrete and steel. The chlorides thus take an active part in 
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both destroying the protective properties of the concrete, and 

in the corrosion process itself. However, the risk of 

corrosion increases with the increasing concentration of the 

free chloride in the pore water. 

A major distinction is made between chloride introduced before 

the setting of the concrete and that introduced subsequently. 

Prior to setting, chlorides can be introduced rarely as 

contaminants in the mix ingredients, or deliberately as the 

set accelerator calcium chloride. Because the problems of 

chloride-induced reinforcement corrosion have been recognized, 

restrictions on the introduction of chloride at the mixing 

stage are made in the various codes of practice. Limits are 

placed on chloride concentrations in admixtures and on the 

acceptable amount of natural chloride in aggregates. The 

chloride content of the concrete mix should be in the range of 

0.35 - 0.5 expressed as percentage of chloride ion by weight 

of cement. Provided that these limits are achieved in good 

quality dense concrete, it is reasonable to anticipate that, 

given adequate depth of cover, there should be no additional 

corrosion risk. 

Subsequent to setting, chloride can be introduced either by 

exposure in marine environments or as contamination from 

chloride bearing de-icing salts. Much greater risk of 

long-term corrosion could be expected in these conditions. 
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There are two reasons for this: (a) possible build-up of 

chloride ion within the concrete to levels high enough to 

stimulate corrosion, and (b) modification of the chemical 

reaction involving the formation of the chloride-bearing 

hydrated cement minerals. The second point results in a 

reduced amount of chloride beinq incorporated into the solid 

cement hydrates. This gives rise to greater free chloride 

concentration within the pore water than with pre-hydration 

introduction of a similar concentration of chloride, and 

therefore, it increases the corrosion risk. 

3. 4. 3 other Cbeaicals : 

Airborne sulfates, or 'acid rain' can be highly 

aggressive to concrete, and may seriously affect the integrity 

of the structure. Sulfates penetrate the concrete in a manner 

similar to that for carbon dioxide. They react with certain 

calcium compounds in the cement paste to form qypsum and 

ettringite. These products weaken the paste structure, and 

reduce the strenqth of the concrete. This process is also 

expansive, generating stresses that crack the weakened 

concrete, creating easier inqress for additional moisture and 

contaminants. When the steel level is reached, the access 

created for air and moisture almost inevitably induces 

corrosion. 
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3. 4. 4 fhysical and External naage 

Host literature on the subject of cracking in plain and 

reinforced concrete considers it in terms of strength and 

stability, concentrating on drying shrinkage, deflection 

under load, and structural movement. There is little that 

addresses problems of durability caused by cracking. Some 

standards have been set for assessment of crack sizes, and for 

reporting on crack patterns, distribution, etc." but in 

general they deal with large, visible cracks. There is little 

information available on micro-scale cracking. 

3.4.4.1 cracJting 

When one . considers the effect of a crack, it is 

reasonable to expect that, away from the crack, carbonation or 

chlorides will take some years to penetrate any significant 

distance, but down the crack they can move in very quickly. 

Hence, carbonation and chloride "fronts" will dip locally so 

that there will be a patch at the base of the crack where the 

passivity of the steel will be destroyed and lead to local 

corrosion. Therefore, the presence of a crack tends to 

initiate corrosion, but only at the point where the crack 

crosses the bar. (Figure 3.3). 

Whilst this may appear to be serious and although the evidence 
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suggests that cracks do act as corrosion initiators, their 

effect may not be particularly serious. 

In the first place, there is a certain amount of information 

on the rate of corrosion in and around cracks, the most recent 

being from Tuutti" in Sweden, who found from a large number of 

tests that there is initial corrosion at the base of a crack. 

However, the corrosion products and other matters gradually 

seal the crack, so that after a time corrosion is halted. 

Examination of specimens showed that certainly there was 

corrosion at each crack, but it was not extensive, and that it 

was not active beyond a certain time. 

The second source of information on cracking comes from 

surveys of actual structures. One which was carried out some 



66 

years ago concerned railway bridges in France, where it was 

concluded that, although there were quite a number of flexural 

cracks, there was no evidence that these cracks had ever 

caused any reduction in the durability of the structures. More 

recently there was a fairly extensive surveys on some 

partially prestressed bridges in Denmark. Whilst it was found 

that there were far more flexural cracks than had been 

expected, there were no cases where it could be said that 

flexural cracking had in any way affected the durability of 

the structure'•·". Any durability problems always arose from 

other causes. 

It seems quite likely therefore, that although patches of 

rust tend to occur where there are cracks, they do not appear 

to be sufficiently serious to affect the structure generally 

- at least, when the cracks are transverse to the bars. 

Exposure tests on beams with a variety of cracks tend to 

confirm this view and also show no relationship between crack 

width and the amount of corrosion. Therefore it seems 

pointless, from the point of view of corrosion control, to 

devote much design time to calculating the expected widths of 

any cracks. 

3.4.4.2 Brosion and surface Strigping 

These are processes that will gradually strip away the 
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surface layers of concrete, thereby progress! vely reducing the 

thickness of the concrete cover protecting the steel 

reinforcement. Apart from abrasion by traffic tires on 

bridge-decks etc, erosion can be caused by air-borne debris 

and dust, or water-borne particles. Two other important 

processes cause surface stripping that reduces concrete cover 

over a period of time, and may eventually expose the embedded 

steel. Those are: 

a. Freeze/Thaw Cycles 

Moisture in concrete will freeze if the temperature is 

low enough, and ice occupies more volume than the original 

water. If the surface layer of concrete is saturated, the 

expansion forces generated by freezinq can be large enough to 

crack the concrete, and the outer layer will flake off as the 

ice melts. Typically it will only affect a few millimetres of 

concrete at a time, but the cumulative effects of repeated 

freeze and thaw cycles will eventually remove significant 

amounts of concrete. 

Where such action is anticipated, its effects can be 

controlled or eliminated by using air-entrained concrete. 

Small air voids are deliberately included in the concrete mix 

to provide room for the expansion of any ice. 

b. Cavitation 

Structures exposed to fast-flowinq turbulent water can be 
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subjected to cavitation. This occurs when small momentary 

pockets of low pressure or vacuum are created by the 

turbulence. Bubbles of water vapour fora, and collapse again 

as the flow carries them out of the low pressure area. In 
/ 

collapsing, they create pockets of very high pressure that is 

capable of pitting the surface of any steel or concrete on 

which it impinges. The rate of deterioration depends on the 

water volume and turbulence, but it is capable of producing 

significant damage in a period of a few months, rather than a 

few years. 

~ Types of corrosion in high tensile steels 

The following types of corrosion occur only with hiqh 

tensile steels. 

a. Stress corrosion. This is a tearing effect, which may be 

inter- or intracrystalline, of a metallic material due to the 

simultaneous action of tensile stresses and a corrosive agent 

(e.q., chlorides or nitrates). Hiqh tensile stresses occur at 

corrosion scars to cause fractures, without anythinq being 

visible from the outside. 

b. Hydrogen eiDbrittlement. Sulfides, which are present in clay 

and blast furnace cement, can lead to the formation of 

hydrogen sulfide (H2S), which forms hydrogen in the presence 
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of steel. As this is only possible when the pH is below 9, 

hydrogen embrittlement should not occur with any properly 

prepared cement or with blast furnace cement. Clay cement is, 

however, vulnerable. 

Atomic hydrogen, which is liberated in the decomposition 

of HaS, can penetrate into the crystal lattice of steel 

because of its small atomic radius. If it reaches grain 

interfaces or faults, it causes a change in its properties. 

Plastic properties, in particular, are affected extremely 

unfavourably, and cracking can take place. The energy required 

is provided by the hydrogen, as it changes from the atomic 

state to the molecular state. 

~ Service life with regard to reinforcpent corrosion 

The service life of a structure component or material is 

defined in ASTN · E632 as: "the period of time after 

installation during which all properties exceed the minimum 

acceptable values when routinely maintained."The unexpected, 

premature deterioration in reinforced concrete structures have 

generated several theories and models in order to predict 

service life of a structure as a function of different sources 

of aggressive agents and of different rate determining 

parameters. 

Service life prediction is a complex matter in which both 
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technical topics and economical consequences are involved. 

This concept has been expressed in different ways, an adequate 

one, perhaps, being the period in which a structure fulfils 

its structural requirements. 

Many aspects concerning nominal design life and residual 

service life remain unexplored. In the case of failures due to 

rebar corrosion, some of the more key aspects are related to 

the deterioration rate of rebars and the acceptable limit of 

deterioration. This is the maximum tolerable amount of 

corrosion corresponding to the condition of failure, or that 

which may affect the load-carrying capacity of the structure. 

The most suitable scheme for modelling the service life 

of corroding structures is that presented by Tuutti", shown in 

Fig.( 3.4). This model describes corrosion in two parts: (1) 

initiation period in which external aggressive elements enter 

into the concrete cover, and (2) a propagation period which 

starts when the steel depassivates. The residual lifetime of 

the structure depends on the rate of deterioration. An 

unacceptable degree of corrosion, not quantified by Tuuti, is 

reached when a repair should be undertaken. 

The quantification of this deterioration period attains 

crucial importance in the assessment of damaged structures. 

Different laws of diffusion of chlorides and carbon dioxide 

(COal have been proposed in order to calculate the time of 
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Tiae 

corrosion initiation as a function of different parameters13
•
11 

(cover quality, cover thickness, etc.). 

The propagation period, however, has received less attention, 

perhaps because of the scarce data in the literature on 

deterioration rates. In addition, the determination of an 

unacceptable level of corrosion has ·been described more 

philosophically than quantitatively. 

For this propagation period model, three different steps need 

to be set out to calculate the residual service life of 

corroding structures: (1) a more accurate definition of the 

level or levels of deterioration which may affect the 
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serviceability or the load-carrying capacity of the structure 1 

( 2) definition of parameters which require measurement to 

enable quantification of damage; and finally, (3) the 

transformation of the experimental data for steel corrosion 

rates into a fora applicable to the determining parameter. 

When introduced in Tuutti's model, the transformed data will 

allow evaluation of the residual service life of the 

structure • 

.LZ Conclusion 

The main objective of this chapter was to make it clear 

that corrosion of embedded steel in concrete will eventually 

cause damage to the conbrete. Conversely, any damage to, or 

deterioration of the concrete can lead to the corrosion of the 

embedded steel. They are interdependent processes, and it is 

futile to treat the symptoms of decay without first having 

identified and remedied the cause. Structural and cosmetic 

repairs often suffer early failure because the cause of the 

original damage had not been identified and corrected. 

How to protect our structures from corrosion? What are 

the techniques used to prevent penetration of chloride or 

ensure resistance to chloride induced rebar corrosion? The 

answers to these questions will be the main subject for the 

following chapter "Corrosion protection of reinforced steel". 
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steel reinforced concrete is the most commonly used civil 

engineering construction material worldwide. Concrete and 

steel durability are affected to different degrees by the 

various aggressive chemicals. It is also affected by any 

chemical reaction arising from the aggregates. In particular, 

the natural passivity of steel in the alkaline environment 

provided by the concrete is disrupted by chloride ions. The 

reinforcing steel in concrete will corrode and lose its 

effectiveness, and the resulting corrosion product, because of 

its increased volume, will cause concrete cracking, spalling, 

delamination and eventual failure of the structure. several 

areas of infrastructure are subjected to severe chloride 

ingress. These are decks and some other components of bridges 

and parking structures in locations where deicing salts are 

used to keep the roads open to traffic in the winter, and 

marine structures which are subjected to a daily severe salt 

exposure. In the absence of chlorides, these structures would 
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last many years longer without the need for additional 

corrosion protection. 

An analysis was made by many research departments in 

North America to determine the length of time until spalling 

(induced by reinforcing steel corrosion) occurs and the 

relative cost for different conventional concrete bridge deck 

designs. Research results have shown that the length of time 

until corrosion, or spalling, is primarily a function of: 

1. The frequency and rate of deicing salt applications, 

combined with the time duration for which the deck 

is wet. 

2. The water-cement ratio of the concrete, and 

3. The depth of concrete cover over the reinforcing 

steel. 

If it is assumed that deicing salts will continue to be 

used during the foreseeable future, then remedial steps must 

be taken to ensure that the problem does not worsen. 

Recognizing this, the necessity for advanced research and 

field programs to investigate the feasibility of a number of 

potential solutions to the problem including (a) polymer 

impregnation of bridge decks, b) cathodic protection of 

reinforcing steel, (c) protection of the reinforcing steel 

through the use of various coatings, (d) application of 

impermeable membranes or coatings to the concrete, and (e) 
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sophisticated rehabilitation procedures involving removal of 

chloride-contaminated concrete to below steel levels and 

subsequent protection of the steel (e.g., with epoxy coatings) 

before new concrete is placed. One means of providing extended 

service life to existing chloride -contaminated concrete 

structures is the removal of the chloride ions from the 

concrete. 

LA Protective mepbapisBIS 

When exposed to air, steel rapidly develops an oxide 

scale ( 1 rust 1 ) on its surface as the normal mechanism of 

corrosion. A wide range of protective systems can be used to 

prevent this spontaneous corrosion including paints, plastics 

and metallic coatings, and inhibitive environments provided by 

certain types of chemicals. Among the inhibitive systems is 

the protection offered by hydraulic cements in concrete. When 

hydrated, the cement component in the concrete produces 

alkaline compounds which raise the pH of the matrix to between 

12.6 and 13.5. Steel remains passive within this pH range, and 

the limited oxidation required to retain passivity has no 

practical physical effect on the metal or its surrounding 

concrete. Furthermore, a barrier to the ingress of moisture 

and oxygen is provided by the cement matrix, thereby providing 

both chemical and physical protection to the reinforcement. 

The period for which this protection remains effective depends 
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on a number of factors including the retention of a high pH 

and the physical integrity of the cover. 

J....l. Loss of protection 

Alkaline materials will usually be unstable in the 

atmosphere because they react with the highly acidic solutions 

of carbon dioxide and sulphur dioxide formed in moist 

conditions. Therefore, the alkalinity near the surface of the 

concrete is reduced as a result of reactions with these acidic 

atmospheric gases (carbonation)u. The extent to which the 

protective alkalinity is lost will depend on several factors, 

but the most important are the permeability of the concrete, 

the extent and depth of cracking, the humidity and the 

concentration of acidic gases in the atmosphere. The depth of 

carbonation increases with time and with increase in concrete 

permeability; its rate is greatest where the relative humidity 

is in the range 50 to 70% • For dense concrete, the rate of 

carbonation will be low and, given an initially appropriate 

depth of cover, steel will remain protected from corrosion 

throughout the life of the structure. However, if the concrete 

is permeable, or if it is severely cracked, paths will be 

available for the ingress of atmospheric gases leading to an 

increased depth of carbonation with consequent corrosion of 

the reinforcement. The corrosion products occupy a greater 

volume than the metal from which they are formed and this 
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volumetric expansion imparts internal tensile forces to the 

concrete cover causing cracking and spalling. At the same 

time, the cross-sectional area of sound steel will be reduced 

but, with ordinary reinforcement, significant structural 

weakening is unlikely to occur until some time following the 

onset of cracking. However, when cracked cover associated with 

reinforcement corrosion is identified, remedial action should 

be taken as soon possible. Depths of cover appropriate to a 

range of concretes are given in the various codes of practice. 

Exposure ln an industrially polluted atmosphere with higher 

concentration of acidic gases will induce a greater depth of 

carbonation of the concrete than in a rural environment. 

Therefore, depth of cover for a given concrete must be 

increased when exposed in polluted atmospheric conditions to 

compensate for increased carbonation, otherwise the 

carbonation front can reach the reinforcement within the life 

of the building leading to a corrosive situation. 

£a.! ProtectiQn wethocis 

Concrete cover has a good protective effect for 

reinforcing steel, but, where a large cover thickness is not 

provided or where cracks are involved, its protective effect 

is lost. 

The main techniques available for protecting the 

reinforcement steel from corrosion are: 
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4.4.1 cathodic Protection 

Cathodic protection has been defined as " reduction or 

prevention of corrosion of a •etal surface by making it 

cathodic by the use of sacrificial anodes or impressed 

current. The basis of the method is to force the steel to take 

up an electrical potential such that corrosion cannot take 

place. Two basic methods of cathodic protection are: 

(a) Use of sacrificial anodes. Here a metal which will corrode 

preferentially to the steel (usually zinc) is connected to the 

reinforcement. This metal acts as the anode of a corrosion 

cell and corrodes while the steel is forced into a cathodic 

state. The anodes may have to be replaced at intervals. 

(b) Impressed current systems. In this case, a voltage is 

applied externally which maintains the steel in a 

non-corroding state. (Figure 4.1). 

Both methods have been tried on bridge decks in the United 

States but impressed current systems are more popular. The 

practical problem is that the reinforcement must be subjected 

to a fairly uniform potential. This is achieved, in the case 

of bridge decks, by casting anodes into a conductive screed. 

Anodes may be isolated discs cast into this screed or wires 

placed in grooves in the deck filled with a conductive 
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Fiqure 4.1: Principle of cathodic protection by iapressed 
current 

material. Development work is still in progress, but a number 

of bridge decks have now been cathodically protected and 

results are understood to be highly satisfactory. Running 

costs for a cathodic protection system for a bridge deck are 

understood to be around $200 per year. (Figure 4.2). 

Recent studies by the Federal Highway Administration (FHWA) 

have shown that the cheapest method of obtaining a full 40 

year design life in a bridge deck is to construct it without 

any special measures to protect the steel against corrosion 

and then, when the corrosion starts, to install cathodic 

protection''·'1 • 
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Figure 4.2: Cathodic protection circuit of bridge deck 

4.4.2 Inhibitors 

An inhibitor is a substance which, when added in small 

concentration to an environment, decreases the corrosion rate. 

In a sense, an inhibitor can be considered as a retarding 

catalyst. 

The most commonly mentioned inhibitor is calcium nitrite 

( Ca ( N02 ) a) • This is an anodic inhibitor (it suppresses the 

anodic reaction) an~, in the presence of chlorides, it can 

significantly delay the initiation of corrosion. Tests by Hart 

and Rosenberq" on specimens exposed to seawater showed that 

addition of 4% by weight of cement of calcium nitrite roughly 

doubled the time to the initiation of corrosion compared with 

the case with no additives. The Off ice of Research and 

Development of the Federal Highway Administration in the 
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United states have also been carrying out tests to assess the 

effectiveness of calcium nitrite in bridge decks. The report" 

on this work states that 'OUtdoor slab tests using 2.75% (by 

weight of cement) of calcium nitrite indicate that the 

material is very promising ••• '. Calcium nitrite has also been 

used on an experimental basis in some bridge decks. 

In summary, it can be stated that, while inhibitors do not 

provide a total cure to corrosion problems, they may be able 

to assist significantly in retarding and significantly 

reducing the corrosion of the steel reinforcement. However, 

still in an experimental stage and their true value cannot yet 

be assessed with confidence. Equally, the possibility that 

they might be of value in the future should not be discounted. 

4.4.3 Qrganic coatings 

Organic coatings as a class of materials are used mainly 

to protect the surfaces of steel reinforcement from 

deterioration. Powder epo~-coated reinforcement has had most 

use especially in bridge decks. This is an area where there 

have been considerable corrosion problems because of 

contamination by de-icing salts. Research on epoxy-coated 

steel bars in these conditions has shown a significant 

increase in protection and reduction in cracking of the 

concrete cover, compared with the normal reinforcing steel. 

However, these tests are of a relatively short-term nature 
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(under io years) and there is still some question that such 

coatings may be subject to underfilm attack and pitting at 

localized breaks in the coatings. Although soae breaks in the 

coatings are to be expected, care should be taken when using 

epoxy-coated bar to ensure that handling and placing on site 

does not produce any further significant physical damage to 

the coating system. If that does occur, the damage should be 

made good with appropriate epoxy paints. 

4.4.4 Treatment of concrete surfaces 

Both the initiation phase, where carbon dioxide or 

chlorides are permeating into the concrete, and the active 

phase, where corrosion is taking place, can theoretically be 

slowed down or stopped by sealing the surface of the concrete. 

For example, it has been standard practice for many years 

to protect bridge decks from the deleterious effects of 

de-icing salts by the use of a waterproof membrane. A problem 

with bridge decks is that the membrane must either be 

protected from traffic, or it must be strong enough to 

withstand the rigours caused by the traffic. Membranes are 

generally protected by screeds and a wearing course, but 

successful results have been obtained in the United states 

with the use of very dense concrete screeds or screeds using 

latex modified concrete as a waterproof membrane and running 
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surface. Another method would be to use a relatively 

impermeable sheet as a permanent shutter to the concrete. In 

the USA, for example, considerable amounts of galvanised steel 

shuttering have been used on bridges. Another possibility 

would be to use a fibre-reinforced concrete sheet - even 

plastic sheeting as a permanent shutter could possibly act to 

stop chlorides or carbonation entering the concrete. 

It is generally agreed, however, that coatings will not be 

effective in reducing corrosion rates where chlorides have 

already reached the steel. Theoretically, if a surface coating 

can be applied so that the ingress of oxygen and water is 

completely stopped, then corrosion should not occur. However, 

in practice it is normally possible to obtain a complete 

sealing of the whole surface. 

4.5 Conclusion 

This chapter has attempted very briefly to outline s·ome 

of the possible ways in which corrosion problems can be 

avoided. Inhibitors and cathodic protection are possible 

methods but may still be worth consideration in particular 

cases. Surface coatings, epoxy-coated reinforcement, provision 

of extra concrete cover thickness or an improvement in 

concrete quality are more commonly used approaches and may in 

many cases prove to be more economical than the use of special 
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steel reinforcement. With the possible exception of stainless 

steel, no method of protection can be guaranteed to give a 

trouble free structure for fifty or more years. It is 

suggested that perfection is not required but merely that 

maintenance costs should be kept within acceptable limits 

during the expected design life and that protection methods 

should be approached from this perspective. 
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CHAPTER 5 

CORROSION TESTING METHODS 

2&1 Intro4uction 

A wide ranqe of methods is now available to the enqineer 

to determine the true causes of damaqe, and measure its extent 

and the rate of proqress. These methods can be used to predict 

the likelihood of corrosion takinq place, and identify the 

areas of a structure most at risk. They can be loosely qrouped 

into two cateqories : 

Destructive (Corinq, samplinq, drilling, etc.) 

Non-Destructive (In-situ tests with no damaqe to the 

structure or disfiqurement of the concrete surface) 

Generally speakinq, the destructive tests involve testinq 

a sample to failure, and rely on laboratory facilities for 

full analysis. Non-destructive tests are usually carried out 

on site, although complete analysis of the test data may be 

done subsequently at an office or in a laboratory. 
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Space does not allow a full description of every method 

here, but the following is a review of the more commonly used 

tests with a brief summary of the methodology used, and 

information which can be obtained. It should assist in 

determining which methods would be relevant to a given set of 

circumstances. There is also a cautionary note about 

limitations of some methods. If a test is incorrectly applied, 

ambiguities or measurement errors can occur which may make the 

test data inconclusive. Although some of the methods described 

were developed in Europe, they are all available in the USA 

and Canada through specialist companies. 

~ Destructive Tests 

5.2.1 Qore sawpling : 

A sample of concrete is core-drilled from the structure, 

and analyzed by a selected combination of the following 

laboratory procedures : 

Visual inspection for aggregate size and type, cracks, 

voids, depth of surface deterioration, presence of steel. 

Physical measurements for density, moisture content, rate 

of water absorption, and air permeability. Testing for 

compressive, tensile, and shear strength, elastic modulus and 

Poisson's ratio. 
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Ultrasonic Pulse Velocity (UPV) tests to be correlated 

with in-situ test results from the rest of the structure. (UPV 

testing is described in the next section) 

Petrographic (microscopic) examination for mix type and 

proportions, presence of ASR (Alkali Silicate Reaction) or 

sulphate products etc. Accelerated growth test to determine if 

ASR is active 

Chemical analyses for cement content, presence and depth 

of any contaminants, carbonation depth, identification of high 

alumina cement (HAC), and measure degree of conversion°. 

Note : Cores should be kept moist until tested unless 

specified otherwise, e.g. sealed in plastic film or a sample 

box with water retaining packing such as sawdust. 

5.2.2 Drilled sa.ples : 

Concrete sampled by collecting the dust from a masonry 

drill can be analyzed in a laboratory for : 

Percentage cement content and alkalinity • 

Percentage and depth of penetration of contaminants 

such as chlorides or sulfates. 
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High alumina cement and degree of conversionu. 

The drill hole can be used to check depth of 

reinforcing steel, and to carry out carbonation depth 

tests. 

Rote : careful control of drill depth and cleaning of the 

drill bit and hole between samples is essential when sampling 

from specific depths. For HAC testing, a low speed drill or 

chisel is used to avoid pre-heating of the sample, which 

destroys evidence of HAC conversion. 

5.2.3 steel saapling : 

Reinforcing steel is exposed by removing cover concrete. 

This permits visual assessment of corrosion damage, and 

measurement of the residual thickness. Samples of the steel 

may be taken for laboratory tests to determine steel type, 

tensile strength, corrosion resistance, etc. 

5.2.4 carbonation Depth : 

This test is usually carried out with the previous tests, 

and it requires a freshly broken concrete face perpendicular 

to the outer face. A small chisel is used to flake off the 

side of a drilled or cored hole. 

(phenolphthalein) sprayed onto the 

A chemical 

test face 

indicator 

indicates 

alkalinity or acidity of the cement by colour change. This 

indicator has a very strong pink colour, easily visible on any 
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concrete that has retained its alkalinity, yet it was 

colourless on concrete which was no longer adequately alkaline 

to protect reinforcing bar from corrosion. Though not as 

accurate as laboratory testing, it is a good site guide to 

determine the depth of carbonation. 

5.2.5 pqll-out test : 

This test determines approximate concrete strength by 

measuring the force required to pull a set of standard 

expansion anchors out of standard drilled holes. It provides 

a good approximation if a large enough number of samples are 

used, and correlated with crushing tests on a core sample 

taken from the same area • 

.5..&.1 Ion-destructive Tests CBDTl 

5.3.1 Rebound Hapmer : 

The rebound hammer I also known as the Schmidt or the 

Swiss hammer, is used to measure the rebound distance of a 

standard steel projectile 1 propelled against the concrete with 

a standard force. A scale on the tool shows the rebound 

distance as a 'rebound number'. This number can be used to 

check concrete uniformity by comparison of the test data. If 

calibrated with laboratory tests, it can give an indication of 

the compressive strength. 
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Note : The actual property of the concrete measured is surface 

hardness. The comparatively small cross-section of the 

projectile tip may mean that impact is on a piece of hard 

aggregate at the surface 1 whereas a subsequent test may be on 

the softer cement paste between the aggregate particles. This 

creates measurement disparity which can only be resolved by 

making a large number of tests and averaging the data. 

Processes that have a surface hardening effect, such as curing 

membranes or carbonation, may give rise to optimistic strength 

estimates. 

Surface finish, curvature, and presence of water affect 

the uniformity of the impact, and therefore the degree of 

rebound recorded. The method also assumes a standard velocity 

for the projectile at impact, but this will be affected by 

gravity 1 and friction. A difference will be noted between 

measurements made by the same instrument in the vertical and 

horizontal planes on the same test piece. 

5.3.2 Ultra-sonic Pulse velocity (UPV) . . 

Two transducers, a transmitter and a receiver are placed 

on the test piece. An electronic trigger/timer device measures 

the transit time of an ultrasonic pulse through the material 

between the transducers. 
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UPV is calculated from the transit time and the measured 

path lenqth. Since UPV is a function of the modulus of 

elasticity and density of the material, it provides 

comparative data for the assessment of concrete uniformity. 

cracks, inclusions, honeycombing, and voids affect transit 

time by diverting the pulse, or reducing its velocity. UPV can 

also measure crack depth and direction in some circumstances. 

Correlation with compressive strenqth tests on core samples 

will enable estimates of strength in other parts of a 

structure cast from the same concrete. 

It should be noted that the UPV test should not be used 

to estimate the concrete strenqth without correlation with 

laboratory test samples. If repeatability is required for long 

term monitoring, the UPV transmission path must be precisely 

duplicated, using fixed, permanent reference points. Accuracy 

of the calculated velocity depends on the accuracy of path 

length measurement, angle between transducers, and diameter of 

transducer faces. The results are the most accurate when 

transducers are placed on opposite, parallel faces of the test 

piece (direct path). The results are less accurate when the 

transducers are placed on faces at go• to each other, i.e. at 

corners (semi -direct) • The results are the least accurate when 

both transducers are on the same face, (indirect path). 

Steel extending across a crack can transmit the pulse and 

'hide' the crack if the test is made too close to the steel. 
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5.3.3 Sonic-Logging : 

Sonic-logging can be used to apply the UPV test in many 

inaccessible areas, such as underwater etc. Transducers are 

sealed probes lowered down in preplaced access tubes or 

coreholes. The probe cables are drawn over a special winch, 

which measures and records the probe depth. 

Sonic logging provides a continuous profile of transit 

time between the probes as they are withdrawn. Measurement 

densities of up to two per vertical inch make the method less 

susceptible to repeatability error caused by the normal 

variation in the concrete quality than the conventional UPV 

test. It can be used in coreholes extending through the 

foundation base to assess the quality of the contact between 

bedrock and the foundation. 

5. 3. 4 Mechanical Impedance : 

The test point is struck with a small hammer containing 

a load-cell. The response is monitored by a geophone. The 

transducer signals are recorded by a data acquisition system, 

and processed by a personal computer. In the frequency domain, 

velocity is divided by force to give the transfer function, or 

mechanical impedance response graph, providing information on 

dynamic stiffness, structural resonance, concrete quality and 

integrity. 

The method can detect low density or honeycombed concrete 
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micro-cracking or delamination due to deterioration, and loss 

of support or voids beneath concrete pavements, floors, dam 

spillway linings and runways. It can be used to assess the 

bonding of screeds, finishes, tiles, and asphalt overlays on 

concrete. 

It should be noted that specialized experience is needed for 

application and interpretation of the data. Transducers must 

be used on a clean, sound surface, with no debris or flaking 

concrete. 

5.3.5 Re-bar Locator : 

A sensor coil, generating an electromagnetic field, is 

passed over the surface of the concrete or masonry. Magnetic 

material entering the field will cause variations in the 

magnetic flux that can be measured electronically. 

From these measurements, the location and orientation of 

the material can be determined. Some devices enable the size 

and depth of the concrete cover to steel bars to be determined 

by using spacer shims of known dimensions to increase the 

distance between the transducer and the reinforcing steel 1 and 

then comparing the measurements. 

It should be emphasized that the method uses 

electro-magnetism to detect the target and can be 'blinded' by 

a magnetic mass (steel beams, columns or plates 1 magnetic 

aggregate). It may be unable to discriminate individual bars 
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if re-bars are bundled, or if the steel is misplaced, and if 

the bars are too close together. 

5.3.6 Ground Penetrating Radar CGPR) : 

GPR systems send pulses of microwave energy through the 

test piece. Some pulse energy is reflected from the interfaces 

between different materials, back to the surface, where it is 

recorded. 

The method can be used to determine layer thicknesses if 

correlation with a sample of known depth is made. It can 

locate the deep embedded conduits and steel, or those not 

detectable by re-bar locators. In certain circumstances GPR 

can locate or map the extent of voids or delamination. 

The pulse energy reflected depends on the difference in 

the· dielectric constants of the materials at the interface, 

and bulk conductivity. High conductivity materials dissipate 

pulse energy as heat. The dielectric constant is the ratio of 

pulse velocity in air to the velocity through the test 

material. Conductivity and pulse velocity vary with moisture 

content and density, therefore radar may not be able to detect 

interfaces between saturated materials. 
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5.3.7 Balf-cell Potential TeSt : 

Typical Half-cell probes may be either a copper electrode 

in copper sulfate electrolyte, or silver in silver chloride. 

Half-cells generate a known reference voltage that can be used 

to assess the electrical potential difference at any point on 

the reinforcing steel in a concrete structure. 

Empirical evidence from research and commercial testing 

has not yet proven any specific voltage at which corrosion 

will occur, but it has been shown that the likelihood of 

corrosion is proportional to the potential difference. Mapping 

of 'potential contours' for a structure readily identifies the 

most 'active' areas, and therefore it provides a focus for 

other test and evaluation methods. Test results are usually 

analyzed in conjunction with resistivity test data. 

5.3.8 Pulk Resistivity : 

Resistivity testing measures the bulk resistance of the 

concrete to the flow of the electrical currents necessary for 

electrolytic corrosion. An array of two or four electrodes in 

contact with the concrete surface pass an alternating current 

using the concrete to complete the electrical circuit. 

According to the concrete type, the device may use a constant 

current, and measure voltage loss, or measure the amount of 

current required to maintain a constant voltage. 

Resistivity measurements should be correlated with half 

cell potential data to determine the likelihood of corrosion 



96 

activity. Again, the data is empirical, but experience has 

shown that high resistivity is associated with low corrosion 

risk and vice-versa. 

It must be noted that the electrical resistance of 

concrete is affected by its moisture content. In dry 

conditions, half-cell or resistivity tests may show no 

evidence of corrosion risk, even where the process is well 

advanced. Tests should be planned for wet parts of the year, 

or after thorough wetting of the structure. 

caution must be used when using the methods on structures 

with post-tensioning tendons. Usually the tendons do not have 

intimate contact with the concrete. Test results for concrete 

and the reinforcing steel around tendon ducts may not be 

relevant to the condition of the tendons themselves. 

2.£ Passiye Monitoring 

If effective repairs are to be made, the engineer must 

know if any cracks in the structure are still active as load 

or climate condition changes, and therefore likely to recur in 

any repair material at some later date. Much information can 

be gathered from visual inspection and what are referred to as 

'Passive' monitoring methods. These include devices such as 

tell-tale plates, crack monitoring gages, and other movement 

measurement instruments. 
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5.4.1 visual Inspection i 

A key part of a structural evaluation is the visual 

inspection. It is used to establish reference points and 

select sites for other tests. Comparison of test results fro. 

apparently sound areas with those from damaged areas will 

often provide much useful information in later analysis. 

Exposure conditions, the prevailing weather patterns and 

construction details such as overhangs, ledges and joints are 

all considered when analyzing the test results. 

In addition to noting surface anomalies such as spalling, 

stains, pitting, and efflorescence (furry or scaly deposits) 

crack size should be measured using a calibrated pocket 

microscope. Any deposits or gel in the cracks will also be 

seen with this device. 

5.4.2 Tell-Tale Plates : 

The simplest crack monitors are thin glass plates glued 

across the crack. Any crack movement will break the glass. A 

more sophisticated unit is the Avongard monitor, which 

consists of two acrylic plates. One is etched with a fine grid 

pattern, the other with a simple cross-hair marking. The 

plates are glued on either side of the crack, the cross-hairs 

overlapping the grid, and centered on it. Any subsequent 

movement of the sides of the crack can be measured from the 

position of the cross-hairs on the grid. 
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5.4,3 strain Gages ; 

These may be electrical or mechanical, and are used to 

monitor relatively slow movement around the cracks as load or 

thermal gradients change. They can therefore provide 'spot' 

measurements, or record a history of movement over time, when 

coupled to a suitable data-logging system. 

5.4.4 Acoustic £mission ; 

Change in load or temperature induces stresses in a 

structure that can result in minute movements of the 

structural material around such anomalies as cracks, voids, or 

inclusions. These movements generate acoustic noise that can 

be monitored and recorded. Analysis of the data can 

characterize each noise source 'signature', by amplitude for 

a given stress, and frequency content. Once the base-line 

signature for a point on the structure has been established, 

changes in the signature, either in frequency content or in 

amplitude, will indicate a corresponding change in structural 

condition, such as an increase in crack length. 

5.4,5 Settlement : 

If settlement may have caused cracking, more complex 

devices such as extensometers or inclinometers may be used to 

monitor the movement over time, to determine if it is 

on-going, before an effective repair strategy can be planned. 
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~ Recent Develooments 

There have been significant developments in this field, 

particularly in the last two to three years. The increasing 

power and portability of personal computers has had a profound 

effect on test methods, increasing speed, data accuracy and 

reliability, and in reducing costs. Data processing methods on 

modern PC's have greatly increased the information available 

in the field from techniques such as Sonic Logging, Ground 

Penetrating Radar, and Mechanical Impedance tests. Data from 

methods such as Half-cell Potential and Resistivity tests can 

be presented as simple 'contour' maps of the structure, that 

show areas of high and low activity with clarity. 

Researchers at Cornell University, funded in part by the 

strategic Highway Research Program, have developed a simple 

in-situ test to identify the presence of ASR without the need 

for core-drilling. ao The method can provide an important 

'early warning' of ASR before visible damage occurs. A number 

of researchers are also currently evaluating methods for the 

determination of the chloride content of in-situ concrete. 

There are ongoing research and development programs for 

high-speed pavement condition measurement systems, some of 

which have shown the capability of locating the cracks and 

delamination caused by corrosion in bridge decks. The methods 
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under investigation include Infra-Red Radiation, Radar, Stress 

Wave Analysis and Deflection. Several papers were presented on 

the subject at the Transportation Research Board meeting in 

Washington DC, January 1991. u 

One of the difficulties facing the engineer in trying to 

carry out a preliminary inspection on a large structure is 

that of access. Where parts of the structure are beyond the 

reach of mobile platforms, and scaffolding is too costly, such 

surveys are often carried out solely by observation through 

binoculars. A number of agencies and universities in the USA, 

England, and France are currently working on the developaent 

of robotic devices that can not only carry a video-camera to 

record surface detail, but also to carry out a number of other 

sampling procedures or non-destructive tests. 

~ COHCLQSION - PI,NIBIIIG AN IHSPBCTIOB PR0GRAJ1 

This chapter has presented a brief review of the 

techniques currently available to predict and evaluate 

corrosion damage to concrete, and the reasons for their use. 

An informed choice of test and inspection methods can Bake 

assessments more accurate and economical, and can Bake 

maintenance more effective. An article in Hydro-review Journal 

recently gave some case histories and typical test program 

combinations for concrete structures6
'. 
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With an understanding of the causes of deterioration, and by 

knowing the capabilities and limitation of the technology 

available, the engineer can plan an inspection program that 

will yield a maximum of information. Quality of construction 

and repairs can be monitored, and scheduling of maintenance 

needs can be carried out more objectively with information 

gathered by such programs. 

Though the general deterioration of infrastructure is of 

widespread concern, local circumstances can mean that some 

structures face unique construction and operational problems, 

such as composition of locally mined aggregates, impact from 

marine vessels, or chemically contaminated atmosphere. Having 

identified the cause and mechanism of deterioration on any 

particular structure, the engineer is better able to design 

the rehabilitation works or replacement project specifically 

to counter the influences of local environmental conditions, 

material properties, or unusual operational requirements. 
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CHAPTER 6 

ACCELERATED CORROSION TESTING 

LJ. Introduction 

Reinforced concrete is used widely to build large 

projects like bridges, tunnels, and offshore structures. It is 

now recognized that corrosion of reinforcing steel is an 

important problem to be solved in order to increase the 

reliability of the structure and to reduce maintenance costs. 

In concrete, steel is in a passive condition, because of 

the high level of pH (12.5 to 13.7) of the solution contained 

in the pores of the concrete. The corrosion of reinforcing 

bars can occur when this passi vation is destroyed by the 

penetration of chloride ions at the metal concrete ·interface 

and by a decrease of pH as a result of the action of various 

phenomena such as carbonation and ingress of chlorides. The 

rate of corrosion is mainly controlled by the diffusion of 

dissolved oxygen through the concrete cover. The corrosion 

products formed at the surface of rebars introduce tensile 

stresses in the material resulting the cracking and spalling 

of the concrete. 
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Many laboratory studies and site inspections have been 

carried out to study this phenomenon along with an early 

detection of the attack. Considering the nature of this 

phenomenon, electrochemical methods are often used. The most 

widely used method consists of measurement of the electrode 

potential of the rebars which, in some cases, allows 

differentiation between the active and passive states of the 

steel. 

An accelerated electrochemical corrosion testing program 

was undertaken at McGill University in 1990. The main 

objective of this program was to determine the minimum clear 

concrete cover depth to protect the steel from corrosion. A 

preliminary testing of several parameters was performed to 

help define the main variables to be examined in the 

experimental program. Two test series with the same concrete 

cover thickness variation, but with different concentrations 

of the electrolyte were examined by ·Palumbo72
• 

This chapter describes the experimental set-up and the 

tests undertaken at McGill University from May 1992 to January 

1993. 
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~ Experimental Procedure 

6.2.1 Equipment 

The basic equipment consisted of the following: 

(i)- Nine aquarium tanks with dimensions 16 in.(406mm) 

length by 8 in.(203JBm) width, and 10 in.(254mm) 

height. 

(ii)- Nine plywood boards 1/2 in.(13mm) thick, and of 

dimensions 20 in.(508mm) by 12 in.(305mm) to cover 

the tanks 

(iii)- Nine reference saturated calomel electrodes 

(SCE). 

{iv)- Voltmeter {HICKOK Digital Systems- Model DP100). 

(v) -Ammeter (MICRONTA 320 mA range). 

(vi)- Power Supply, 1 Volt DC. 

(vii) - Electric wires and clips. 

6.2.2 Specimen Preparation 

Nine concrete cylinders were cast in each series, these 

cylinders had the same height 6 in. (152mm), but different 

diameters according to the desired depth of the concrete 

cover. Nine steel reinforcing bars No.15, 12 in.(305mm) long 
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were embedded centrally into the concrete cylinders as shown 

in Fig 6.1. An electroplater adhesive tape was installed at 

the steel-concrete interface to protect the specimens from 

possible corrosion which may occurred in that region. 

Tape mm 

mm 

Steel Bar 

101.8mm 

mm 

... Variable ... 

Figure 6.1: SChematic Diagraa of the concrete speciaen 

6.2.3 DeSCription Of The JXperi•ental set-up. 

A schematic plan of the experiment set-up is shown in Fig 

6.2. 

The aquarium tanks were filled with an electrolytic 

solution (distilled water containing 3.5 percent sodium 

chloride (NaCl) by weight of water). The concrete specimens 

and the rebars were then immersed in the tanks spaced at a 

distant of 4 in (102mm) between the bars. This was provided 
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Fiqure 6. 2: Plan View Of Experiment Set-Up 

by appropriate holes drilled in the wooden boards which were 

placed on top of the tanks. The wood boards also used as bases 

for the electrical circuit required to impress the necessary 

voltage, and as a cover to prevent the electrolyte solution 

from evaporation. Another hole was drilled in each board to 
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facilitate placement of the reference electrode in the aqueous 

solution. 

Lead electrical wires were soldered to each end of 30 amp 

rated battery clips, which were connected to the protruding 

part of each rebar. Three equally-spaced "connectors" were 

mounted on the wooden board to complete the electrical 

circuit. One lead wire from each battery clip was "spliced" 

and attached to the appropriate "connector" on the board. The 

"connector" with the lead wire from the specimen was then 

connected to the positive terminal of a direct current (DC) 

power supply (Red clip). The negative terminal (Black clip) 

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 

directly 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 

other connected to the negative terminal being the cathode. 

As mentioned before, the measurement of the electrode 

potential is the most widely method used, and to determine the 
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Figure 6.3 : Electrical Circuitry 
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potentials of both electrodes, a reference saturated calomel 

electrode (SCE) was immersed in the electrolyte solution. This 

consisted of a mercury ;mercury chloride reference element 

surrounded by saturated potassium chloride (KCl) contained in 

the outer tube. When immersed in the NaCl solution, electrical 

contact is made between the sample and the electrolyte 

solution at the opening located at the end of the electrode. 

This opening forms a conductive bridge between the reference 

electrode, the sample, and the indicating electrode. 

In order to permit proper electrolyte flow during the 

test, the reference electrode must have its re-fill hole 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 int'ernal 

element. The level of KCl solution was maintained above the 

surface of the aqueous solution, assuring that the NaCl 

solution would not backflow into the electrode. 

This experimental set-up provided a clean and safe 

approach of accelerating the corrosion process. All of the 

electrical equipment and materials were utilized repeatedly 

for the various experiments. 
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6.2.4 Keasureaents 

In order to measure the voltage in each electrode, the 

following steps were undertaken: 

1. The posi ti ve-terainal probe of the voltmeter was 

connected to the anode, by means of the battery clip 

connectors, while the negative-terminal was connected to the 

SCE. Measurements were recorded when stable reading were 

obtained (approximately 5 to 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 n jumper" between the 

"connectors". (see Figure 6.4). 

2. The above step was repeated, however, the positive 

terminal probe was connected to the bare electrode to measure 

its potential. (see Figure 6.5). 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". 

4. Two sets of readings were recorded for each electrode in 

the reversed polarity position, The negative-terminal probe of 

the voltmeter was connected to the respect! ve electrodes, 

while the positive-terminal probe was connected to the SCE 
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Figure 6.4: Connections Diaqraa for Anode Voltage 
Measurements in Hor.al Polarity Position. 
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Figure 6. 5: Connections Diaqraa for Cathode Voltage 
Keasuruaent in Honaal Polarity Position. 
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(Figure 6.6 and 6.7). The readings were recorded when stable 

values were obtained (approximately 5 to 10 minutes). Two 

sets of readings were obtained, both for the "open" and the 

"closed" circuits. 

The voltage measured on each electrode in the interrupted 

power mode (circuit "open") is termed 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 termed the 

operating potential, This includes both the polarization 

potential and any voltage drop in the electrolyte solution 

between the electrode and the point of measurement. 

The current readings were recorded in the following manner: 

1. The positive-terminal probe of the voltmeter was 

connected to the specimen anode, while the negative-terminal 

probe 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 was connected to the 

specimen anode, whereas the negative-terminal probe was 

connected to the bare cathode. As soon as stable readings were 

obtained (approximately 5 to 10 minutes), simultaneous 

readings of both the current and the voltage were recorded, 
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Figure 6. 7: Connection Diagram For Anode Vol taqe Measureaent 
in Reversed Polarity Position. 
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Figure 6. 8 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, the negative and 

the positive terminals probes connected to the specimen 

cathode and bare anode, respectively. (see Figure 6.9). 

Simultaneous voltage and current measurements were recorded. 

The resistance of each electrode is computed as the 

difference between the operating and polarization potentials 

divided by the corresponding current. 

In between the daily readings, the concrete specimen was 

left connected to the positive terminal of the power supply 

(i.e., as an anode), while the bare steel reinforcing 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. 

6.2.5 Testing Parameters 

According the preliminary testing by Palumbo71 , the 

following parameters were used in the present Series: 

1. Impressed voltage: 1.0 V 

2. Distance between electrodes: 4 in. (102mm) 

3. Water-cement ratio : 0.40 - 0.45 

4. Electrolyte concentration: 3.5t by weight of water. 

5. Immersion time: 45 Days 

6. Reinforcing bars: No. 15 

' ... _..,... 
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Figure 6. 8: connections Diagrua For current Measureaents in 
Normal Polarity Position. 
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7. Cement type: Portland ceaent, Type 10 

8. Fine sand, coarse aggregates (1/4 in. - 6.4mm crushed 

stone) 

6.2.6 cover ThiCkneSS Variations 

The variation of the concrete cover thickness was 

achieved by means of plexiglass and plastic molds with varying 

inside diameters. The range of clear cover depths examined are 

listed in Table 6.1. 

SPECIMEN HOLD NOMINAL CLEAR DEPTH 9~ 
I~NER DIAM~T~~ . BAR DIA?E~~ ,COHCRETE(CoyE 
1n. mm 1n. mm 1n. mm 

A 4-3/4 121} 0-10/16 15.9 2-1~16 52.4 
B 4-1/2 114 0-10/16 15.9 1-1 /16 49.2 
c 4-0 

~gi 
0-10/16 15.9 1-lx16 42.9 

D 3-1/2 0-10/16 15.9 1-7 6 36.5 
E 3-0 76 0-10/16 15.9 1-3Zl6 30.2 
F 2-3/4 70 0-10/16 15.9 1-x16 27.0 
G 2-1/4 57 0-10/16 15.9 13 6 20.6 
H 2-0 51 0-10/16 15.9 11{16 17.5 
I 1-1/5 38 0-10/16 15.9 7/ 6 11.1 

Table 6.1: Mold Sizes and Clear Concrete Cover Depths 

§.:.l First Set-Up CTe§t Series Ill 

In this series the specimens from (A to I) were immersed 

in the tanks, normal concrete was used in casting the 

specimens with a compressive strength equal to 35 MPa. 
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6. 3 .1 Visual observations: were made on all test specimens 

during the period of this test. Specimen 1I started forming 

bubbles on the second day. On the fourth day, corrosion 

products appeared along the surface of the specimen; these 

products formed were of a dark reddish-black colour. 

Accumulation of the corrosion product continued until the 13th 

day when a large yellow spot formed on top of the specimen. 

small red and black spots appeared on Specimens 1G, 1H on the 

fifth day. The surface of Specimen lH showed corrosion 

products on the seventh day. No signs of corrosion were 

observed on the other specimens (see Appendix A). 

6.3.2 Electrode pgtentials And current Measurements 

Daily readings of both the anode and the cathode 

operating and polarization potentials were recorded for norJial 

and reversed polarity positions, that is, with the specimens 

acting as anodes and cathodes, respectively. Measurement of 

current flow, in milli-amp (mA) range, and the corresponding 

voltage (IR) drop in the electrolyte were atso recorded. 

Appendix (B) presents the various test data. 

Figures 6.10, 6.11 and 6.12 illustrate graphically the 

variation of the operating potentials with the reference SCE 

of the specimens in this series. 

Figures 6.13, 6.14 and 6.15 present the variations of current 

flow for both normal and reversed polarity positions. 
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Figure 6.10 : Operating Potentials Versus SCE - Series 1 
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~ Second Set-Up (Test Series 2 and 3) 

The main difference between this series and the previous 

one is the quality of the concrete (compressive strength equal 

to 45 KPa), and the steel bars (epoxy coated bars). Actually 

Series 2 consists of two series according to the thickness of 

the epoxy layer over the bars. 

Therefore, it was divided into two series, No.2 with epoxy 

bars with the layer thickness between 6-8 ails, and No.3 which 

has the epoxy bars with layer thickness between 10-12 ails (1 

mil = 0.025 mm). The concrete cover variation used in Series 

2 and Series 3 are illustrated in Tables 6.2 and 6.3 

respectively 

SPECIMEN HOLD NOMINAL CLEAR DEPTH OF 
INNER DIAMETER BAR DIAMETER CONCRETE COVER 
in. (mm) in. (mm) in. (mm) 

A 1-1/5 (38.1) 0-10/16 (15.9) 7/16 (11.1) 
B 2-0 (50.8) 0-10/16 (15.9) 11/16 (17.5) 
c 3-0 (76.2) 0-10/16 (15.9) 1-3/16 (30.2) 
D 4-0 (101.6) 0-10/16 (15.9) 1-11/16 (42.9) 
E 4-3/4 (120.7) 0-10/16 (15.9) 2-1/16 (52.4) 

'l'ABLB 6 • 2 : Hold Sizes and Clear Concrete cover Depths 

SPECIMEN HOLD NOMINAL CLEAR DEPTH OF 
INNER DIAMETER BAR DIAMETER CONCRETE COVER 
in. (mm) in. (mm) in. (mm) 

A 1-1/5 (38.1) 0-10/16 (15.9) 7/16 (11.1) 
B 2-0 (50.8) 0-10/16 (15.9) 11/16 (17.5) 
c 3-0 (76.2) 0-10/16 (15.9) 1-3/16 ( 30 .·2) 
D 4-3/4 (120.7) 0-10/16 (15.9) 2-1/16 (52.4) 

TABLB 6.3: Hold sizes and Clear Concrete Cover Depths 
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The number of specimens were reduced in Series 2 and 

Series 3 because, based on the results of Test Series 1, after 

a certain cover depth, the corrosion attack did not influence 

these specimens. 

6.4.1 Visual Observations: No corrosion products formed on the 

surface of all the specimens during the set-up period. 

6.4.2 Electrode Potentials And CUrrent Keasurellents 

Appendix (C) contains the daily readings recorded during 

the testing period of Series 2 and 3. Figures 6.16 and 6.17 

depict the operating potentials versus reference SCE for 

Series 2 and Figures 6.18, 6.19 for Series 3. The current flow 

versus immersion time for Series 2 and 3 can be seen in Fiqure 

6.20. 

~ Third Set-UP (Test Series 4 and 5) 

Two different kinds of sealing compounds were used to 

coat the concrete specimens in these series. The first one was 

Sikagard 71 which is a colourless liquid acting as water

repellent penetrating sealer that closes the pores of 

cementitious substrates. Because it minimizes the penetration 

of both water and chlorides, it shields the embedded rebars 
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from these deleterious liquids. The second compound was 

Sikagard CUre/Hard Seal which is clear water-white sol vent 

solution of styrene acrylate resins, plasticizers and adhesive 

agent. This satisfy the requirements of ASTM standard C 309-

72. The variation of clear cover depths for Series 4 and 5 are 

shown in Table 6.4 and 6.5 respectively. 

SPECIMEN HOLD NOMINAL CLEAR DEPTH OF 
INNER DIAMETER BAR DIAMETER CONCRETE COVER 
in. (mm) in. (mm) in. (mm) 

A 1-1/5 (38.1) 0-10/16 (15.9) 7/16 (11.1) 
B 2-0 (50.8) 0-10/16 (15.9) 11/16 (17.5) 
c 2-1/4 (57.20) 0-10/16 (15.9) 13/16 (20.6) 
D 2-3/4 (69.90) 0-10/16 (15.9) 1-1/16 {27) 
E 3-0 (76.2) 0-10/16 (15.9) 1-3/16 (30.2) 

TABLB 6.4: Mold sizes and Clear concrete cover Depths 

SPECIMEN MOLD NOMINAL CLEAR DEPTH OF 
INNER DIAMETER BAR DIAMETER CONCRETE COVER 
in. (mm) in. (mm) in. (mm) 

A 1-1/5 (38.1) 0-10/16 (15.9) 7/16 (11.1) 
B 2-0 (50.8) 0-10/16 (15.9) 11/16 (17.5) 
c 2-1/4 (57.2) 0-10/16 (15.9) 13/16 (20.6) 
D 3-0 (76.2) 0-10/16 (15.9) 1-3/16 (30.2) 

TABLE 6.5: Hold Sizes and Clear concrete Cover Depths 

The compressive strength of the concrete used in casting the 

specimens was 45 MPa. 
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Yisual Observations: No corrosion products were 

formed on the surface of the specimens in both series except 

for small red spot at the bottom of Specimen 5b on the fifth 

day because of the missing seal on the area where the spot 

appeared. The specimen was taken out of the tank, re-sealed 

properly, and then re-immersed in the electrolytic solution. 

The spot remained as it was before the treatment, without 

showing siqns of any further corrosion. 

6. 5, 2 Electrode Potentials And current Keasureaents 

The daily readings and the results for these series are 

listed in Appendix (D). The operating potentials versus the 

reference SCE plots for the specimens in Series 4 and 5 are 

plotted in Figures 6.21, 6.22, 6.23 and 6.24 respectively. 

Also plots of the current flow versus immersion time for the 

same series are shown in Figures 6.25 through 6.28. 

§....§. F9Urtb Set-Up (Test Series 6. 7 and 8). 

The aim of this test was to run simultaneously a 

combination of Series 1, 4, 5 and to apply the seal on the 

specimens representing Series 1 when it starts to corrode to 

see the effect of the seal after the corrosion takes place in 

the concrete specimens. 

The same concrete ( 45 MPa) and clear cover depths were used in 

the three series, (Table 6.6). 



OPERATING POTENTIAL vs SCE 
NORMAL POLARJTY 

~ r-----------------------------------------. 
350 

~ ~ ~ ~ 
CONTINUOUS lMMERSION TIME (DAYS) 

- SPEaMEN(4A) _ SPECIMEN(48) _..SPECIMEN(~ 

TEST SEIUBS(4) 

1800 

1700 

~ 1600 

; 1500 

>a' 1400 ..... 

I:: 
1100 

1000 

TEST SE1UBS ( 4) 

OPERATING POTENTIAL vs SCE 
REVERSED POLAIUTY 

~ ~ ~ ~ 
OONllNUOUS IMMERSION TIME (DAYS) 

, SPECJMEN(4A) .•. SPECIMEN(48) _,.. SPECIMEN(4C) 

Figure 6.21 : Operating Potenti•l Versus SCE - Series 4 

133 



o-

1000 

900 

100 

~ 700 
~ I ~ 

600 

I 
'ClO 

400 

300 

200 /. . 100 I 

~· 

0 
5 

l'EST SERIES li4 

TBST SPJUES (4) 

OPERATING POTENTIAL vs SCE 
NORMAL POLARITY 

r-~-·----~-

... __ .... ,. - ... '· ; 
\ I 
\ 

. -- .... ~-- _...,___~ • : • • \ • • T • • ·~-~. \:"...., --· 

\ -
15 25 

10 20 30 
CONTINUOUS IMMERSION TIME (DAYS) 

• SPECIMEN (4D) . ·- SPECIMEN (4E) 

OPERATING POTENTIAL vs SCE 
REVER8m> POLAJUTY 

u 
10 20 30 

CONTINUOUS IMMERSION TIME (DAYS) 

- SPECIMBN(4D} -·· SPECIMEN(4E) 

45 

Figure 6.22 : Operating Potential Versus SCB - Series 4 

134 



.._......__ -· 

~ 

-100 .... ~-

' 

OPERATING POTENTIAL vs SCE 
NORMAL POLAIUTY 

--v· . . . ....... . -......... . . . . . 

\/~ __ /--~ ......... ~ 

15 3S 
10 20 30 40 

CONI1NUOUS JMMERSlON TIME (DAYS) 

_.. SPI!CIMBN (SA) ~ SPECIMal (D) 

OPERATING POTENTIAL vs SCE 
RBVERSED POLAR.ITY 

19~ ~----------------------------------------~ 

1900 

~ 11~ 

' 1800 

i "'· I 
I:: 

1600 

1550 

1500 ~~~~ww~~~~~~uwuw~~~~wwww~~~ 
3S w 20 30 40 

CON'l'INUOUS IMMERSION TIME (DAYS) 

__.,_ SPBCIMBN (SA) ~ SPECIMEN (D) 

lEIT SERIES (S) 

Figure 6.23 : Operating Potential Versus SCE - Series 5 

135 



350 

300 

~250 
J 
>.200 ..... 

I ISO 
lOO 

50 

0 

TSST SBRIES (5) 

1900 

1800 

~ 1700 
J 
>a UiOO ...., 

I'»> 
1400 

1300 

1200 

TSST SBRIES (S) 

' 

' 

OPERATING POTENTIAL vs SCE 
NORMAL POLARITY 

u 25 35 
10 20 30 

CONTINUOUS IMMERSION 11MB (DAYS) 

-- SPBCJMEN (5C) ~ SPECIMEN (ID) 

OPERATING POTENTIAL vs SCE 
RBVBR.SBD POLARITY 

15 2S 
w 20 30 

CON11NUOUS IMMERSION 11MB (DAYS) 

-- SPBClMBN (5C) - SPECIMEN (ID) 

"' 

4S 

Figure 6.24 : Operating Potential Versus SCE - series 5 

136 



1 I I 
0.5 

CURRENT- TEST SERIES (4) 
NOitMAL POLAitiTY 

35 
w ~ ~ ~ 

CONTIUOUS IMMI.'.IUIION l'IME (DAYS) 

- SPECIMEN (4A) SP!ClMEN (4B) __. SPECIMEN (4C) 

CURRENT· TEST SERIES #4 
REVERSED POLARli'Y 

45 

4 ~--------------------------------------~ 

3.5 

w ~ ~ ~ 
CONTINUOUS JMMJ!R.SION l'IME (DAYS) 

- SPf.CIM1!N (4A) -- SPI!ClMEN (48) ~ SPBCIMI!N (4C) 

Figure 6.25 : current Flow - series Ro. 4 

137 



0 

0.9 

0.8 

0.7 

~ 0.6 

~ o.s ! 0.4 

0.3 

0.2 

0.1 

0 

3 

2.S 

o.s 

0 

s 

s 

CURRENT- TEST SERIES #4 
NORMAL POLARITY 

! ~. 
\ / 

IS 2S 3S 
w ~ ~ ~ 

CONTINUOUS IMMERSION TIME (DAYS) 

~ SPECIMEN (4D) ~ SPECIMEN (4E) 

CURRENT- TEST SERIES #4 
REVERSED POI..ARfiY 

lS 3S 
w w ~ ~ 

CONTINUOUS IMMERSlON TIME (DAYS) 

~ SPECIMEN (40) _ SPECIMEN (4E) 

\/ 
~ 

Figure 6.26 : current Flow - Series No. 4 

138 

4S 

4S 



3.5 

3 -:u 

i 2 

I·· 
0.5 I 

0 
5 

CURRENT· TEST SERIES 5 
NORMAL POLAJtJTY 

15 
10 20 30 

CONTJNUOUS IMMEitStON 11MB (DAYS) 

- SPECIMBN (~ -· SPBCIMEN (50) 

CURRENT - TEST SERIES 5 
RIJVERSED l"'LARRlY 

35 

20 r-------------------------------------------1 

IS I 1 \ 
,.. i 

10 20 30 
CONI1NUOUS IMMERSION 11MB (DAYS) 

- SPBClMEN (~ ~- SPliCIMEN (SO) 

Figure 6. 28 : current Flow - Series No. 5 

140 



c 

SPECIMEN MOLD 
INNER DIAMETER 
in. (mm) 

A 1-1/2 (38.1) 
B 2-0 (50.8) 
c 3-0 (76.2) 

NOMINAL 
BAR DIAMETER 

in. (mm) 

0-10/16 (15.9) 
0-10/16 (15.9) 
0-10/16 (15.9) 
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CLEAR DEPTH OF 
CONCRETE COVER 

in. (mm) 

7/16 
11/16 
1-3/16 

( 11.1) 
(17.5) 
(30.2) 

TABLE 6.6: Mold Sizes and Clear Concrete cover Depths 

6.6.1 Visual Observation 

- Series 6: Sikagard 71 was used to cover the concrete 

specimens and no signs of corrosion appeared on the surface of 

the specimens. 

- Series 7: Sikagard Cure/Hard was used to seal the 

specimens and there were no signs of corrosion. 

- Series 8: The specimens used in this series represents 

Series No.1. Bubbles was formed on the surface of specimen SA 

on the third day and the corrosion products appeared on the 

sixth day. The specimens was then removed from the solution 

and sealed with Sikagard CUre/Hard and returned to the tank 

after it got dry on the following day. Further formation of 

corrosion products stopped in the later dates on and around 

the defected area for the period of the experiment. 

For Specimen 8B with a Sikagard 71 seal, the formation of 

bubbles started on the fourth day, and the corrosion products 

appeared on the 25th day. Again, when the seal was applied and 
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the specimen was re-immersed in the solution, no new corrosion 

signs were observed, indicating ceasing of any further 

corrosion. 

Specimen se did not show any siqns of corrosion during the 

testing period. 

6.6.2 Electrode Potentials And current Measurements 

A similar approach was used to record electrode 

potentials and current flow for these series {see Appendix E 

for the experimental data) • Fiqures 6. 29, 6. 30 and 6. 31 

illustrate graphically the operating potentials versus the 

reference SCE and Figures 6. 32, 6. 33 and 6. 34 present the 

relationship between the current flow and the immersion time 

for Series 6, 7 and 8 respectively. 

§.a.Z Chloride contents 

As described previously the mechanism by which chlorides 

initiate corrosion is by breaking down locally the passive 

film which forms on steel in the highly alkaline concrete pore 

solution. However, the breakdown of passivity requires a 

certain concentration of chlorides. The amount of chloride is 

highly dependent on a large number of factors including: 
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(1) whether the chloride is present in the original concrete 

mix or penetrates the concrete from the atmosphere, (2) the 

degree of porosity and amount of free water in the cement 

paste, and (3) the curing conditions. 

The determination of chloride contents in the concrete is 

very important because of its impact on the deterioration of 

steel reinforced concrete structures. 

The procedure for determinating the chloride contents of 

the specimens in all series was as follows: 

Three holes were drilled into the concrete at three heights 

(top, middle, bottom) along the surface of each specimen. 

Figure 6.35 shows a typical specimen after the extraction of 

concrete in the three locations. The resulting powder from 

each location was collected in small sealed plastic bags and 

sent to the Chemical Laboratory in the otto Maass Chemistry 

Building of McGill University for analysis. This analysis was 

conducted according to the British Standard on Testing 

Concrete - Part 124. 7
• The basis of the procedure is the 

Volhard Method, a precipitation titration method used for the 

indirect determination of the chloride contents. 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 
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Figure 6.35 : Locations of Extracted Concrete Samples. 

FeNH4 ( 504 ) 2 • 12H20 serves as the indicator to determine the 

appearance of the first permanent red colour. 73 

The chloride content is calculated as a percentage of the 

cement to the nearest 0.01% (m/m) using the following 

expression7
': 

J = {V5 - (Vpm/0.1)} * (0.003545/Mo) * (100/C1 ) (6.1) 

where V$ = volume of silver nitrate solution (AgN03 ) (ml) 

v6 = volume of thiocyanate solution (KSCN) (ml) 

m = molarity of thiocyanate solution (mol/L) 

M., = mass of concrete sample used (g) 

CJ. = Percentage of cement in the concrete sample (%) 
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The above equation may be modified according to the varying 

concentrations of the silver nitrate and thiocyanate 

solutions. 

Appendix (F) presents the result obtained from the chloride 

contents for Series 1 through 8. The variation of the chloride 

content along the cylinder bight versus the depth of concrete 

cover are also presented. 
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CHAPTER 7 

ANALYSIS AND DISCUSSION 

The results of the accelerated electrochemical corrosion 

testing program presented in Chapter 6 will be analyzed and 

outlined in this chapter. In addition, the electrode 

resistance in both normal and reversed polarities, the effect 

of immersion time on corrosion, and the values of corrosion 

current, electrical conductance for each Series are calculated 

and plotted. 

~ Blectr9de Resistance - B, 

The electrode resistance for normal and reversed polarity 

can be computed from the recorded measurements of the voltage 

and the current in each Test Series. It is equal to the 

difference between the electrode operating and polarization 

potentials divided by the corresponding current. Figures 7.1 

to 7.3 show the polarization resistance of the Specimens for 

Test Series No. 1. The electrode resistance for Series No. 2 

to No. 8 are presented in Appendix M. 
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7.1.1 Normal Polarity Position 

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 potential E at that electrode is obtained. The 

chemical reaction is assumed to be that of oxygen half-celP5
: 

(7.1) 

The hydroxyl ions, oH-, yield free oxygen and water. Under the 

continuous influence of current discharge, this reaction may 

ultimately consume the alkalinity of the concrete at the steel 

surface, resulting in corrosion. 

The oxygen half-cell potential with respect to the 

reference SCE is given by75
: 

E = -0.987 + 0.059 pH - 0.015 log 0 2 Volts (7.2) 

Assuming that oxygen gas is evolved at atmospheric pressure, 

then; 

log Oa = log 1 = 0 (7.3) 

Therefore, the half-cell potential equation becomes: 

E = - 0.987 + 0.059 pH (7.4) 
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7.1.2 Reyerse4 Polarity Position 

The concrete-coated electrode exhibits cathodic 

characteristics and behaves similar to a hydrogen half-cell at 

a pH value approximately 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 equation75
: 

(7.5) 

The potential for this half reaction with respect to the 

reference SCE is: 

E = 0.242 + 0.059 p + 0.030 log H2 Volts (7.6) 

Assuming that hydrogen is evolved at atmospheric pressure; 

log H2 = log 1 = o (7.7) 

Therefore, the half-cell potential equation becomes: 

E = 0.242 + 0.059 p (7.8) 
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~ Effect of Immersion Time on Qgrrpsion 

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. This can be calculated as 

follows: 

V 
R = 

I 
(7.9) 

where R = resistance provided by the electrode specimen 

I = current measurement between electrodes 

V = voltage measurement between electrodes 

The reciprocal of the resistance, i.e. I/V is plotted versus 

the immersion time. Appendix (G) presents these graphs for the 

various Set-Ups in both polarity positions. 

~ Corrosion current - icorr 

In order to calculate the corrosion current, Stern's 

formula was used: 

= (7.10) 



where Icorr 

8 
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= corrosion current ( uA/cm2
) 

= corrosion constant (assumed to be about 

26 mv for active iron) 

= polarization resistance (ohms) 

As it can be seen from the above equation, the corrosion 

current is related to the polarization resistance. The values 

of the corrosion current can be determined from the results 

obtained in Section ( 7 .1) • Figures ( 7 • 4) to ( 7 • 7) depict 

current density versus immersion time curves for Test Series 

No 1. Appendix (H) presents the remainder of the qraphs of the 

current variations for Test Series No.2 to 8. 

2....! Electrical Conductaru;e 

The electrical conductance G is a parameter indicating 

the flow of the current in the electrolyte solution (see 

section 2.3.7). It can be calculated by taking the reciprocal 

of the polarization resistance, 1/R., (units 1/ohms). The 

logarithm of the conductance, loq G, for Test Series No.l is 

plotted versus immersion time in Figures 7. 8 and 7. 9. The 

conductance for each experimental specimen is summarized in 

Appendix (I). 
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~ oxi4ation Bate 

The oxidation rate can be calculated according to the 

following equation'': 

(7.11) 

where dw/dt = iron oxidation rate (gjsec) 

~ = molar weight of iron (55.847 gjmol) 

n = oxidation state (assumed to be +2) 

F = Faraday's constant 

(9.648 * 104 coulombs/mol) 

Both maximum and minimum values of the current, as well as the 

average value, are used to determine the maximum, minimum, and 

average iron oxidation rates for the concrete-embedded 

electrode of every specimen (see Appendix J). By multiplying 

the average oxidation rate by the duration of the immersion 

period ( 45 days) , the average mass loss of the concrete

embedded steel re-bar can be obtained (see Appendix K). The 

iron oxidation rate equation can be applied to both concrete

embedded and/or bare steel electrodes. 

~ Analysis Of Results 

As mentioned ·before, the main objective of this test 

program is to study the effect of concrete cover depth on the 

corrosion of embedded reinforcement in concrete, as well as 
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studying this effect on a better quality concrete, using two 

types of epoxy coated bars and two types of surface sealing. 

Analysis of the results is based on these points. 

7.6.1 Effect of COncrete cover Depth 

1. Visual Observations 

The visual observations for Test Series 1 to 8 are 

described in Chapter 6. In general, the specimens having the 

smallest concrete cover in Test series 1 and 8 showed a clear 

signs of corrosion, whereas the specimens having the larger 

cover depths in the same Series and the other specimens with 

protection measures did not show any visible signs of 

corrosion. 

2. Electrode Potentials 

The measurements of the electrode operating potentials 

versus SCE supports the visual observations. The negative 

values (around -150 mV) of electrode potentials were measured 

in the specimens having the smallest cover are an indicator of 

active corrosion. However, positive values were recorded in 

the ·Specimens having the larger cover (refer to assorted 

Figures in Chapter 6) • Reversal of potential values from 

positive to negative indicates initiation of corrosion. No 

signs of active corrosion were measured in the reversed 

polarity position. 
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3. current Measureaents 

The test specimens having smaller concrete cover 

thickness allowed greater current flows, for both polarity 

positions. A large current flow was measured in the reversed 

polarity position than for the normal polarity position except 

for Test Series No. 2, no current flow was recorded in both 

positions. 

4. Chloride Contents 

The results of analysis for chloride contents, presented 

in Appendix (F), show an inverse relation between the clear 

cover depth and the chloride contents. An increase in the 

concrete cover results a reduction of chloride contents in all 

tests. This holds true along the entire height of the concrete 

specimen ( i.e., for all samples extracted from the top, 

middle, and bottom ). 

5. Concrete Mass Loss And OXidation Rate 

The reinforcement mass loss and the oxidation rate are 

inversely proportional to the cover thickness (see Appendixes 

J & K ). The mass loss and the oxidation rate decrease as the 

cover thickness increases. 

6. Electrode Resistance 

For Test Series 1, in the normal polarity positio~ the 

specimens with the smallest cover (1G, 1H, 1I) showed a 
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resistance below 100 ohms while the specimens with the larger 

cover had a resistance in the range of a thousand ohms and 

more. The same conclusion was reached for the other Test 

series but with a different ranges of resistance values. (see 

Figures 7.1 to 7.3 and Appendix M). 

7. Corrosion CUrrent 

The values of corrosion current, icon, for the specimens 

having the small cover thickness in all Test Series are higher 

than the values for the specimens having larger cover 

thickness. This is noted in both polarity positions (see 

Appendix H) • 

8. Electrical conductance 

The test specimens having the smallest cover depth are 

more electrically conductive than the specimens with larger 

cover thickness. In another word the electrical conductance is 

inversely proportional to the thickness of the clear cover 

(see Appendix I). 

7.6.2 Effect of Epoxy coated. uars 

Results of Test Series Nos. 2 and 3 can outline the 

effect of using the epoxy coated bars for reinforcing the 

concrete as follows: 



0 

Q_ 

170 

1. No visible signs of corrosion were encountered on any 

specimen during the test period of 45 days. 

2. No negative values of electrode potential were measured in 

both tests during the immersion period. 

3. No current flow in the electrical circuit. A nominal value 

of 0.01 mV was considered in the daily readings (see Appendix 

C). 

4. Electrode resistance values were in the range of 1000 to 

9000 ohms. 

5. Electrical conductance, G, values were in the range of -2 

to -4 ohms. 

6. There is no mass loss in the specimens of both Series. The 

real value of the oxidation rate is equal to zero but it was 

calculated according to the nominal value of the current flow 

and considered to be 0.25 mgjday (see Appendices J & K). 

7. Chloride contents values were in the range of ( o. 022 -

0.082) for Series No. 2, and (0.022 - 0.077) in Series No. 3 

(see Appendix F). 
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From the above results, it can be concluded that the 

epoxy coating bars performed good protection against the 

corrosion. 

7.6.3 Effect of Sealing 

As described before, two types of sealing were used, one 

in Series No. 4 (SIKAGARD 71), and the other in Series No. 5 

(SIKAGARD CURE/HARD). To examine this effect, a brief 

consideration of the results obtained from both Series will be 

helpful as follows: 

i- Series tfo. 4 

1. No visible signs of corrosion were observed during the 45 

days immersion period. 

2. No negative values of potential were recorded during the 

test period. 

3. Current measurements were in the range of (0.13 - 1.5)mA 

4. Electrode resistance values were in the range of (300 -

2000) ohms. 
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5. Electrical conductance values were in the range of (-2.5 to 

-3.5) ohm-. 

6. The oxidation rates were in the range of (34 - 69) mgjday 

(Appendix J). This results in an average mass loss of around 

2.5g in this Series, after 45 days immersion period (Appendix 

K). 

7. Chloride contents in the specimens of this Series are less 

than all the other Series (see Appendix F). 

ii- series No. 5 

1. No visible siqns of corrosion were observed in this Series, 

except Specimen 5B because of the missing seal on the place 

where the corrosion takes place. The problem was treated by 

re-sealing that location; no advanced siqns of corrosion were 

observed after this treatment. 

2. Negative operating potential values in the first five days 

were recorded in Specimen 5B (around -100 mV) then, and after 

treatment, no negative values were measured for this specimen 

and for the others. 

3. CUrrent flow values were in the range of 0.01 to 2.75 mA 

except for Specimen 5B in the first five days, which were 
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around 4 mA. 

4. Electrode resistance values were in the range of 350 - 1800 

ohms. 

5. Electrical conductance values were in the range of -2 to -3 

ohm-. 

6. The average oxidation rate was around 180 mgjday, and the 

average mass loss was around 7 g after 45 days immersion 

period. 

7. The chloride contents in the specimens of this Series were 

higher than Series No. 4 but less than the values for Series 

No. 2 and 3 (see Appendix F). 

7.6.4 Effect of Concrete Quality 

Low water 1 cement ratio and high cement ratio in the 

concrete mixtures are necessary for durable concrete. A major 

effect of increasing the w;c ratio is an increase of in the 

porosity of the concrete. This has a negative effect from the 

point of view of reinforcement corrosion: a more rapid 

diffusion of chloride ions into the steel surface, easier 

ingress of oxygen and lower electrical resistivity. To explain 

this effect more clearly, a comparison between the results of 
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Test Series No. 1 (concrete compressive strength 35 MPa) and 

the results obtained from Test Series No. 8 (concrete 

compressive strength 45 MPa) are compared. 

In order to simplify the comparison, only the specimens with 

a clear cover depth equal to 11.1 mm are compared: 

1. The maximum negative values recorded in the specimens with 

clear concrete covers equal to 11.1 mm in Series No. 1 and 

series No. 8 were -335 mV, -49 mv, respectively. 

2. The maximum value of current flow in these specimens were 

15 mA in Series No. 1, and 3 mA in series No. 8 

3. Electrode resistance values for these specimens were around 

43 ohms in Series No. 1 and in the range of 250 ohms for 

Series No. 8. 

4. The oxidation rate in these specimens was 581 mgjday in 

Series No. 1 and 140 mg/day in Series No. 8 

5. The mass loss values for these specimens were 18.5 g and 

3.5 g in Series No. 1 and No. 8, respectively. 

6. The chloride content, always for the same specimen, in 

Series No. 8 is less than Series No. 1 
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The effect of concrete quality can be seen readily fro• the 

above comparison. It can be concluded that the high quality 

concrete plays a major rule in protecting the embedded steel 

from the corrosion attack. 

z.z SUMMARY ANP CQNCLQSIQNS 

From the results of the tests presented here, the following 

conclusion can be drawn. 

1. The visual observation often provides the first indication 

of a corrosion problem but is unable to provide sufficient 

information for a comprehensive survey. 

2. The negative operating potential values versus a saturated 

calomel reference electrode (SCE) indicate a sign of 

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 measurements are also a very good 

indicator of the corrosion state. A current value of 4 aA and 

above signifies corrosion activity at the level of reinforcing 

steel. Higher values of current flow indicates an advanced 
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stage of corrosion. 

4. The concrete cover depth values has a direct effect on the 

measured potential values and consequentially on corrosion. 

With increasing concrete cover, the potential values tends to 

be positive which means no corrosion attack. Based upon this 

fact and the current flow readings, the minimum clear cover 

depth required to protect the steel from corrosion attack in 

Test Series No. 1 (normal steel) is 1• 7/16 in. (37 .. ). 

5. Epoxy coated bars used in Series No. 2 and 3 showed 

satisfactory results in providing effective protection against 

corrosion even when chloride ions directly reach the metal 

surface of the bar. No negative potential values were recorded 

in both Series. Also no current flow readings were observed. 

The minimum clear cover depth used in both Series was 7/16 in. 

(11 mm). It is recommended then the requirements of the CSA 

Standard CAN3-A23.3-M84 for the minimum concrete cover depth 

be implemented in this respect. 

6. Two different kinds of concrete surface sealing were 

applied to Series No. 4 and Series No. 5. Good results were 

obtained in series No. 4 where SIKAGARD 71 was used. This kind 

of sealant penetrates the concrete and fills its pores forming 

a protective layer that prevents the embedded steel from 

chloride ingress (see Appendix L for the technical data 
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sheet). Also no negative potential values were recorded. The 

maximum current reading was about 1.6 mA. SIKAGARD Cure/Hard 

was used to protect the specimens in Series No. 5. This kind 

of sealant forms a protective layer on the outer surface of 

the concrete (see Appendix L for the technical data sheet). 

The disadvantage of using this sealant is the need to ensure 

that the seal reaches every point on the concrete surface and 

is perfectly clean and free of gaps which results from a 

bubble on its surface. Specimen 58 is a good example for these 

conditions. It started to corrode because of a small gap on 

its surface which had no seal on it. For the rest of the 

specimens, no negative electrode potentials were observed and 

the maximum current reading was about 2.5 mA. 

7. It must be emphasized that an increased concrete cover 

thickness is no substitute for poor quality concrete cover. A 

higher quality concrete cover is more effective in the 

protection of the steel reinforcement than a more permeable 

concrete cover of greater thickness. 

8. It can be concluded from the results of Test series No. 8 

that the application of the sealant on the specimens after it 

started to corrode is a good solution to stop the progression 

of the corrosion attack at that stage. 

9. A minimum cover of 1 1/16 in. (27 mm) is recommended for 
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the specimens with seal protection to ensure that the service 

life of the structure is prolonged. The reason for this 

recommendation depends on the increased current flow values 

in the last d~ys of the test period. It is also recommended 

for the future accelerated electrochemical testing to extend 

the period of immersion beyond 45 days for further 

observations if exist. 

10. Some irregular values were recorded in the daily readings 

of the electrode potentials due to a shutdown in the power 

supply, which in turn results an inadequate voltage 

application to the electrical circuitry. 

11. It is strongly recommended that intensive care should be 

undertaken into consideration during the application of the 

sealant on the concrete surface to obtain perfect protection. 

In order to improve the accuracy of any future results 

obtained from the experimental work described earlier, an 

automatic data recording device connected to both electrodes 

is really necessary for daily measurements of current flow, 

operating potentials, and polarization potentials with respect 

to a saturated calomel reference electrode. 
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APPENDIX A 

PHOTOGRAPHS 

OF 

DIFFERENT SPECIMENS 

IN DIFFERENT AGES 



A-1 

Figure A.1 : Experi•ent Specimen 11- (DAY 2). 

Figure A.2 : Experiaent Speciaen 11 - (DAY 4) 
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A-6 

Figure A.ll : Experi.ant Specimen 18- (45 DAYS). 

Figure A.12 : Experi.ent Specimen 18 - (AFTER 45 DAYS) 

• 



~~- ------- ···-

• A-7 

Figure A.lJ : Experi•ent Speciaen lG - (DAY 20). 

Figure A.l4 : Experi.ant Speci•en lE - (AFTER 45 DAYS) 

• 
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Figure A.l5 : Experiment Specimen lE- (DAY 20). 

Figure A.l6 : Experi.ent Speciaen lE - (DAY 45) 

• 
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Figure A.l7 : Experi•ent Speci.an 1~- (AFTER 45 DAYS). 

Figure A.18 : Experiaent Speciaen lD - {DAY 45) 

• 
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Figure A.19 : Experiment Specimen 1C - (DAY 45). 

Figure A.20 : Experiaent Speciaen 18 - (DAY 45) 

• 
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Figure A.21 : Experiment Specimen li. 

Figure A.22 : Experiment Specimen 2A - (AFTER 45 DAYS) 

• 



• A-12 

Figure A.23 : Experiment Specimen JC - (DAY 45). 

Figure A.24 : Experiment Specimen 4A - (DAY 45) 

• 
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Figure A.25 : Experiment Specimen 5A- (DAY 45) • 

• 
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APPENDIX B 

TEST SERIES No. 1 

POTENTIAL 

AND 

CURRENT MEASUREMENTS 



DATE I ur (mA) 
-92 0.02 
-92 0.57 
-92 0.24 

01.Jun-92 0.06 
02.Jun-92 024 
03-Jtm-92 0.41 
04-Jun-92 0.12 
OS.Jtm-92 0.12 

0.27 
07.Jun-92 0.09 
oa.Jun-92 0.16 
()9.Jun-92 0.33 
10.Jt.m-92 0.51 
11-Jun-92 0.68 
12-Jun-92 0.43 
13-Jun-92 0.46 
14-Jun-92 0.46 
15-Jun-92 0.54 
16.Jun-92 0.18 
17-Jun-92 1.05 
18-Jun-92 0.17 
19-Jun-92 0.14 
20-Jun-92 024 
21-Jun-92 0.1 

m 0.1 
0.08 
0.07 

25-Jun-92 0.06 
26-Jun-92 0.09 
27-Jun-92 0.12 

~= 
0.09 
0.07 
0.07 

01-JU-92 0.08 
02-JU-92 0.14 
03-Jll-92 0.08 
04-Jul-92 0.05 
05.Jll-92 0.07 
08.Jul-92 0.06 
07-Jul-92 0.06 
oa.Jul-92 0.07 
09-JuJ.92 0.08 
10.Jul-92 0.08 
11-Jul-92 0.04 
12-Jul-92 0.05 

B-1 

NORMAL POLARilY 
SPECIMEN 11A 
IMPRESSEDVOLTAGE 1V 
DISTANCE 8E1WEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION ~.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (2" 11161N • 52.38mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE POTE~S C '() 
VOLT ANODE CATHODE B.ECmODE RESISTANCE 

V ON OFF ON OFF ANODE CATHODE 
1.14 0.377 0.36 -0.643 -0.643 850.00 0.00 
1.23 0.578 0.515 -0.649 -0.615 110.53 -S9Gc 1.18 0.47 ~ti-0.649 -0.615 225.00 -141 
1.38 0.32 0 ·1 ·1 250.00 0.00 
1.14 +-Sir 0.472 -0.615 -0.609 329.17 -25.00 
1.23 . 0.483 -0.688 -0.683 192.68 -12.20 
1.11 0.476 0.452 -0.626 -0.625 200.00 -8.33 
1.1 0.473 0.45 -0.629 -0.627 191.67 -16.67 
1.15 0.515 0.461 -0.638 -0.634 200.00 ·14.81 
1.03 0.413 0.376 -0.625 -0.624 411.11 -11.11 
1.1 0.469 0.425 -0.622 -0.62 275.00 -12. 

1.18 0.-485 0.441 -0.664 -0.662 133.33 -6.06 
1.24 I 0.501 0.458 -0.707 -0.705 84.31 -3.92 
1.35 0.41 -0.75 

~ 
157.35 #= 1.12 11 m49 -0.713 1302.33 

1.05 0.433 18 -0.622 1197.83 ±I 0.433 1.118 -0.622 -0.619 1197.83 -6.52 
0.444 -0.152 -0.624 -0.615 1103.70 -16.67 

1.12 0.499 0.333 . -0.623 -0.615 922.22 -44.44 
1.16 0.517 0.437 -0.61 -0.607 76.19 -2.86 
1.04 0.425 0.345 -0.615 -0.612 470.59 -17.65 

~tt 0.43 
0.356 -0.615 -0.613 528.57 -14.29 
0.28 -0.61 -0.606 604.17 -16.67 

1. 0.467 0.432 -0.581 -0.58 350.00 -10.00 
1.06 0.51 U.-.o.:J -0.572 -0.571 270.00 -10.00 
1.04 0.425 0.395 -0.607 -0.606 375.00 -12.50 
1.03 0.423 0.396 • -0.606 385.71 ·14.29 
1.03 0.423 0.396 -0.606 450.00 -16.67 
1.02 0.42 0.392 -0.61 311.11 -11.11 

1 0.417 0.365 -0.581 -0.58 516.67 -8.33 
1 0.396 0.351 -0.604 -0.603 500.00 -11.11 
1 

0.394 m -0.604m 
-14.29 

1 0.396 -0.603 ~86 ·14.29 
1 0.394 0. -0.606 -0.605 . -12.50 
1 l$f ~.62&1 ~~ 

1086.71 -7.14 
1 304 737.50 -12.50 
1 295 -(). 1200.00 --40.00 
1 0 .295 -0 928.57 ·14.29 
1 0.358 0.322 -0. . 000.00 -16.67 
1 0.369 .... 

1 

~.rm ~.8311 660.00 -1&.67 

lfl -::~ 1 
1 -12.50 
1 -25.00 
1.02 I 0.42 0.395 -0.624 -20.00 
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REVERSED POLARITY 
SPECIENI1A 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 1ot .6mm 
ELECTROLYTE SOLUnON ~ NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (2" 11181N -52.36mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

EU:c 1 ~ JUI ,-u 'J:N OALES r. n 
CAT HO[IE &NOn!=' re. 

' N (j ON c .. ~ ANC)DE 

0. 8. u 5 
-· 5. ) 
-· 

1 0.2fl 0.4 1• 74 1.1: 
( :n 

1 2 ( s.· 
U51 -1 4 

lift. 1 1.• ' 0. i5 rs. 
lun.. 1 ( L• 

•·-- r.e t c !18 1.4 "~ o4 

1""- 7.5 1. 0.;51' O . .C ~.• •· I 

'.1 )4 f. 1.211 Cl~ •· 

l um 1.294 1.4 -· 

·- .l-44 0.9 f ~ ()] !2 1.54 8l 
>-. 1112 0.9:!5 1. ~ 0.~ r2 1.4M 0.54 Ell • 

ta~~~~~~-4~:~~~~~~~5~~~~~~~::~~~~~4-~~~~ 
t I ( 12 18:8 • 

~u c llSIS .. 

DJ 0. • I! • 

n 0.988 1.51 O.D 0.473 OSIS'T 187.83 -14.61: 



I VOLT 
(mA) V 

0.86 1.3 
0.6 1.23 

0.22 1.45 
0.22 1.45 
0.2 1.37 

0.18 1.21 
0.11 1.11 
0.07 1.1 
0.11 1.15 
0.02 1.02 
0.25 1.15 
0.35 1.2 
0.45 1.25 
0.55 1.32 
0.03 1.03 
0.03 1.05 
0.03 1.05 
0.5 1.06 

2.93 1.04 
0.17 1.14 
0.11 1.04 
0.11 1.05 
0.08 1.05 
0.08 1.15 
0.32 1.03 
0.06 1.03 
0.04 1.03 
0.04 1.03 
0.04 0.999 
0.05 0.999 
0.05 0.999 
0.04 1 
0.06 1 
0.06 1 
0.03 1 
0.04 1 
0.04 1 
0.04 1 
0.05 1 
0.06 1 
0.06 1 
0.03 1 
0.04 1.02 
0.04 1.01 
0.04 1.01 

NORMAL POlARITY 
SPECIMEN #18. 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (4 IN) 101.6mm 
ELECTROLYTE SOLUTION %3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1" 15116 IN- 49.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE POTENTIALES ( V) 
ANODE CATHODE ELECTROOE ReSISTANCE 
ON OFF ON OFF ANODE CATHODE 

0.323 0.28 .0.66 .0.659 50.00 -1.16 
0.57 0.5 .0.617 .0.603 116.67 -23.33 
0.59 0.507 -0.885 -0.884 377.27 -4.55 
0.59 0.507 -0.885 -0.884 377.27 -4.55 

0.597 0.509 -0.773 -0.769 440.00 -20.00 
0.605 0.512 -0.661 -0.655 516.67 --33.33 
0.512 0.495 .0.584 -0.583 154.55 -9.09 
0.507 0.488 -0.594 -0.593 271.43 -14.29 
0.654 0.517 -0.623 -0.619 1245.45 --36.36 
0.451 0.442 -o.5871 -o.= 450.00 50.00 
0.563 0.521 -0.585 168.00 -8.00 
0.573 0.523 -0.591 142.86 -8.57 
0.583 0.525 -0.598 -0.593 128.89 -11.11 
0.593 0.526 -0.703 -0.699 121.82 -7.27 
0.45 0.444 .0.582 -0.583 200.00 33.33 

0.478 0.473 -0.58 -0.579 166.67 • 0.478 0.473 .0.58 .0.579 166.67 
0.494 0.484 .0.579 -0.58 20.00 
0.307 -0.763 .0.804 -0.724 365.19 -27.30 
0.438 0.013 -0.689 -0.688 2500.00 -5.88 
0.421 0.364 -0.616 -0.613 518.18 -27.27 
0.473 0.457 -0.575 -0.574 145.45 -9.09 
0.467 0.454 -0.582 .581 162.50 -12.50 
0.462 0.448 -0.587 .588 175.00 12.50 
0.499 0.486 -0.571 -0.57 40.63 

~ 0.44 0.433 .0.585 -0.584 116.67 
0.44 0.432 .0.588 .0.585 200.00 
0.44 0.432 .0.588 .0.585 200.00 -25.00 

0.455 0.449 -0.576 -0.575 150.00 -25.00 
0.455 0.449 -0.547 -0.546 120.00 -20:00 
0.437 0.428 -0.565 -0.564 180.00 -20.00 
0.434 0.425 .0.568 .0.567 225.00 -25.00 
0.431 0.424 -0.573 -0.572 116.67 -16.67 
0.428 0.422 .0.573 .0.574 100.00 16.67 
0.428 0.421 .0.575 .0.576 233.33 33.33 
0.427 0.42 .0.577 .0.576 175.00 -25.00 
0.429 0.418 -0.574 .0.573 275.00 -25.00 
0.431 0.422 .0.573 .0.572 225.00 -25.00 
0.428 0.419 -0.577 .0.576 180.00 -20.00 
0.433 0.422 .0.575 .0.574 183.33 -16.67 
0.434 0.426 .0.576 .0.575 133.33 -16.67 
0.45 0.443 .0.576 .0.575 233.33 -33.33 

0.463 0.455 .0.575 -0.574 200.00 -25.00 
0.463 0.455 -0.575 .0.574 200.00 -25.00 
0.463 0.455 .0.575 -0.574 200.00 -25.00 
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I DATE 

REVERSED POLARITY 
SPECIMEN 11 B 
UPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.ernm 
ELECTROLYTE SOLUTION 4163.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 151181N • .c&.2mm) 
IMMERSION PERIOD 450AYS 
CONCRETE EMBEDDED-CATHODE 

11 9 1.15 1.55 0.2E 0.31 0. 17.88 
t7.8 1.35 1.84 o. a o.e 0.1 8 t41 

•·- 17.8 1.35 1.84 10 1.54 O.D 
•- 10. Ut 1 j 1.41 0.574 -1 4 
•- 10. 1.U 1 1.41 0.574 ·11<4 4 
..... Cl.47 1.ll:l , 6 1.44 0.5:18 ,. 8. 
~.... fl.93 1.CI! 1 ·1 O.Cl 0.51 -'14 

.• ).4' i ·1 
t, ..... 7 l . .c& ).4' -1!7. 
4 ·- E .47 0. 0.4 ( 179.~ -=18: 

~ 12..Jul.92 7.24 1.4~ 0.326 0.44 05)1 181.77 ..8.84 
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·- , 0.4 
'·-· 0.26 

~ ,, ..... ).~ 
n ,, ... ).'14 
n ,, ..... 
t: 1111\. 

1 ·-
t 1·- I 

4 .... 
4 .... 
4 .... ,.,_ ...... 0.24 
IS.... ....... 0.04 
lth m.: c 14 ...... 0.1 

·- c 
0.1 

-.un-~ ·-
...... c 

c 
n') • .... c 

I'll. QC 
0.1 

I 0.0 
i ).08 

0.03 
11 ... uJ.9'.: 0.03 
12-.lJI-9: 11.03 

VOL T 

1. 
1. 
T 
f 
1 
1 
1 
1 

NORMAL POLARITY 
SPECNENI1C 
lotPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.8nm 
ELECTROLYTE SOLUTION ~.5 NACL 
ElECTRODES NON EPOXY No.15 
CLEAR COVER (1.11/161N ·42.Qnm) 
M.tERSION PERIOD 45 DAYS 
CONCRETEEMBEDDED·ANODE 
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REVERSED POlARITY 
SPECIMEN 11C 

.IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.&ml 
ELECTROLYTE SOLUTION '113S NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 111161N - 42.9mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 
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NORMAL POLARITY 
SPECIMEN 11D 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6n'm 
ELECTROLYTE SOLU110N ~.5 NACL 
ElECTRODES NON EPOXY No.15 
CLEAR COVER W 71161N • 36.5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-ANODE 
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DATE I 
D~YY tmAl 

12.4 
12.4 

31 ... tay.. 13.5 
Ot.JI.I'I-92 13.5 
Cl'l..JI.I'I-92 11.eB 
ll3-Jun.82 9.87 
04Jun-9.2 9.81 
a:;.Jun-92 9.17 
06-JI.I'I-92 10.38 
07 ..JI.I'I-92 8.75 
Q6.JI.I'I-92 8.56 
CJ9..Jurh92 8.84 
10.JI.I'I-92 8.72 
11.Jun-92 8.8 
12.JI.I'I-92 7.78 
13-JI.I'I-92 7.68 

7.88 
15-Jun.e2 7."S3 
1&Jun.92 7.71 
17.JI.I'I-92 8.51 
18.Jun.92 7.(8 
1~ 8.78 
2thJun.92 7.34 
21..Jun-82 8.04 
22..Jun.82 8.72 
~ 8.8 
24Jun.a2 8.34 
25-Jun-92 8.34 
~ 8.12 
27.Jun.Q2 6.83 
28-Jun.82 6.58 
29Jun.82 8.4 
3I).JwHl2 8.81 
Ot...u-&2 8.49 g 5.72 

8.23 
8.18 

t::I>Jt.d.Q2 5.9 
OfhJul.92 5.77 
07...u-&2 5.85 
CB..Jul.82 5.75 

I ~,.Jul.92 
6.41 
6.04 
5.73 

12.Jul.92 5.57 

REVERSED POLARITY 
SPECIMEN t1D 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.ffmm 
ELECTROLYTE SOLUT10N US NACL 
ELECTRODES NON EPOXY No.tS 
CLEAR COVER W 71161N • 36.5rrm) 
IMMERSION PERIOD <45 DAYS 
CONCRETE EMBEDDED· CATHODE 

ELECTRODE POTENTIALES (I , 
VOLT I CATHODE ANODE ELECTROOE RESISTANCE 

V I ON OFF ON OFF CATHOM ANODE UB+I 0.74 0.74 0.7.25 -6.<45 1.2t 
1.1 0.004 O.CD4 o.ms 0.411 .o.as 

1.25 . 0.025 0.042 O.a:iiS 7.04 .().$16 

1.42 0.148 0.038 0.054 o.oes 8.15 .0.81 
1.28 0.141 0.(62 0.054 0.062 7.f¥J. .Q.eB 
1.1 0.136 0.047 I 

o.oe 9.02 .0.61 
1.04 0.134 0.0<45 0.001 9.20 5.88 
1.18 0.143 O.Cli6 o.oes 9.4l .0.87 
1.13 1.85 0.472 0.815 132.76 -12.43 

0Ji81 1.72 0.494 0.721 0.788 14).11 -7.f18 
(Ul9 Ul9 0.«>7 0.68 0.79 149.88 -12.85 

1 1.78 0.«>7 0.72 0.788 156.8) -7.87 
1.01 1.83 0.«>7 0.781 0.786 183.19 --2.87 
t.02 1.9 0.«>7 0.804 0.784 169.68 221 
1.04 1.77 0.412 0.706 0.778 175.(1) -8.02 
1.01 1.78 O!m 0.726 0.782 184.23 -7.31 
1.01 1.78 0.502 0.782 

i 
-7.31 

1.02 1.72 0.504 0.785 -8.82 
1.04 1.78 0.553 o.ees 0.1'51 -11.54 , t.87 .0.1fiS 0.646 0.875 -35.18 

D.S98 1.73 0.532 0.717 0.785 189.21 .e.m 
OS99 1.7 0.554 O.e95 o.eas 189.03 -18.87 
1.01 1.73 O.fiJT 0.714 0.775 1f18.f¥J. -8.31 
1.02 1.73 O.EDS 0.874 0.751 186.!1) -12.75 

0.995 1.75 0.475 0.7ai D.818 189:73 -te.m 
0.9Q2 1.72 O.D 

=il 
0.187 =11 -10.fi8 

0.994 1.71 0.521 0.775 -12.93 
0.994 1.71 0.521 0.775 -12.93 
0.954 1.78 0.383 0.928 172.04 -10.22 
0.957 1.55 0.54 0.642 0.74 152.34 -14.78 
0.982 1.f¥J. 

I 
0.719 0.772 157.-e ..a.as 

D.963 1.7 0.712 0.785 188.58 -11.41 
0.982 1.7 0.717 0.774 171.71 ..a.m 
0.964. 1.65 0. 0.704 0.7519 170.28 .S.47 
0.988 1.35 0.6 0.758 0.798 131.12 -7.34 
D.9SIS 1.64 0.45 O.EIIM 0.785 191.01 -13.(1) 
D..984 1.88 0.42 0.7 O.'n:B 200.85 ·11.17 
D.9SIS 1.64 0.585 o.a:n 0.785 178.81 -12.54 
01&168 1.81 0.745 0.875 0.716 149.39 -7.11 
0.972 1.71 0.632 o:m 0.193 184.27 ..a.84 
0.972 1.88 o.a 0.692 o.m 

I 
-14.78 

D.S98 1.88 0.779 0.74 0.842 -15.91 
D.S98 1.51 o.eas 0.748 0.8:'J1 -14.74 
0.91:19 1.42 0.832 0.753 0.832 -13.79 
UJ3 1.:35 0.851 0.785 0.8'Z7 -11.13 



0 

NORMAL POLARITY 
SPECIMEN 11E 
IMPRESSEDVOLTAGE tV 
DISTANCE BElWEEN ELECTRODES (41N) 101.&nm 
ELECTRot. YTE SOLUTION fl3.5 NACL 
ELECTRODES NON EPOXY No.tS 
CLEAR COVER (1• 3f161N • 30.2mm) 
IMMERSION PERIOD 46 DAYS 
CONCRETE EMBEDDED-ANODE 



0 

B-10 

REVERSED POLARITY 
SPECIMEN 11E 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES {41N) 101.6mm 
ELECTROLYTE SOLUTION 413.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1• 31161N • 3J.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

ELECTRODE POTENTIALES {1 r) 
DATE I VOLT CATHODE ANODE El.ECTROOE RESISTANCE . 

00-MM-YY lmAl V ON OFF ON OFF 

~ 
ANODE 

11.25 0.853 Ul5 0.1 D.S 0.6El5 -14.67 
13.23 1.m 1.61 0.3 0.41 0.5 .e.so 

31-Mav-92 13.23 1.m 1.61 0.3 0.41 0.5 .e.so 
01..JI.ft.92 12.ti9 1.02 1.61 0.285 0.441 0.532 104.41 -7.17 
02..JI.ft.92 12.15 1.02 1.61 0.271 0.472 0.564 110.21 -7.57 
m.Jun.e2 11.62 1.02 1.62 0.257 o.an 0.595 117.30 -8.00 
04.Joo.92 11.23 1.m 1.56 0.241 0.40 0.542 116.56 -8.82 
(5.Jun.e2 9.61 0.954 1.53 0.175 0.0 0.549 141.00 

~ O!hlun-92 10.33 I 0.982 1.5 0.166 0.446 O.fmtll 
07-Jun-92 9.62 75 1.5 0.23 0.454 0.5156 -10.f0 
(B.JUl-82 10.56 1.54 0.187 0.488 0.535 -8.54 
CD.Jun-92 10.41 0.991 1.57 0.18 0.434 0.575 133.53 -8.74 
10-.b't-92 10.27 o.sse 1.62 0.173 0.501 0.625 14).(0 ·12.07 
11-Jln.92 10.13 1.02 1.ti9 0.166 0.517 0.656 19).44 -13.62 
12-Jun-82 9.23 1.m 1.58 0.155 0.475 Q535 154.39 .am 
13-Jln.92 7.78 0.947 1.56 0.277 0.482 D.541 164.(6 .7.(tJ 
14-Jun-92 7.78 0.947 1.56 D.277 0.482 D.541 164.(6 -7.Sl 
15-JI.n.92 8.67 

hi=H.54 
0.213 0.4ti9 0.53 

~ 
-7.04 

16-Jun-82 8.78 .61 0.231 0.451 ().S39 -10.(6 
17-Jun-92 1.44 .45 0.295 0.427 0.561 -93.08 
18-Jln.92 8.41 0.991 1.56 O.G 0.457 O.S96 -16.53 
19..Jtn.92 8.04 0.993 1.51 0.366 0.415 D.523 142.29 -13...0 
3).Jun-Q2 VIS O.SI'S 1.51 0377 0.4J3 o.s:rs 151.27 ·14.02 
21-Joo.92 8.32 1:01 1.51 O.G 0.412 0.554 1ti9.46 ·22.47 

22 7.85 • 1.45 

Q~-
145.75 .Q.28 

23-Jun-92 7.4 . 1.5 0344 0.473 156.22 -13.24 
1.47 0.366 147.99 -28.94 

~o.sse 1.47 0.366 147.99 -26.94 
10.11 0.935 1.71 o.247 o.ees 144.71 -8.92 

27~ 8.41 O.l'B7 1.56 0.329 0.502 0.571 146.37 -8.20 
28-Jun-92 8.84 0.871 1.62 0.363 0.563 0.595 146.64 -6.21 
29.JI.II-92 9.52 0.944 1.85 0.363 0.541 0.628 136.19 -9.14 

- Q8 .,_ ... ft 0.643 0.7'02 134.38 -8.15 lfll'.. ' 0.63 O.EI96 13UI8 -8.111 
1.74 ' 0.675 0.78 136.33 ·11.25 
1.74 0. u.-til 94.8) -7.84 

Q4...hl.82 1.78 0.521 0.675 84.00 -4.75 
r..:...ltll.r:r:l 10.02 0.941 1.78 0.475 0.71 128.24 -8.49 
08-JW-92 13..92 D.915 1.75 0.591 0.688 0.754 83.28 -4.89 
07..JW-92 10.25 0.944 1.77 0.525 0.678 0.745 121.46 -8.73 
Q8.Jul..82 10.54 0.945 1.78 0.728 0.678 0.7U5 99.81 -8.25 
~ 10.39 01114 1.89 0.781 0.773 0.815 89.41 -4.04 
1o..u&2 10 . .o48 0.982 1.72 0.71 0.743 0.791 96.56 -4.58 
11..JW-92 10.5'2 01l88 1.75 0.002 O.ti91 0.766 100.13 -7.13 
12~ 10.56 0.991 1.79 0.538 0.851 0.755 118.56 -9.85 
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NORMAL POlARITY 
SPECIMEN11F 
IMPRESSEDVOLTAGE 1V 
DISTANCE BE1WEEN ELECTRODES (41N) 101.&ml 
ELECTROLYTE SOLUOON '113.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1• 1118 IN- 26Srrm) 
IMMERSION PERIOD <45 DAYS 
CONCRETE EMBEDDED- ANODE 

Elt:\#IRVUE I"'IJ 1: t:N IIAt.ES 11, 
VOLT ,NODE ::A·,, Juc a 
V ON OFI Oi OFF A :X I CATHODE 

[ )I -C -· 
)4 -C l• ~ 
)4 ~ • ~ 

11 )6 ..o.:: • -12. r7 

C ~ i"" 0 LC Bli.! 

,., •al. 1.H ( 14 .Q.4l .( ~ Bl ~ 
,., .... 12 1.-1 .( !54. 

[ )I .. 1.4 .( 311. .. 
~ ~ ~-7-~~~~~~~~~-~---~~~~ 



c 
REVERSED POlARITY 
SPECIMEN 11F 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION~ NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1.11181N ·26.Siflmm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED· CATHODE 
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NORMAL POLARITY 
SPECIMEN 110 
IMPRESSED YOL TAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION ..:15 NACl 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (131161N • :lD.&nm) 
IMMERSION PERIOD 45 DAY$ 
CONCRETE EMBEDDED -ANODE 

El I 1'\VUI r"'..l I I:.N t"IALES {11) 

IDHE I VOI T AI :>DE i.il\ tM'.JUII:. R 

lmAl "' OFF 0 OFI A«l lE 
1 1.C Cl 0.26 .c tr ..o.ro 4 o.c D 

1.4 1. a ... txn D 
"~~ ,_, 2.9 T E c n: 

·- 2.3 1 16 c 
,....., 1.7 ·1: f B .0.0 ~ 

.· .( 

.c 

.( 

.( 

o~ ).( ..Q.022 ~ • m 
-1 ).( .0.06 -1 • .j 

lun-1 0.( 31 .o.a. -1 .c ).• ~ 
. i .Q.( 3i .0.062 -0.( -l )j ' 

·- 1: ' .j 4.).52 -1.1~ -1. 2 •· 

l 

~~~:~~-4~~u~~···~~~.~~.c~Mw~~~~-~~.o=i'~~~~~~~~~ah~r~ 

01 

'.1! (i:Q .10 ... -· _, 9 .. 11 
HS4 "' -· -· D- ~1: 

·-- '.Cl5 .c -· ~1: 

·- 7 7 
6.98 
7.23 
7.04 
71:. 

1::1 
7. I• 

r.< 

.c -· -· 

.cu: -1. -· •· 

~1518 ·1. -· •· 
)J l522 ·1.1 •· 

5 • -1).525 -1.CJ -1 ) -· 

).1 4 ..0.521 -1.1 -4 -· 
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REVERSED POlARITY 
SPECfMEN 11G 
IMPRESSED VOLTAGE 1V 
DISTANCE BElWEEN ELECTROOES (41N) 101.ctnm 
ELECTROLYTE SOLUTION 1113.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (13118 IN- 20.6mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

fOATE I I ~ JL ANOl lE e. 

•

El 1:.1,., i .I!Jt rvt CN 111\LES n" 
.,..:ID~D-MM-::;:::-=-:-YY+--,"!,!,mA~)-11...--,~~ ff ON C FF '-"' 1 nuuc ANODE 
~ 1 ~ .c: m o.ms 1.c )4 2.89 o.a: 
~~-+-.;.;;:iH-1 ~:~1= o.ms tc )4 :'·! ~~~ 

1 lot j 0.006 0.1 C t.O 
Y> ..... 1 l.UZ.l O.C ()7 -+-~~.-+-~~-4_...~:;.---1 
'A: '""'· 1 ).( 121i O.CJ :IS I.C -4 

·- 1~ • 0.1:11 c s (); 1.( 
run-- 12; ~ 0.! ( I) OJ 0.: 

2 i.SDS ,4 l.f 1.4 .; 

:~ P.l-r-...:,~::...::~B~f-~c=:-1-iit~~::-:1.:!'1-::::rl=-~ .-t--E'-::--+--:....=-:~=--1 
0.90! l.•~;t C 13 Oi.G -1 5 ·- 18.: O~Q9.1 0.552 0.581 57.88 ~7~1 

18.1 o.S!':I! >.572 o.s:J: ( '.e 89 s.. c ..S.32 ·-
ft...lt ... 

18.l !t Soil 0. B. 1.<4 

t.,_ .. ._D') 1 17;54 c r4 1. o.569 rA I.EIEIB 54. !2 
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NORMAL POLARITY 
SPECIMEN 11H 
IMPRESSED VOLTAGE 1V 
DISTANCE 8E1WEEN ELECTRODES (41N) 101.8mm 
ELECTROLYTE SOLUTION 1163.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (11/161N- 17.5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-ANODE 
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REVERSED POLARITY 
SPECIMEN 11H 
IMPRESSED \IOl TAOE 1V 
DISTANCE BETWEEN ElECTRODES (<41N) 101.fmm 
ElECTROlYTE SOLUTION 1fl3.5 NACL 
ElECTRODES NON EPOXY No.15 
ClEAR COVER (11/181N - 17.5rrm) 
IMMERSION PERIOD <45 DAYS 
CONCRETE EMBEDDED- CATHODE 



DATE I 
fmAl 
5. 

'·' 
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NORMAL POlARITY 
SPECIMENI11 
IMPRESSED VOl. TAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION ..a5 NACl 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (7/16 IN -11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED· ANODE 

El :v 1 nvuc r :re 1 IALES l1 n 
VOI T ANOD!; I I' JUC • 

ONI OFF F 

D.118tm ·1 0J 
t j_fin ·1 ·1 -11 IS 

1 I 003 ·1 ·1 -=1 if 
.1' -Q.S9!! -1.2 -· ... 

•.• 1 n -QJHS -1.2 _, ~· 3!l 2 ~ 

·.• 1 t1 -c: HE -1 .Z •· 38 2 -4 

nL""'" l.C 1 ~ ..(1,61!.: -1.U •· t ';I I 

5 4 I.C .0.638 -1 -1.12 .. =t. 
I! 5 -o. -Q.tli5 ·1 ·1.1• 4lE -.S:4 
8 8 { g 5 ·0.86" -· ·1 4l.• -: 

C Fl -1 1 .( I.E •· ·1 41. • 

~ 1.21~ •1 _, •• 

•1 _, oil .; 



0 

IC ,TE 

31~ 

un. 
...... 
...... 

.hon.. 
...... 

I m-

ltm. 

..... 

..... 
·--

VOlT 

B-18 

REVERSED POLARITY 
SPECIMEN ttl 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.8rml 
ELECTROLYTE SOLUTION '1.3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (7/161N -11.1mm) 
IMMERSION PERIOD 46 DAYS 
CONCRETE EMBEDDED· CATHODE 

EL"t:'"~.,;"""rra teu"'u"t"" n ' t:l'l : !ALES (11) 

lA) 
1 ta t.c 

CA'ri"!..,Ut: 0[1E ~ 
ON C F QFF ~ AifOOE 

1. la: 0. 12 0.' O.ac& ~ U~la=+--~ -~~ 
.9 1.1 185 C 0.8 0.8 37 I !.91 

11 .9 1 1 1.85 1:) 0.6 o.a l7 ! ~ 
18.8: 18 
18 

~ 

1.8 . 791 I.IS O.i :S: 14 
1. ).74~ 1.4 ' :s: 

S1 
0.'11: 

~ 3 c ; o.·~ 

c:: l 0.4 0.'11 
6.! C 5 8::1 O.f 14 0.5 0.1 3 

!6.: I 3 1.6' 5 O.f '2 r.s; 0.71 3 

a. 

25 O; 1 O.f 19 1.61~ 11: 3 ~~ 
24.i 1. 2 ], 7: l.f!IST .ol I.(J 

25. ~ 1 tUB 1.8127 • I.Cl 

21 0. 

.· 
-; 
.. ) 

15.1 
-6.5 

·1 D.S!i 
1.91 
1.91 

M. ~ O; 0.7':5 4 "' 

I ~ QJ 0.7f:l5 46.1 S -t 
c t&E o.~ 0.749 43. -11 

!.I 

.· 

.. s 
2 1. S B t).i l7:; 5 .oi14.l •IO; 

>.11 1.5 )4 C1.E 0.7 4Z! 

.• ., 2 u.as: o. o. i'5l .. .~ 

11 .aut. 2 CUB C 0. C 757 « -7.~ 

11..Jul.92 11 o.so:: c 0. ( 158 51 -8.31 
12~ 19.: OD O.i 0.~ 0.'5 5I -8. '4 
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APPENDIX C 

TEST SERIES N~- 2 AND N~-3 

POTENTIAL 

AND 

CURRENT MEASUREMENTS 



0 

DATE I VOLT 
DD-MM-YY .{mA) V 
27.Jui.Q2 0.01 1 
28-Jul.a2 0.01 1 
29Jui.Q2 0.01 1 
~l.d-82 0.01 1 
31.Jui.Q2 0.01 1 

01-At.lg.< 0.01 1 
02-Au!J.< 0.01 1 
m..A~ 0.01 1 

0.01 1 
CJS.AI.Il)4 0.01 1 
Q8..AI.Il)4 0.01 1 
07-Aua-92 0.01 1 

0.01 1 
0.01 1 

10-At..llt' 0.01 1 
11-. WD-1 0.01 1 
12 WD-1 0.01 1 
1 0.01 1 
141\1.11)4 0.01 1 
15-AUIH 0.01 1 
1A A, 0.01 1 
17-At.ta- 0.01 t=t 18-Aua- 0.01 
19-Aua- 0.01 
20-A~ 0.01 1 
21-A.t..IO" 0.01 1 
22-AI.IIJ' 0.01 1 
23-Aua- 0.01 1 

0.01 1 
25-A~ 0.01 1 
28-A~ 0.01 1 
27-AUIH 0.01 1 

g 0.01 1 
0.01 1 
0.01 1 

31-A.ua-4 D.01 1 
01~ ~ 0.01 1 
02 leD-4 0.01 1 

0.01 1 
0.01 1 

:..... 0.01 1 
0.01 1 

07 i4!p.Ql 0.01 1 
0.01 1 
0.01 1 

NORMAL POLARITY 
SPECIMEN W2A 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.&nm 
ELECTROL VTE SOLUTION US NACL 
ELECTRODES EPOXY No.15 (&S)mil 
CLEAR COVER (71161N ·11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE POTENTJALES I' , 
ANODE CATHODE B..ECTRODE RESISTANCE 

ON OFF ON OFF ANODE CATHODE 
0.082 O.OB .0.013 .O.CX9 :;m -4JJ 
O.OB 0.018 .0.014 .(101 :;m ..«X) 

0.032 0.06 .0.015 .O.ot1 :;m ..«X) 

0.112 O.C94 ..Q.017 1em -4JJ 
0.123 0.104 ..Q.024 ..Q.02 1900 ..«X) 

0.131 0.118 .0.025 .(1018 13» -700 
0.139 0.132 .0.026 ..Q.017 70) ..9X) 

0.163 o.c:a; .0.01 ..Q.CXIS 1(81) -4JJ 
0.111 0.009 .0.017 ..Q.012 13XJ .SX) 

0.10B 0.102 .0.019 ..Q.015 em ..«X) 

0.1313 0.13 .o.m ..Q.Q24 fiX) .em 
0.187 0.18 .0.062 .Q.(B2 70) ·1<XO 
0.187 0.18 .0.082 .o.cm 70) -1<XO 
0.161 0.156 .O.D45 ..Q.034 Sl) -1100 
0.178 o.1ee .0.066 .0.053 em -13X) 
0.147 0.1-43 .0.034 ..Q..Q28 4J) .em 
0.128 0.122 .0.038 ..Q.CD 4J) .em 
0.128 0.122 .0.038 ..Q.CD 4J) .em 
o.cm 0.001 .0.0'35 .0.028 :;m ..9X) 

0.115 0.112 .0.042 ..Q.037 3X) .SX) 

0.147 0.145 .o.asa .0.046 :;m -1~ 
0.184 0.182 .0.078 .0.053 :;m -13X) 
0.197 0.192 .0.06 .0.049 SX) -11(1) 
0.1313 0.127 .()!J47 .0.039 900 .em 
0.064 0.(64 .0.128 ..Q.122 1(0) -4JJ 
0.158 0.15 .0.081 ..Q.Cl54 em -700 
0.142 0.139 ..Q.(S .o.cm 3X) ·700 
0.142 0.139 ..Q.(S ..Q.C62 3X) -700 
0.178 0.174 .O.CI57 ..Q.OS 4J) -700 
0.228 D.221 ..Q.OB3 .Ql11 70) -13X) 
0.249 0.241 .0.081 ..Q.064 em -1700 
0.231 0.223 .0.001 .0.078 em -13X) Jj 0.2 

.0.~ .o.on 900 -1700 
0. 0.191 .0.1(13 ..Q.CBS 700 -1700 
0.1 0.193 .0.044 .O.aM em cm 
0.204 O.UI8 .0.108 .0.(115 fiX) -13X) 
0.189 0.181 .O.QM ..Q.072 em -1~ 
0.167 0.1S =- -o.c:ee em .em 
0.188 0.181 ..Q.OS3 700 .SX) 

0.188 0.182 .()JJIJ7 .0.08 4J) -700 
D.215 0.2:16 .0.106 .Q1IS 900 ·1700 
0.217 O.D .0.105 .O.CJJ7 900 ·18CO 
0.239 0.232 .0.001 .0.073 700 ·18CO 
0.228 0.218 .0.063 .o.oes 800 ·1SD 
0.241 0.232 .0.1C» .0.1»1 900 -18CO 



c.a 

REVERSED POLARITY 
SPECIMEN f!2A 
IMPRESSED VOLTAGE 1V 

0 
DISTANCE BETWEEN ELECTRODES (41N} 101.&ml 
ELECTROLYTE SOLUTION '113.5 NACL 
ELECTRODES EPOXY No.15 (6-8)ml 
CLEAR COVER (71181N • t1.1mn) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED· CATHODE 

ELECTRODE POTENTIALES 11 n 

~ 
VOLT CATHODE ANODE B.ECTROOE REStSTANCE 

V ON OFF ON OFF CATHOOE ANODE 
1 0.011 0.006 .0.079 .o.as SI) 100 

28-Jul-92 0.01 1 0.012 0.006 .O.C» .O.CIS7 liD ..3X) 

29-JuJ.92 OD1 1 0.013 o.cm .O.Cil9 .O.CJ57 SI) -20J 

:DJul.92 0.01 1 0.018 o.cm .0.004 .Q.CS'I 7ll) ..3X) 

31-Jui.Q2 0.01 1 0.018 0.011 .o.ca -o.c»4 7ll) .SX) 

01-Aua-4 om 1 0.019 0.012 .0.112 .0.1(15 7ll) .«X) 

O:M~ OD1 1 Q.02 0.012 .0.128 .0.119 aD -700 

03-A~ O.Q1 1 O.CJJ8 0.049 .0.0'15 .o.oee m> -700 
I'lL .A•""- 0.01 1 0.015 0.01 .0.102 .0.115 SI) 13ll 
I"A..& ..... om 1 0.011 o.cm .O.CB2 .().07 aD -1200 

08-AUI:t' om 1 0.018 0.012 .0.108 .Q.C»2 aD -14D 

07-Au!J.o rl om 1 o.cas 0.024 .0.152 .0.144 11(1) .8CI) 

~ 
1 0.0015 ~ 

.0.144 1100 .8CI) 

00-A 1 O.D435 .o.iftt 
SI) .8CI) 

10-AI..II:Hil2 0 1 o.asa 0.047 .0.188 .().1' 1100 -14D 
11-Aua-E 12 0.01 1 0.028 0.021 .0.108 .0.101 7ll) -700 
12-A~ 12 0.01 1 0.034 0.028 .0.104 .()Jil6 liD .8CI) 

13-Aua-4 2 0.01 1 0.034 0.028 .0.104 .Q.Cll6 aD .8CI) 

1 om 1 0.017 0.013 .O.OES .0.035 4J) .«X) 

15-Aua-4 rl 0.01 1 0.042 0.033 .0.121 .0.117 QX) .«X) 

1~W 1 o.asa 

I 
.0.182 ... : I 18Jl .3]0 

17-A 1 o.oes .0.198 1200 .3]0 

18-A""'"' OD1 1 0.049 .0.203 1100 -1QX) 

19-A""'"' ;. 0.01 1 O.D315 .0.118 fiX) -1QX) 
2\..&lll'l.ll 0.01 1 0.077 .0.157 .0.152 1200 .SX) 

21~ l 0.01 1 0.049 0.04 .0.124 .().118 QX) .8CI) 

212-A~~ 0.01 1 o.a; 0.04 .0.153 .0.149 1(11) .«X) 

23-Aua-4 0.01 1 o.a; 0.04 .().153 .0.149 1(11) ..«J) 

24-A~ 0.01 1 0.(62 0.04 .0.198 .0.193 131) .60) 

25-Aua-4 0.01 1 0.084 O.CS1 .().3)4 .0.198 13J) .«<) 

26-Aua-4 Q.01 1 O.CJS7 0.082 .0.2812 .0.253 2500 .aD 
27-Aua-1 0.01 1 O.OE& O.CS1 .0.157 .0.155 14)) -20J 
28-Aug.Q 

I 
1 O.C» 0.07 .0.243 

R 
-1QX) 

29-A_WI-4 

·~-
.8CI) 

1 0. .60) 

31-A~ 1 o.an -700 
01-8ec).j 1 O.Cil9 .1 .«X) 

02-Seo-1 0.01 
1 ~~ .0.185 

.0.182 1liD ..3X) 

0.01 1 Q .0.10 .0.184 47(1) .8CI) 

om 1 n .o.t84 .0.179 1QX) .SX) 

not 1 

11 
O.as3 .0.214 .O.D 1QX) .8CI) 

!Aft. 0.01 1 o.cm .0.212 .Q.D 1QX) .8Jl 
07..: iep-1 0.01 1 0.072 .().251 .0.244 1QX) -700 
(' OD1 1 0.(85 0.068 .0.25 .().245 17(1) .60) 

0.01 1 O.Cl93 0.074 .0.253 .().247 1QX) .8CI) 



c.3 

NORMAL POlARITY 
SPECM:NI2B 

0 
IMPRESSEOVOLTAGE tv 
DISTANCE BElWEEN ELECTRODES (41N) 10Umm 
ELECTROI. YTE SOLUTION ~.5 NACL 
ELECTRODES EPOXY No.15 (8a)mll 
ClEAR COVER (11/18 IN ·17 .5mm) 
IMMERSION PERIOD 4i DAYS 
CONCRETE EMBEDDED· ANODE 

ELECTRODE POTENTIALES 
VOLT ANODE CATHODE 

V ON OFF ON OFF 
1 0.713 O.fS7 .Q.D ..0.157 
1 0.88 0.65 .0.17 ..0.126 
1 o:u 0.896 ..0.172 .0.13 
1 0.718 0.7(1) .Q.2.85 ..0.239 
1 0.735 0.721 .0.18 ..0.119 
1 0.736 0.723 ..0.158 ..0.117 
1 0.738 0.725 ..0.156 ..0.115 
1 0.485 0.453 .0.1 .0.(112 
1 0.1fil 0.748 .o.1es ..0.131 -3100 
1 0.748 0.1'.34 ..0.172 .0.1315 -3700 
1 0.758 0.741 .0.154 ..0.121 -33D 
1 0.7fil 0.141 .0.151 ..0.121 .3JX) 

1 0.7fil 0.741 ..0.151 ..0.121 .3JX) 

1 0.766 0.758 ..0.156 ..0.123 -33D 
1 0.755 0.745 .3D) 

1 0.226 0218 -13D 

1 0.742 0.733 .3JX) 

1 0.742 0.733 .3JX) 

1 0.151 0.742 .28XJ 
1 0.741 0.732 .28XJ 

O.ESS 0.888 .2SX) 

O.Mi 0.152 .3JX) 

0.438 0.423 -1100 
O.ot 1 0.156 0.741 .3JX) 

0.01 1 0.315 0.367 -2100 

0.01 1 0.39 0.38 -2m 
0.01 1 O.CM 0.384 3XIl 
0.01 1 0.4>4 0.384 3XIl -1 
0.01 1 0.415 0.4 1SX> -1 
0.01 1 0.7fil 0.745 120) -41 
0.01 1 0.754 0.745 a .3fD) 

0.01 1 0.758 0.741 1100 .4lX) 

0.01 1 0.41 0.397 13ll -3100 
0.01 1 0.392 0.378 1«1) -1 
0.01 1 0.392 0.378 1«1) -1tm 
0.01 1 0.383 0.367 1fD) -zm 
0.01 1 0.388 0.372 1f!OO .2!D) 

Q.01 1 0.711 0.702 a .3fD) 

Q.01 1 Q.393 0.384 a -2100 
Q.01 1 0.312 0.283 4lU) 100 
0.01 1 0.312 0.2€15 4100 100 
O.ot 1 . 0.311 0.284 4100 100 
0.01 1 0.& 0.648 fD) .30) 

O.ot 1 O.G o.e 23IXJ -1£100 
0.01 1 0.312 0.363 -6100 -100 



DATE I VOLT 
00-MM-YY (mAl V 
27..Juf.82 O.CH 1 
ZJul-82 O.ot 1 
29..Jui.02 O.ot 1 
30-Jul-82 0.01 1 
31..J\1.82 O.ot 1 
01-A~Jg-9: 0.01 1 
02~ O.ot 1 

0.01 1 
04-AUDol 0.01 1 
Cl>AUDoi O.ot 1 
06-AUDol O.ot 1 
07 -AUDol a2 Q.01 1 
M. A•""- Q.01 1 

O.ot 1 

I 
O.ot 1 
Q.01 1 
O.ot 1 
0.01 1 
Q.01 1 
Q.01 1 
O.ot 1 

17-Aua- 0.01 1 
1 0.01 1 
1 O.ot 1 
"l ~ ..... 0.01 1 
21-Aua-1 0.01 1 
22-Aua-1 0.01 1 
?'lt...&llft. O.ot 1 
24-AI.ICJ.l Q.01 1 
25-Aua-1 O.ot 1 

~ 
Q.01 1 
0.01 1 
0.01 1 

29-Aua-< 0.01 1 
30-Aua- O.ot 1 

O.ot 1 
O.ot 1 
0.01 1 
Q.01 1 
Q.01 1 
0.01 1 
O.ot 1 

C11 O.ot 1 
O.ot 1 

I O.ot 1 

REVERSED POLARITY 
SPECIMEN 128 
l.tPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 1CH .emm 
ELECTROLYTE SOLUTION -.:15 NACL 
ELECTRODES EPOXY No.15 (66)ml 
CLEAR COVER (11118 IN -17 .5nrn) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED· CATHODE 

ELECTRODE POTEN1W.ES {V) 
CATHODE ANODE ELECTRODE RESISI'ANCE . 

ON OFF ON OFF CATHODE ANODE 
0.021 O.CH8 .().(J72 -0.07 !D) -200 I 
0.184 0.137 ..0.718 -0.102 4700 -1«D 
0.18 0.13 ..0.722 -0.708 5tD) -1«D 

0.247 0.198 .0.75'2 -0.733 5100 -10 
0.181 0.132 .0.74 ..0.725 4D) -um 
0.181 0.118 ..0.745 .0.731 CD) -1«D 
0.132 0.1 .O.tm -0.517 3200 .«X) 

0.181 0.122 .0.75 -0.736 3&00 -1«10 
0.151 0.127 726 3:D) -1100 
0.172 0.137 .741 3f'D) -1100 
0.18 0.156 .0.1 .135 2«10 -200 
0.139 0.118 -0.& zm -1200 
0.139 0.118 -0.& zm -1200 
0.1SI5 0. -0.761 3100 -1100 
0.151 -0.745 3100 -1cm 
0.182 .0.1315 3300 -1300 
0.1 .().734 2900 -1cm 
0.1 -0.734 2900 -1cm 
0.1 .().744 270) .a:l) 

0.158 0.132 .0.716 .().7CS 2EO) .70) 
0.195 0.12-e 0.745 o:m 2900 em 
0.148 0.12-e ..0.4>4 -0.391 2ID) ·1300 
0.178 0.151 .Q3il8 -0.3QS :21300 ..aJ) 

0.158 0.125 .0.71 -0.78 3100 -tcm 
0.216 0.192 -0.372 .().362 2«D -1cm 
0.233 (l3JS ..0.388 .().315 :21300 ·1100 
0.173 0.142 ..0.737 -0.727 3100 -1cm 
0.173 0.142 ..0.737 -0.727 3100 -1cm 
0.173 

Bif'~ 
3XD -1cm 

0.158 .0.78 3«10 -1cm 
0.25 -0.455 2800 -1cm 

0.118 -0.753 3&00 -1200 
0.19 -0.737 3&00 -1200 

0.208 .() 733 -o. 723 3&00 -tcm 
0..28 o.249 .().399 -0.391 3100 -800 
0.202 0.185 .O.&f:l8 -D.t!B 370) -1300 
0.18 0.143 .0.725 -0.716 370) .a:l) 

0.18 0.144 ..0.722 -0.718 3Em .G) 

0.271 0.241 43115 -0.317 3XD .eeoo 
0.191 0.157 .0.7 -0.89 3CJ) -1cm 
0.222 0.1815 ..0.618 .0.684 3700 ·1200 
0.221 0.184 ..0.815 .().81!13 370) ·1200 
0.204 0.168 ..0.715 .0.704 3800 ·1100 
0.204 0.171 ..0.639 .0.63 3300 .a:l) 

0.31 0.284 ..()3)3 .().3 2EO) ..aJ) 



DATE I I VOlT 
DD-MM-YY I fmA) V 

0.01 1 
0.01 1 
0.01 1 
0.01 1 

31.J 0.01 1 

1 
0.01 1 
0.01 1 
D.01 1 

1 
1 

(B.Aua-82 I 1 

-
1 

01 1 
-A 1 ··- 1 

'ug. 1 
1 D.01 1 
1A. ...... 0.01 1 
17..; wa- 0.01 1 
18-AUQ.Q z 0.01 1 
19-A~ 0.01 1 
?n.AIJtL 0.01 1 
21-A~ 0.01 , 
22., ~ 0.01 1 

0.01 1 
2 0.01 1 
25-Aug.: 0.01 1 
28-ALD; 0.01 1 
27-A&.D; 0.01 1 
28-Auo.: 0.01 1 

I 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 
0.01 1 

~ 
1 
1 
1 
1 01 

0 

NORMAL POLARITY 
SPECIMEN GC 
IMPRESSED VOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.flmm 
ELECTROlYTE SOLUTION 1fl3.5 NACL 
ELECTRODES EPOXY No.15 (8-8)ml 
CLEAR COVER (1• 31161N • 3l.2mm) 
IMMERSION PERIOD «5 DAYS 
CONCRETE EMBEDDED· ANODE 

ELECTRODE POTENTIALES (1 I) 

ANODE CATHODE B..ECTROOE ~ANCE 
ON OFF ON OFF ANODE CATHODE 

0.119 0.117 .0.15 -0.11 m .4lX) 

0.15 0.148 .0.18 -0.13 m am 
0.137 0.134 .0.018 .0.012 :DJ ...CO 
Q.S)3 0.& .0.5 .0.8 40) .34X) 

0.187 0.183 .0.113 .0.09 4J) -2300 
0.228 0.221 .0.075 .0.088 5ll'J .QIX) 

0.277 0.271 .0.(1)1 .0.047 «D ..4l) 

0.339 0.328 .0.174 .0.195 1100 -um 
0.444 0.432 .Q.074 .o.as tm ·1Gl 

I 
0.478 .o.oaa .0.071 15ll'J ·1et'Xl 
0.488 .0.0! .0.089 1100 ·1100 
0.4815 .0.101 .0.088 3D) -13:0 
0.4815 .0.101 .0.088 3D) -13:0 
Q.252 .0.711 .0.71 3D) -100 

0.9:18 0.4815 .Q.22 .0.203 2100 -1700 
0.288 0.271 .0.71 .0.7t& 1100 -100 
0.3 0.273 .Q.(Sl .o.eae 2100 -100 
0.3 0.273 .O.f»7 .o.eae 2100 ·100 

Q3l4 0.291 .O.f»4 ..0.895 13:0 100 
0.278 ().215 .0.722 .0.123 3D 100 
0.415 0.483 .0.1(5 .().(85 1nl -13:0 
0.282 0.279 .0.715 .0.717 :DJ nl 
0.283 0.2e9 .0.713 .0.712 1Gl -100 
0.415 0.483 .0.11 .0.092 1nl -18(1) 

0.358 0.345 .0.138 .0.132 11(1) .8l) 

0.282 0.3:12 .0.715 .0.712 -zm .3Q) 

0.274 0.293 .0.719 .0.'724 -19ll SXJ 
0.274 0.293 ..0.719 .0.'724 -1GOO SXJ 
0.278 0.3)4 .0.722 .0.725 .2.8X) 3D 
0.279 0.298 .0.722 .0.'724 -1100 nl 
0.273 0.27 .0.728 .0.731 :DJ 3D 
o.m 0.253 .0.738 .0.739 24X) 

0.274 0.247 .o.ns .0.733 2100 
0.584 Q.S4S .O.tm .O.D71 1£0) 

0.+12 0.425 .0.155 .0.133 1100 
0.0 0.392 .0.147 .0.129 14J) -18CD 
D.288 0.233 .0.732 .0.731 3D) -100 
0.319 0.384 .0.1EI5 .0.144 1!Dl -2'100 
Q.271 0.228 .0.728 .o:m cm 100 
0.435 0.4t7 .0.182 -0.142 1fiX> .20X) 

OB':M 0.573 .0.143 .0.115 2100 -2f.IXJ 
O.Sl 0.572 .0.142 .0.114 zm -2f.IX) 

0.267 0.3)2 .0.708 .0.712 .3fiX) «D 
0.282 0..285 .0.738 .0.738 .2D) :D) 

0.253 0.241 0.747 0.745 13)) 3X) 



--o 
REVERSED POLARITY 
SPECIMEN GC 
IMPRESSEDVOlTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.emm 
ELECTROLYTE SOLUTION ..:15 NACL 
ELECTRODES EPOXY No.15 (&8)11'111 
CLEAR COVER (1• 31161N • ::ll2rrm) 
IMMERSION PERIOD 46 DAYS 
CONCRETEEMBEDDED·CATHODE 

ELECTRODE POTEN11ALES Cl r) 
DATE I VOlT CATHODE ANODE ELECTRODERESISTANCE 

[)O.MM.YY CmA) V ON OFF ON OFF CATHODE ANODE 
27..Ju1.82 0.01 1 0.015 0.01 .0.119 .0.118 SI) .a 
28-Jul-92 o.01 1 0.012 o.cm -0.100 .o.1oe 4D .a 
29.JuJ.Q2 0.01 1 0.015 0.011 -0.128 I .().125 G) .a 

~3).Jui.Q2~;..;::.-+--=();='=01;;-+-....;1;...-+-0;;:;.438;;:;:;;-+-::0:.:;.388:.:::-...;.....;; -0.5 5(XXl -4«1) 
31..Jul.82 0.01 1 0.111 0.(1)7 .0.187 241) .a 

07~ 

1n.. ..... 

12 Wg.; 
1 
1 
1 " ..... 
1 

2+ wa-
'll't ...... 

'lA. ...... 

27 I&D-
'llll. ..... 

0.01 1 o.a:s 0.082 .0.564 .0.554 1800 -1c:m 
0.01 1 o.a:s 0.084 .0.582 .0.554 1800 ..eoo 
0.01 1 0.19 0.174 .().394 .0.387 181:1 .70J 
0.01 1 0.19 0.174 .().394 .0.387 181:1 -700 
0.01 1 0.148 o.13 .o.a -0.448 ttm -11oo 
0.01 1 0.18 0.152 .Q.&e -0.495 2eOl ·1100 
0.01 1 0.14 0.122 .0.448 .0.4315 181:1 -1XD 
0.01 1 0.18 0.146 .0.285 .().279 fG) ..8Q) 

1 o.us 0.148 .0.285 -0.279 141) .«X) 

1 0.15 0.135 3t .().38 1500 ..8Q) 
01 1 I 0.12 0.104 .0.489 181:1 -800 
.01 1 0.1CJ1 O.OBr.ii! .0.471 1S:O ·1CXIJ 

Q.01 1 0.151 0.134 .0.6 .0.448 1'10J ·1CXIJ 
0.01 1 0.188 0.153 .()3S/ .().334 1S:O .a 
0.01 1 0.107 O.CJ'H .0.543 .0.525 181:1 4800 
0.01 1 0.131 0.117 .0.354 .0.348 fG) ..8Q) 

0.01 1 0.141 0.135 .0.524 .0.512 1XD ·121D 
0.01 1 0.141 0.127 .0.5:38 .().524 2100 -120) 
0.01 1 0.141 0.127 .0.5:38 .0.5'24 2100 ·1200 

0.01 1 0.156 0.132 .0.558~241) ·1XD 
0.01 1 0.163 0.136 .0.539 .Q --=270J~-il--"~'3l)::.::::--t 
0.01 1 0.175 0.148 .0.413 -.;:29l~ti=-[)-;I--·~1SD::.::::--t 
0.01 1 0.188 0.137 .0.544 -=31=(1)=--r--·~1:::::700::--t 
0.01 1 0.199 0.174 .0.34 -:i2Sl=:[):-0-;l--·-::::1300::.::::--t 
0.01 1 0.187 0.131 .0.&:14 ~-+-_;31D:a::.:;0:-+-...:="2;::21;::00~ 
0.01 1 O.t:m 0.073 .0.34 .0.334 2000 .«X) 

31-HICI'" 0.01 1 0.15 0.127 .0.443 .0.431 23XJ -120) 
01 .,. 0.01 1 0.188 0.188 .0.319 .0.3>4 2000 -1500 

0.01 1 0.171 - .0.3061.(13421 191l0 ·1300 

1~~-;-~±~o~.01tt=J1t~o~.t~4~t = us .o.SB r+---';28~oo:--+---=·2l:~CJ;oo:........; 
~ 0.01 1 o.t42 118 .o.eee 2tiX) -4D 

07-sep..i 0.01 1 o.t18 .155 .o.635 4+-f-=21~m=---+--_-:21;;oo::--l 
0.01 1 0.111 I 0.143 .0.41 .0.462 2eOl -181:1 
0.01 1 0.17 I 0.141 .0.515 .Q.4M 29lX) -2100 



NORMAL POLARITY 
SPECIMEN t:zD 
IMPRESSEDVOlTAGE 1V 
DISTANCE BE1WEEN ELECTRODES (41N) 101.8mm 
ELECTROLYTE SOLUTION 11.3.5 NACL 
ELECTRODES EPOXY No.15 (6-8)rnl 
CLEAR COVER (1.111161N • 42.9mm) 
IMMERSION PERIOD .c; DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE POTENTIALES "r) 

DATE I VOLT ANODE CATHODE B.ECTRODE~ 
DO-MM-YY (mA) V ON OFF ON OFF ANODE DE 
27.J\1.92 D.01 1 0.143 0.13 .Q.C» -D.ai9 1300 -3100 
'?A..kd.m 0.01 1 0.138 0.121 -o.as1 -o.cs um 1 -3200 

~ 0.01 1 D.178 0.185 .0.107 .0.071 =l=t .3!D) 

3)..Jul.92 0.01 1 0.516 0.433 .0.486 -0..384 -1021X) 
31-Jul-92 0.01 1 0.152 0.143 .0.006 .0.085 -3D) 

01-Ata-4 0.01 1 0.173 0.186 .0.1CIS .0.071 7'00 .30) 

02-Aua- 0.01 1 0.11il9 0.184 .0.11 .0.078 1500 .30) 

CB-At.~~t~ 0.01 1 0.289 0.2£18 .0.141 .0.103 2100 .3f!ll) 

00-At.~~t~ 0.01 1 0.316 0.293 .0.177 .0.132 2300 -4D) 

10-A~ 0.01 1 0.323 0.297 ~ .0.137 2EDl ..OX) 

11.;\Ua-1 0.01 1 0.33 0.3J7 ~ .0.15 2300 ...e::o 
12..,. WQ. 0.01 1 0.347 0.323 .0.203 .0.155 2«0 -4800 

1 0.01 1 0.347 0.323 .0.203 .0.155 2«0 -'1100 
1 0.01 1 0.34) 0.322 .0.213 .0.186 2300 -47'00 
1 0.01 1 0.346 0.325 .0.206 .0.182 2100 ~ 
16-AUGJ 0.01 1 0.381 0.338 .().3}2 .0.153 2300 ~ 
17-AUG-' 0.01 1 0.416 0.387 .().221 .0.178 2SOO -4D) 

16-A~ 0.01 1 0.475 0.438 .0.248 .0.2 37'00 ...e::o 
19-A~ 0.01 1 0.397 0.374 ..(1229 .0.188 2300 -4100 20-A. 1 0.417 0.388 .0.23 .0.19 2900 ..4XX) 
21-Aug-9 1 0.479 0.449 .().248 .Q.3l8 3D) ..4XX) 

22- . 1 I 0.378 D.3B1 .0.228 .0.188 17'00 ..4XX) 

23-A 1 0.318 D.3B1 .(),228 .0.188 17'00 ..4XX) 

24-A 0.01 t 0.551 0.515 .0.314 -0..289 3f!IX) -4D) 

')I:;:_A,..._ 0.01 1 0.573 0.532 .0.314 -0.271 4100 ..OX) 

0.01 1 0.431 0 . .0 .0.245 .02111 2300 .38lJ) 

27-Aua-4 0.01 1 0.483 0.437 .0.24) -o.a 2ED) .3f!IX) 

0.01 1 0.581 0.544 .0.312 -0.274 37'00 .38lJ) 

0.01 1 0.392 0.378 .().229 .-0..202 1~«0 I -27(1) 
0.01 1 0.391 0.37e .0.228 .0.201 -27'00 

7- ;ep.. 0.01 1 0.398 0.381 .0.263 .()..236 -2BCD 
0.01 1 0.206 0.176 .0. 788 .0. 791 3XO I 300 
0.01 1 0.391 0.381 .0.2tl6 .0.241 1<m I -2«0 



c.a 

REVERSED POLARITY 
SPECIMEN 120 
IMPRESSED VOLTAGE 1V 

c DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUnON flrl3.5 NACL 
ELECTRODES EPOXY No.15 (6-S)ml 
CLEAR COVER W 111161N • 42.Qnm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

VOLT 
V OFF CATHODE 
1 .0.132 3XX) 

1 .0.138 3D) -1200 
1 0 .0.162 3SIX) -1500 
1 0.461 .0.448 -1a:m .80) 

1 0.064 .0.15 30) ·1200 
1 O.CJIT 0.162 3SIX) 14D 
1 0.071 .0.175 3SIX) -1500 
1 0.008 .0.2)1 3Em -tim 
1 0.05 .().tEn 37lD -1Em 
1 0.145 .0.254 9tD) -1Em 
1 0.216 .0.241 ta:m -ttm 
1 0.1 .0.'151 4100 ·2lXD 
1 0.1 .0.'251 4100 .2lXJ) 

1 0.128 .0.292 .48XJ -ZDJ 
1 0.131 .0.291 GX) ·2100 
1 0.188 .0.438 5D) .6«X) 

0.143 .0.318 .48XJ ·24D 
0.143 .0.318 .48XJ ·24D 
0.1E6 44JO .ZDJ 
0.1!9 .48XJ .3D) 

0.18 6X) -2m 
0.173 44JO .23CX) 

0.193 .0.434 .48XJ -3800 
0.1e5 .0.314 4XX) -2100 
0.163 .0.431 3SIX) 

0.205 .o . .s 4100 
0.205 .0.514 4D) .44JO 

.0.514 4D) .44JO 

.Q.s:B 6X) .3eCX) 

.0.527 6X) ...«XJ) 

.0.4!5 3D) ·2100 

.0.434 3Em .3D) 

.0.377 3D) ·17lD 
-0.389 30) ·14D 
.0.382 3211) ·10 
.0.384 2SOO -1Em 
.0.345 2100 ·1100 
~.482 sm -1900 
.().443 2800 -1Sl00 
.0.373 270) -1500 
.0.48 2Em -1m 

..Q.469 2Em -1m 

.0.383 2SOO -1:D) 

.o.e 27lD -am 
~.369 241) -14:1) 



DATE I VOLT 
DO-fJIM.YY (mAl V 
27..Ju1.92 0.01 1 
28-JW.Q2 0.01 1 
~ 0.01 1 
~ 0.01 1 
31..Jul.92 0.01 , 

01-Aua-4 0.01 1 
02 l.l.la" 0.01 1 

0.01 1 
0.01 1 

1'111:._ .... 0.01 1 
08-A~ 0.01 1 
07-Aua-4 12 0.01 1 

0.01 1 

mt=! 1 
1 

11-A 0.01 1 
12~2 0.01 1 
13-Aua-92 0.01 I 1 
1 0.01 1 
1 0.01 1 
18-Aua-4 0.01 1 
17-A~ 0.01 , 
1 0.01 1 
1 0.01 , 
20-Aua-4 0.01 1 
21-Aua-4 0.01 , 
22-Aug.Q 0.01 1 
!)':LI,, .... 0.01 1 
24-Auo-8 0.01 1 

0.01 1 
28-A~ 0.01 1 
27-Aua-4 0.01 1 

0.01 , 
=i 

, 
1 

31 lug-.4 1 
01 ~ 0.01 1 
02 ~ 0.01 1 

0.01 1 
" 0.01 1 
n= !aft. 0.01 1 

0.01 1 
rJ7 >eo-4 0.01 1 

0.01 1 
I' 0.01 1 

0 

NORMAL POLARITY 
SPECIMEN I2E 
IMPRESSED VOL TAG£ 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.emm 
ELECTROLYTE SOLUTION %3.5 NACL 
ELECTRODES EPOXY No.15 (6-8)1111 
CLEAR COVER (2" 1/!61N • 5'2.3Bmm) 
IMMERSION PERIOD 45 DAYS 
CONCRETEEMBEDDED·ANODE 

ELECTRODE POTENTIALES (1 I) 

ANODE CATHODE B.ECTRODE RESISTANCe 

ON OFF ON OFF ANODE CATHODE 
0.18 0.1elil .().0:37 .0.023 1100 -10 
0.195 0.183 .0.035 .0.026 1%.0 .«X) 

0.198 0.185 .0.038 .0.025 1100 -1100 
0.518 0.437 .0.483 .1\ -.:H I AUT .QZX) 

0.228 D.214 .0.043 .O.CJ2B 141) -19]) 
0.241 0.229 .().1C& .().tee 1%.0 ..QOO 

0.252 0.24 .0.154 .0.104 1%.0 ..SXX) 

0.28 0.268 .0.18 .0.1(6 1CX) .aD) 

0.247 0.215 .0.29 .0.154 3200 -138D 
0.38 0.291 .0.1elil .0.137 1800 .53X) 

0.319 0.3lt .().2(B .0.149 1800 ..54X) 

0.347 0.327 .0.'1D7 .0.156 2(XI) -6100 
0.347 0.327 .o:m .0.156 2(XI) -6100 
0.385 0.343 .().202 .0.149 2%.0 ..53X) 

0.388 0.382 .().213 .0.157 2«1) -6EO) 

0.382 ~.0.218 .0.18 2SD -6EO) 

D.398 .0.3» .0.182 2G) -4700 
0.398 0.374 .0.3» .0.182 2Cll -47CO 
0.412 0.389 .0.197 .0.152 zm ..6X) 

0.422 0.399 .0.1elil .0.145 zm -441) 

O.G 0.412 .0.187 .0.143 241) -441) 

0.441 0.418 .0.194 .0.14J • ..e:o 
O.G 0.412 .0.194 .0.14B ..«DJ 
0.413 0.388 .().21)1 .0.153 ..4d) 

0.4:17 0.382 .0.218 .0.17 2SD ..«DJ 
0.43 0.0 .0.2111 .0.161 2700 ..«DJ 
0.452 0.421 .().199 

~ 
-6100 

0. 0.421 .0.199 -6100 
0. 0.435 .0.2 -4lCX) 

O.«B 0.427 L .0.257 00 ~700 

0.472 .0.3:13 .0.274 5100 -2900 
0.483 .().229 .().174 3D)' .aD) 

0.487 o.e .0.214 .0.158 3200 .SEIXJ 
0.6 O.C26 .0.218 .0.183 3100 ..53X) 

0.41B 0.487 .0.199 .0.143 2!D) .SEIXJ 
0.4JJ 0.318 .o.suz ..Q.584 9100 a 
o.e 0.435 .0.185 .0.137 3D) ..4d) 

0.418 0.33 .0.585 ..0.584 eeoo -1C::O 
0.413 D.325 .o.sea .0.589 8800 100 
0.417 a .0.585 ..0.584 a:m -100 
O.«B .0.175 .0.127 3200 ..4d) 

0.47 .0.173 . .(),1"lA 
_..... -47CO 

0.4JJ ..O.SUZ .() 100 
0.477 0.433 .0.211 .0.188 40) ..6X) 

0.4)7 0.312 ..0.595 .0516 9500 100 



c 

C-10 

REVERSED POLARITY 
SPECMENI2E 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.f.llml 
ELECTROLYTE SOLUTION ilfl3.5 NACL 
ELECTRODES EPOXY No.15 (6-S)ml 
CLEAR COVER (2" 111 81N • 52.3&MI) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

1 1 
0.198 8100 
0.187 5n1 
0.199 5n1 
0.199 SXI) 
0.199 SXI) 

0.197 54D 
Q.D fBX) 

D.213 5ED) 

0.208 4700 
0.208 4700 
0.182 <&X) 

0.188 <&X) 

0.183 <&X) 

0.188 <&X) 

0.191 4700 
0.199 4lOO 
O.D 4700 
0.204 4700 
0.198 
0.198 
0.189 «<X) 

50) 

5700 
5700 
EliOO 
8fD) 
S'D) 
SXI) 
4lO') 

5000 
2!D) 

!DD 
SXI) 

4lOO 
4JD 
4XX) 
fBX) 

-14D 
-1100 
-1200 
-1200 
-1200 
-1200 
-1200 
-14D 
·1EI'O 
-1fll) 
-1700 
-1900 
-1900 
-ZUJ 
-2SX) 

-24D 
-2SD 
-2500 
-2100 
-2200 
-ZUJ 
-24D 
-ZUJ 
-ZUJ 
-2100 
-2200 
..2CD) 

-2Em 
-2700 
.3D) 

-3100 
-3100 
-3700 
-3500 
.331) 
.2SJ) 

-2Em 
-2700 
-2500 
-24D 
.3D) 
.3D) 
.331) 

-2700 
-2700 



DATE 
DD-MM-YY 
27.Jul.$2 

C-11 

NORMAL POlARITY 
SPECIMEN «M 
IIFRESSED VOL. TAGE 1V 
DISTANCE 8ElWEEN ELECTRODES (41N) 101.emm 
ELECTROLYTE SOLUTION CJI.3.S NACL 
ELECTRODES EPOXYNo.15(10.12)ml 
CLEAR COVER (71t61N ·11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED- ANODE 

ELECTRODE POTENTIALES f I) 
I VOLT ANODE CATHODE EI..ECTROOE RESISTANCE 

(mAl V ON OFF ON OFF ANODE CATHODE 
0.01 1 O.Q5 O.()ola -0.029 .0.018 100 -1100 

0.01 1 o.e 0.4i6 -0.148 .o.m2 =I= .60) 
0.01 1 0.9')8 0.411 -0.181 .o.cas 1 .asm 
o.ot t o.e o.c7 .o.s:z .o.e -67tX'J 
0.01 1 0.251 0.188 -0.133 -0.1» EllXI ...(3[0 

0.01 , HI Cl226 -0.118 -0.015 sm ...(3[0 

0.01 1 0.318 .Q.QJB -0.064 8C.D -2411 
0.01 1 0.185 .().()49 -0.038 200 -1100 
0.01 1 O.Cll8 O..c84 -0.033 -0.0'2.6 200 -700 

OS-A~ 0.01 1 O.tat 0.1 -0.038 __.Q.__~ 3XJ .S:O 
M..A•""- 1'.) 0.01 1 0.121 0.119 -0.047 --:o:a'if 200 .QX) 

07-A~ 0.01 1 Cl234 0231 -0.019 -0.068 3X) -131) 

1-:C&A~.p.~~:&-::;:.+~0.::01;.-t--:'!--1 Cl234 0.231 -0.019 -0.068 3X) -13XJ 
C&A~ 0.01 1 0.192 0.19 -0.102 -0.1»1 200 ·1100 
1 0.01 1 0.275 Q.27 -0.11 -0.1 fa) -tax> 
11-AI..IQ.Q 0.01 1 0.233 0227 -0.12 -0.107 fD) -13XJ. 
12-Auc:J.I 0.01 1 O::Z07 D.2D4 -0.152 -0.14 3XJ ·1200 
13-Aua-: 0.01 1 0:207 0.3)4 -0.152 .0.14 3X) -1200 
14-A~ 0.01 1 0.203 O::zot -0.154 -0.138 200 ·18C.D 
1llt. • ...._ 0.01 1 0.2:6 0.202 -0.171 -0.181 3X) -tax> 
,._ ..... 0.01 1 0.388 (l3E5 -0.178 -0.164 231) -1200 
17~ 0.01 1 0254 0~ -0.193 -0.187 fa) .fD) 

18-Aug-9 0.01 1 0.251 0.25"Z -0.188 -0.183 fa) .SX) 

1 D.01 1 D.227 0.221 -0.193 -0.164 fD) .QX) 

0.01 1 D.233 0.229 -0.112 -0.165 4Xl -700 

~:~ gE ~-:: : 
2 0.01 1 8C.D .fD) 

0.01 1 4l) .eoo 

n. ..... 
31 ...... 
01 SeD-

07iMD, 

0.01 1 0.2.67 Q.282 .0.232 -0.225 fa) ·700 
0.01 1 0.285 0.261 -0.223 -0.218 4l) ·700 
0.01 1 0.251 0..25'2 -0.235 -0.224 fa) ·1100 
0.01 1 D.256 D.25 -0.225 -0.215 fa) -tax> 
D.01 1 0.254 02<49 -0.247 -0.237 i -tax> 
0.01 1 D.201 0.1Sl6 -0.172 -0.168 .4)) 

D.01 1 D.201 0.1Sl6 -0.172 -0.168 .4)) 

0.01 1 0.225 D.22 -0.18 -0.171 fa) .eoo 
D.01 1 0245 0241 ..0.188 -0.18 «D .8l) 

0.01 1 0.242 0.239 -0219 .0215 3X) .4)) 

0.01 1 0.231 0.229 ..().208 -0.3)4 200 ·200 
0.01 1 0.229 0.227 -0.203 -0.202 200 -~ 
0.01 1 0.234 0.231 -0.214 .021 xo --:exr--1 
0.01 1 0.245 0.239 .Q.2D7 -0.20) 8X) -200 l 
0.01 1 0245 0215 -0.1f.9 -0.152 3XX) -700 l 



0 

C-12 

REVERSED POLARITY 
SPECIMEN I3A 
IMPRESSED VOl. TAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION %3.5 NACL 
ELECTRODES EPOXY No.15 (10-12)ml 
CLEAR COVER (7/16 IN· 11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

ELECTRODE POTENTIALES ('t 

DATE I VOLT CATHODE ANODE ELECTROOERESISTANCE 

00-MM·YY (mA) V ftlj OFF CATHODE ANODE 
27-Jul-92 0.01 1 -0.046 1700 -200 
28-Jul-92 0.01 1 -0.056 1000 ·100 
29..Jul..92 0.01 1 -0.053 1100 ·200 
30-Jul-92 0.01 1 -0.606 8100 -5100 

31-Jul-92 0.01 1 0.091 Ill 3000 -1000 

Hi 
001 1 0.121 9 4600 ·1200 

02: __:::;o;.:.;:o;..;1-4-...;1_...._..;;o.~13:;.,;,7-+-: 1 +--:3800:=:=---+--·~167:00:-:---1 
0 0.01 1 0.219 64 +---'5;;-:::500-==----t-"--.:.:1::::100':£---1 
OC:.Al.KJ...92 0.01 1 0.063 8 1400 -300 
M..Aoii'L92 0.01 1 0.042 0.036 -0.099 -0.101 600 200 
M.. ,......a'.) 0.01 1 0.05 0.042 -0.188 -0.184 800 -400 
07-Aua-92 0.01 1 0.072 0.062 -0.168 -0.168 1000 -200 
rut. •""-A2 0.01 1 0.072 0.062 -0.168 -0.168 1000 ·200 

Q9..Aug-92 0.01 1 0.088 0~ -0.169 700 -700 
10-Aug-92 0.01 1 0.11 0.097 -0.26 1300 -200 
11-Aug-92 0.01 1 0.117 0.105 -0.234 -0.227 1200 -700 
12-Aua-92 0.01 1 0.145 0.133 -0.194 -0.198 1200 400 
1 11.10-92 0.01 1 0.145 0.133 -0.194 -0.198 1200 400 
1 11.10-92 0.01 1 0.154 0.147 -0.196 -0.193 700 ·300 
1! 11.10-92 0.01 1 0.168 0.155 -0.198 -0.194 1300 -400 
18-Aua-92 0.01 1 0.177 0.162 -0.345 -0.34 1500 ·500 
17-Aua-92 0.01 1 0.201 0.185 -0.26 -0.252 1600 -800 

18-AI.Ig-92 0.01 1 0.186 0.174 ~~ -0.243 1200 900 

19-AI.Ig-92 0.01 1 0.164 0.157 ~~~-0~.22;::,....+--....;7:,.;00.;---+-600~---1 
'?ft. ...... 92 o.o1 1 o.1n o.1se -0.235 -0.231 400 ...coo 
21-Aua-92 0.01 1 0.199 0.187 -0.232 -0.227 1200 ·500 
22 0.01 1 0.2 0.191 -0.241 -0.239 900 ·200 
23-Aug-92 0.01 1 0.2 0.191 -0.241 -0.239 900 -200 
2<C-Aua-92 0.01 1 0.211 0.202 -0.249 -0.243 900 -600 

92 0.01 1 0.226 0.217 -0.264 -0.256 900 -800 
92 0.01 1 0.23 0.223 -0.256 -0.254 700 -200 

27-, 11.10-92 0.01 1 0.226 0.222 -0.256 -0.253 -300 
2 0.01 1 0.229 0.215 1400 -800 

92 0.01 1 0.225 0.214 1100 400 

31-Aua-92 
01-SeD-92 

04-Sep.-92 

07...Sep..92 
92 
92 

0.01 1 0.214 0.21 400 -700 
0.01 1 0.163 0.16 300 -200 
0.01 1 0.199 0.192 98 700 100 
0.01 1 0.153 0.149 92 400 -100 
0.01 1 0.193 0.178 -0.217 19 1500 200 
0.01 1 0.199 0.191 -0.209 11 800 200 
0.01 1 0.194 0.186 -0.215 -0.212 800 -300 
0.01 1 0.177 0.171 -0.214 -0.211 600 -300 
0.01 1 0.198 0.191 -0.226 -0.223 500 -300 
0.01 1 0.207 0.205 -0.222 -0.235 200 1300 
0.01 1 0.152 0.146 -0.209 -0.207 600 -200 



DATE 

27...ue2 

02-At.D' 

I VOLT 

C-13 

NORMAL POLARITY 
SPECIMEN138 
NPRESSED VOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION ~.5 NACL 
ELECTRODES EPOXY No.15 (10.12)mil 
CLEAR COVER (11/181N • 17.5mm) 
IMMERSION PERIOD 46 DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE POTENTIALES M 
ANODE CA THOOE ElECTRODE RESISTANCE 

(mA} V ON OFF ON OFF ANODE CATHODE 
0.01 1 0.014 0.01 .0.048 .0.04 CD .«1) 

0.01 1 0.125 0.006 .0.346 .()::JS7 2!D) ..aD 
0.01 1 0.256 0.221 .0.379 .0.3)5 30) -7«0 
0.01 1 0.«>4 0,34 .0.'337 .(),484 80) •1131:) I 

0.01 1 0.153 0.115 .0.315 .0.278 3800 -3700 
0.01 1 0.153 0.115 .().315 .0.278 3800 -3700 
0.01 1 0.137 0.1(5 .()275 .0.229 3200 ..4ID) 

0.01 1 0.25 0.218 .0.262 .0.22 3200 ..(D) 

0.01 1 ~ 3fD) .3D) 

..... 0.01 1 ===-+-~3200:::;:;----:1--.;.::-3~700~-1 
08-Aua-4 r2 0.01 1 . 3100 ..30) 

07-Af.D.S2 0.01 1 0.284 0.252 .()~7 .().275 3200 .320) 

• 

1 0.284 0.252 .0.3J7 .0.275 3200 .320) 

01 1 0.275 0246 .().341 .0.294 3D) -4700 
01 1 0.28 0.252 .().37 .().331 21I:D ..39J) 

17~wa.Q 0.01 1 0277 0.254 .0.355 .().322 2300 .3D) 

1.R. lii'L 0.01 1 0.163 0.126 .().338 .().3:8 3700 .3D) 

1C1 ·-- 0.01 1 0.135 0.114 .0.322 .().293 2100 .2!D) 

0.01 1 o. 136 o. 114 .o.312 .o.281 zm -3100 
21-Aug..~ 0.01 1 0.2'33 0.235 .().319 .().292 2«0 ·2700 

0.01 1 0.233 ~.21 .(). 2300 -=.30) 
0.01 1 0.21 2300 
0.01 1 0.24 .().3!9 .0.318 200) 

0.01 1 0.252 0. .0.392 .().348 2700 -4«1) 
0.01 1 0.256 0211 :HG .0.368 4500 -4100 
0.01 1 0.'257 0.237 .398 .0.3e5 200) .3D) 

0.01 1 0.269 o.238 .e .0.36 3100 -4500 
?C...& ....... 0.01 1 0.258 0.254 .0.414 .0.37~+--::«D:'S,---1----'::-4«1):::::::::--1 

0.01 1 0.239 0215 .(). -+--;::2«D='=---ii--..4SJ-:::::::OO<:---I 
0.01 1 0.256 0.235 -+---.:::.:31=0=-0 --+-·:::261:00=-.....,. 
0.01 1 0.256 0237 -+-~'900==--+--2=:«D=---~ 
0.01 1 0.313 0.296 ::-+---:1:.:700:::---t---:·29~C;;;:O---: 
0.01 1 0.3)6 0.291 :-~-----:1c:!m::---t-.........;.::-6:::;100=---l 
0.01 1 0~ 0.283 .0.396 =-+~1:.:::900=--+~-391==00:--1 
0.01 1 0.2SB 0.282 .().417 :....r'--::1-::Em:::--t---:-381==:00:--1 
0.01 1 0.296 0.28 .0.415 1«0 ..35(1) 

0.01 1 0.289 0.272 .0.443 .O.S7 11'00 ..4EIJ) 

0.01 1 0.284 0.268 .0.4S7 .0.4:» 1«0 ...48Q) 

0.01 I 1 0.278 0.266 .0.443 .o.c 1200 -4200 



C-14 

REVERSED POLARnY 
SPECIMEN 138 

, .. -·~ IMPRESSED VOLTAGE 1V 

0 
DISTANCE BETWEEN ELECTRODES (<41N) 101 .emm 
ELECTROLYTE SOlUTION «Jff3.5 NACL 
ELECTRODES EPOXY No.15 (10..12)1111 
CLEAR COVER (11/161N w 17.5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETEEMBEOOED·CATHOOE 

ELECTRODE POTENTIALES 
VOLT CATHODE ANODE EL.ECTRODE RESISTANCE 

V ON OFF ON OFF CATHODE ANODE 
1 0.448 0.341 .0.12 ..0.115 10700 ..s:o 
1 0.339 0.272 .0.15 ..0.117 .3JX) 

1 0.361 0.288 -0.164 .().136 -2500 
1 0.549 0.443 -0.453 ..0.383 -7tXD 
1 O.D 0.28 .0.23 .0.19 ..4D) 

1 0.288 0.253 ..0.246 ..0.211 ..3«X) 

1 0.262 0.214 ..0.262 .().221 -4100 
1 0.246 0.202 .().1Q) .().(83 .zm 
1 0.273 0.231 -0.115 ..0.003 .zm 
1 0.281 0.232 .0.14 -0.133 -700 
1 0.284 0.233 -0.16 .0.13 .3D) 

1 03)7 0.257 -0.143 .().134 .al) 

0.~ 0.257 ..0.143 .0.134 .al) 

0.332 0.276 ..0.155 .0.14 -1500 
1 0.361 0.297 -0.18 .0.17 -1ax> 
1 0.322 -0.172 ..0.147 .2fD) 

1 0.338 -1100 
1 0.338 -1100 
1 0.362 ·2«D 
1 0.329 0.28 -2100 

0.01 1 0.333 0.282 wZD) 

0.01 1 0.352 03)1 -10 
0.01 1 0.338 0.287 -zm 
0.()1 1 0.3l2 0.8 -2100 
0.01 1 0.3l2 0.266 -1100 
0.01 1 0.327 0.284 -10 
0.01 1 0.368 0.314 -tax> 
0.01 1 0.368 0.314 -tax> 
0.01 1 0.348 0.317 -ZJD 
0.01 1 0.391 0.338 -2100 
0.01 1 0.4J7 0.353 -14D 
0.01 1 0.394 0.339 -2800 
0.01 1 o.a 0.361 ..3CIXJ 
0.01 1 0.399 0.346 5D) .23)) 

0.01 1 0.393 0.332 6100 ·10 
0.01 1 0.374 0.297 7700 -1500 
0.01 1 0.376 0.3 7lD) ·1XD 
0.01 1 0.382 0.336 4700 -14X) 

1 0.385 0.342 .ClX) -1700 
1 0.393 0.35 .ClX) -1a:o 
1 0.416 0.413 XI) -8l) 

1 0.418 0.414 4D -8l) 

1 0.443 0.392 5100 -10 
1 0.436 0.3135 5100 -1100 
1 0.437 0.366 5100 -2100 



c 
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C-15 

NORMAL POLARITY 
SPECIMEN I3C 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION ~5 NACL 
ELECTRODES EPOXYNo.15(1Q.12)ml 
CLEAR COVER W 3f161N - :Jl2nVn) 
IMMERSION PERIOD E DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODRENTIALES M 
DATE I VOLT ANODE CATHODE ELECTRODERESISTANCE 

1-:D::-::D::=:a~M.:-:::A YY~..._l,....lmA+~l:-+~::;.V:o;:.:.-~:.:.O;,:;N~-...,O"""F==F:-- ON OFF ANODE CATHODE 

27-.kl82 0.01 1 0.292 0.2ll9 -O.Cii6 -0.046 ZJX) -1100 

28-J\1.92 0.01 1 0.322 0.313 -0.075 .().()68 29X) ..eoo 
29-JII-82 0.01 1 0.238 0.228 .o.as -0.042 1200 .aoo 
:J)..u.a2 0.01 1 0.522 0.462 -0.481 -0.418 s:m .&IX) 

31..J\.1.92 0.01 1 0.2E6 0.252 -0.047 -0.038 13XJ ..eoo 
01-AlOBl 0.01 1 0.351 0.329 -0.076 -O.oe5 2a'D -1100 

02-iWa-a o.01 1 o.431 o . .m .o.me -0.079 2IIXl -noo 

(73, '-' 0.01 1 0.517 0.47 -0.1-48 -0.134 4100 -1«0 
0.01 1 0.511 0.476 -O.Cll4 -0.07 3500 -1«0 
0.01 1 0.527 0.498 -O.Il'IS -0.07 3100 -1800 

M.~ ..... 

07 ~ 
o.01 1 o.s o.523 ~5 sem -1s:n 
0.01 1 0.62 0.578 4G) -2100 
0.01 1 0.62 0.578 . .13 4G) -2100 
0.01 1 0.646 O.fll) ..Q.Q35 -0!157 4100 -1800 

1n...&...... 0.01 1 0.&0 0.699 -0.115 -O.QM 4«D -2100 

11-i~ 0.01 1 • O.Sil -0.12 -0.095 3700 -2SOD 
12-i~ 0.01 1 0.5Eii -0.004 -0.074 4100 -z:m 
1 0.01 1 0.565 -0.004 -0.074 4100 .z:D) 

1 0.01 1 0.814 0.568 -O.a38 -O.oe5 «D) .2:0) 

1 _.&,..._ 0.01 1 0.0 0.568 -0.1a5 -O.c:& 4Dl -1fm 

16-~ 0.01 , 0.641 0.593 -0.00 -0.071 I .48CX) -1900 

~17~~~~~o~.01~l==!'==~o~.675~=t~o.~81~et!=.o~.~as~ ~ -20CD 
t-1 0.01 1 O.EIB 0.642 -0.078 3SOO -80D 
1s.,~ 0.01 1 o.e o.915 .o.oas .o.04 .cm -2SOD 
~......... 0.01 1 0.825 0.582 -0.076 -O.as7 4Dl ·1900 
21~ 0.01 1 0.622 0.519 -0.071 .Q.a54 4Dl -1700 
22-Au;.G 0.01 1 0.628 0.585 -0.072 -0.(1515 4Dl -1700 
23-AI..Ia-82 0.01 1 0.628 0.585 -0.072 -O.C&S 4Dl ·1700 
24-AI»82 0.01 1 0.635 0.938 -0.075 -O.OEIS 3900 ..eOD 

0.01 1 0.66'2 0.626 -O.a54 -0.04 3ID) -1«0 
26-Aug. 0.01 1 0.89'1 O.EI63 -0.042 -0.026 3BCD -14D) 
27-Ac,a. 0.01 1 O.fl57 0.818 -O.a51 -O.m4 4100 ·1700 
28-Aug. 0.01 1 0.656 0.621 -0.062 -0.042 350D -z:m 
~·, 0.01 1 o.662 0.817 .o.oas .o.oo 3500 -1800 
»Aug. 0.01 1 0.639 O.ED2 -0.06 -0.041 3700 ·1900 

31-Auo-11 i 0.01 1 -0.067m±. .cm ·1700 
01~ 0.01 1 -0.07 .cm -1700 

~02~~~..seo.~a=~o~.01Etj1b:tll= .o.o75 -1ro -1eoo m !- D.D1 1 0.812 0.564 -0.069 -O.CS2 3BCD -1700 
0.01 1 O.Sili -O.CIIIS -0.078 3900 ·1900 

r'l': ~ 0.01 1 -O.Cll4 .Q.Ofl8 .cm. ·14D) 
nA ~ 0.01 1 o. .579 -O.tm -O.a:B .cm -1100 

o7o~ifll> 0.01 1 o. o.57 -0.12 .o.1as -=+ -1500 
0.01 1 0. 0.564 -0.100 -O.<m -z:m 
0.01 1 0.915 0.51:9 -0.142 -0.127 3EDl -1fm 



C-18 

REVERSED POLARITY 
SPECIMEN t3C 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION US NACL 
ELECTRODES EPOXY No.15 (10-12)ml 
CLEAR COVER W 3118 IN ·3>.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 



0 

C.17 

NORMAL POLARITY 
SPECIMEN 130 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.ctnm 
ELECTROLYTE SOLUTION Cfll3.5 NACL 
ELECTRODES EPOXY No.15 (10-12)ml 
CLEAR COVER (2" 11161N • 52.38mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE 
VOLT ANODE 

V ON CATHODE 
1 0.328 
1 0.324 
1 0.328 
1 0.533 
1 O.G 
1 O.G 
1 O.G 
1 0.549 
1 o.sas 
1 0.479 
1 0.487 
1 0.526 
1 0.528 
1 D.576 
1 0.585 
1 0.552 
1 0.£92 
1 0.£92 
1 0.579 
1 0.588 
1 0.599 
1 O.Em 
1 D.581 
1 0.55 

1 

1 

1 
1 
1 
1 
1 
1 
1 
1 

D.see 
0.563 
0.564 
0.5£& 
D.547 
0.548 
D.552 
0.547 
o.524 

o.524 
0.52 
D.9J7 
O.Sl6 

-1100 

Hm 
1800 

-3100 
2100 
2100 

17Q) 
17m 
14D 
17m 
17m 
14X) 



c 

DATE I VOLT 
DD-MM-YY {mA) V 
27.Ju~ 0.01 1 
21hJ~ 0.01 1 
29-.J~ 0.01 1 
~ 0.01 1 
31.Juf..92 0.01 1 
01~ 0.01 1 
02-Auo.QZ 0.01 1 
m-Auo.QZ 0.01 1 
OMuo-92 0.01 1 
m-Auo-92 0.01 1 
06-Auo-92 0.01 1 
07-AI.IO-l 0.01 1 
aJ-Aua-: 0.01 1 
09-Aug.: 0.01 1 
10-AUG-1 0.01 1 
11-Aug..i 0.01 1 
12-Aug..i 0.01 1 
13-Aug..l 0.01 1 
14-Aug..i 0.01 1 
15-Aug..l 0.01 1 
16-Aug..i 0.01 1 
17-Aug..i 0.01 1 
18-Aug.Q2 0.01 1 
19-Aug-9 0.01 1 
20-Aug-9 0.01 1 
21-Aua-9 0.01 1 
22-Aua-9 0.01 1 
ZMua-92 0.01 1 
24-Aug-92 0.01 1 
25-Aug-92 0.01 1 
26-Auo-92 0.01 1 
27-Auo.QZ 0.01 1 
28-Auo-92 0.01 1 
29-Aua-U2 0.01 1 
»Aua-! rl 0.01 1 
31-A~ rl 0.01 1 
01.; lep..l ~ 0.01 1 
02 ~~ 0.01 1 

D.01 1 
0.01 1 
0.01 1 
0.01 1 

07-sep..E 0.01 1 
0.01 1 
0.01 1 

c 

C-18 

REVERSED POLARITY 
SPECIMEN 130 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.flrnm 
ELECTROlYTE SOLUTION 1163.5 NACL 
ELECTRODES EPOXY No.15 (10-12)ml 
CLEAR COVER (2" 11161N • 52.3Smm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

ELECTRODE POTENTIALES C n 
CATHODE ANODE aECTROOE RESISTANCE 

ON OFF ON OFF CATHODE ANODE 
0.232 0.2/J7 ..0.322 ..0.326 2SX) CXJ 
0.2/J7 0.21 ..0.323 ..0.321 .3:1) -200 
0.194 0.202 ..0.323 ..0.319 -eoo -CXJ 
0.445 0.433 ..0.558 ..0.548 1200 .1(lX) 

0.22 0.236 ..0.4)2 ..Q.G -1Em 7tO 
0.196 0.211 ..0.415 .{).413 -1SD 800 
0.174 0.186 ..Q.O .{).415 -1200 7tO 
0.18 0.196 ..0.536 ..0.542 -1~ ~ 

0.2/J1 0.219 ..Q.fm .{).511 -1800 800 
0.323 0.25 ..0.479 .{).492 7.D) 13:1) 
0.325 0.263 ..0.504 ..0.514 6200 1COO 
0.324 0.279 ..0.532 .{).542 4500 1COO 
0.324 0.279 ..0.532 .{).542 4500 1COO 
0.324 0.292 .{).5'76 ..0.585 3200 900 
0.323 0.296 ..0.59 .{).591 2SX) 100 
0.313 0.321 ..0.565 .{).565 -1800 1COO 
0.287 0.3>1 ..0.593 ..Q.Eil2 -1CXJ 900 
0.287 0.3>1 ..0.593 .{).002 -1CXJ 900 
0.3 0.313 ..0.579 ..0.587 -13:1) 800 

o.n 0.323 ..0.587 ..0.595 -1CXJ 800 
0.~7 0.322 ..Q.ED1 .{).61 -1SD 900 
0.~ 0.315 .{).002 .{).S:S -13D 7tO 
0.331 0.342 ..0.581 .{).59 ·1100 900 
0.344 0.348 ..0.551 ..Q.$7 -CXJ ~ 
0.364 0.368 ..0.548 .{).552 -CXJ ~ 
0.362 0.31:5 ..0.552 ..0.58 .3:1) 800 
0.378 0.378 ..0.545 ..0.551 -200 ~ 
0.376 0.378 ..0.545 4551 -200 ~ 
0.31:5 0.362 ..0.565 ..Q.$7 3l) 200 
0.381 0.38 ..0.565 .{).58 100 SD 
0.372 0.369 ..0.569 ..0.575 3l) ~ 
0.374 0.379 ..Q.S7 .0.573 .SX) 3l) 

0.371 0.372 .0.563 ..0.567 -100 CXJ 
0.367 0.368 .0.561 4567 -100 ~ 
0.378 0.38 ..0.562 .0.567 ·200 SD 
0.381 0.384 .0.547 .0.554 .3:1) 7tO 
0.381 0.384 .0.547 .0.554 .3:1) 7tO 
0.366 0.361 .0.551 .0.556 500 500 
0.371 0.367 .0.549 .{).!5515 CXJ ~ 
0.398 0.394 .0.528 .0.534 CXJ ~ 
0.41 O.ifl7 .0.53 .{).537 3l) 7tO 
0.0 O.«l6 .0.528 .0.535 200 7tO 
0.415 0.412 ..0.525 .0.531 3l) ~ 
0.429 0.43 .0.008 .0.517 -100 900 
0.421 0.417 .0.512 .0.514 CXJ 200 



c 

D-0 

APPENDIX D 

TEST SERIES N~- 4 AND N~- 5 

POTENTIAL 

AND 

CURRENT MEASUREMENTS 



NORMALPOI.ARJTV 
SPECIMEN I4A 
IMf'RESSEDVOLTAGE 1V 
DISTANCE BE'IWEEN ELECTRODES (41N) 101.tlmm 
ELECTROLYTE SOLU110N '1,3.5 NACL 
ELECTRODES NON EPOXY No. 15 
CLEAR COVER (71161N ·11.1nvn) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·ANODE 



c 

IDJ 

... 

\M. 

\M. 

\M. 

I 

REVERSED POLARITY 
SPECIMEN I4A 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&rln 
ELECTROLYTE SOLUTION «1(.3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (71161N • 11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·CATHODE 

El :" • KuuE Pure .... ,.,..LEs fl n 
VOLT CAT OOE ANO[tt:= IB..t:c 

CmA V ON OFf ON 0 FF ot -ANOOI 

1.24 
1.14 
1.28 
1.43 
1.43 
1. 51 
1 33 
1 :13 
1 33 
1 33 
161 
161 

1 0. 0. t 1.637 2! 

0.5113 0.€04 ~ 1: • 4~ 
0.992 1.54 0.432 01546 O.Sil I ., 1.6 

1.82 eta lAB 0.429 14:16 i!fi ..; H 
1.94 1.98 .51 0.437 lB tl!DS ..; i7 



DATE 
DO-MM-YY 
21..; !lep.Q 
22..; )ep.9 

2 

27 ~ 

~ :-. 
01-0ct-82 
02-0ct-82 
Q'3-0ct.Q2 
04-()c:t.Q2 
(6-0ct.Q2 
06-0ct.Q2 
07-0ct-82 
06-0ct.Q2 
C&Od-82 
1Q.Oct.Q2 
11-0ct-82 
12-0ct-82 
13-()d..Q2 
14-0ct-82 

I 15-0et-82 
17-0ct-82 
18-0d.Q2 
19-0ct-82 
20.()d.Q2 
21-0ct-82 

• 25-0ct-82 
26-0cl-82 
27-0ct-82 
28-0d-82 
29-0c::t-82 
30-0ct-82 
31-0ct.Q2 
01-Nov-82 
02-No¥.Q2 
Q3.Nov.Q2 
04-Nov.Q2 

D-3 

NORMAL POLARITY 
SPECIMEN141 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&Tm 
ELECTROLYTE SOLUTION 1153.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (11/t61N -17.5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71- ANODE 

ELECTRODE POTENTIALES nn 
I I VOLT ANODE CATHODE ELEC1ROOE RESISTANCE 

finAl • ON I OFF ON OFF ANODE I CATHODE 
1.2 O.c85 I .{1.63 -1.0'3 -1.02 

+16.99 I 
-8.33 

1.47 0.171 1.{1.636 -1.04 -1.0'3 -6.80 
1.86 0.133 .a:» -1.02 -1 -12.(6 
1.42 0.994 0.1 -1.D4 ·1.02 492.25 -14.(8 
~ 0.129 .fJ.57 ·1.04 -1.02 492.25 ·14.(8 

0.121 .{1.548 -1.(6 -1.0'3 514.82 -15.38 
1.35 0.&93 o.c:m .fJ.545 .{J.994 .{J!Jl 412.S9 -17.78 
1.53 0.&93 0.125 .{J.547 .()JS .{1.912 439.22 -28.10 
1.15 0.995 0.12 .{1.543 .O.f1S1 .0.78 578.52 -68.96 
1.32 0.994 0.117 .fJ.$6 .{J.933 .fJ.871 S:S.85 -4897 
1.32 0.994 0.117 .0.$6 .{1.933 ..0.871 5».85 -48S7 
1.54 o.an 0.101 .{1.551 -1.a:i ..0.932 423.38 -76.82 
1.3 O.S94 0.11 .{1,53 .{1.96 .fJ.ee 492.31 -61.54 
1.17 O.S94 O.C52 ..0.552 .fJ.OOS .0.85 516.24 -47JJ/J 
1.06 0.995 o.e .{).53 .()JJ17 .0.835 sm.oo -68.<49 
1.03 0.9915 O.CIJ8 ..0.549 .0.958 .{1.904 618.45 -53.4) 
1.32 0.993 o.m .0.56 .{1.917 .{J.83 qJ.27 ..ers.91 
1.32 0.993 o.m .fJ.SS .{1.917 .{1.83 m.21 ..ers.91 
1.2 o.sw:a OJ:S7 .0.9«» .{1.856 512.&» -74.17 
1.11 o.sw:a o.c:s .{J.522 .{1.946 .{1.846 561.35 .QO.C:S 
1.08 0.994 0.118 .{1.541 .fJ.D«i .{1.819 0.33 ·118.87 
1.2 

11=ij015 
.{J.389 .{J.819 .fJ.81 338.87 

it 1.07 0 .028 .fJ.E .0.87 .0.81 458.88 
1.08 0 0.(96 -0.516 .fJ.B3 .{J.8(JJ 568.87 
1.(8 0.9915 0.115 .fJ.533 .fJ.966 .0.842 fD).OO ·114.81 
1.08 0.995 0.(96 .0.539 -O.!iES .0.815 587.96 -129.83 
1.08 0.995 0.(96 .{J.S39 .O.!iES -0.815 587.96 -129.63 
1.08 0.995 0.11 .0.518 .0.975 .fJ.832 

~l:t 
·132.41 

1.3 o.an o.c:sa .{J.54 -1.15 .0.19 -276.92 
1.5 0.912 0.1<49 .0.574 -1.1 ..().82 -186.87 
1.5 0.992 0.1<49 ..0.574 -1.1 .{1,82 c.m -188.67 

1.28 OJW:a 0.1<49 .o.sas -1.(9 .0.876 557.81 . ·167.19 
1.44 0.992 0.104 -0.54 -1.a:i .0.83 447.22 -152.78 
1.44 0.992 0.072 -0.418 -1.(8 .0.795 395.83 ·184.0'3 
1.25 0.912 0.115 .{J,544 -1 .fJ.764 527.20 -188.80 
1.25 o.an 0.083 .0.4!16 -1.0'3 ..0.786 439.20 ·1Sii20 
1.25 o.an 0.13 ..0.567 -1.(9 .0.7fST 549.80 -258.4) 
1.25 0.993 0.13 ..0.558 -1.C9 ..0.7frl 548.80 -258.4) 
1.27 0.982 0.152 ..0.572 -U4 .0.78 510.08 -283.48 
1.27 0.992 0.152 ..0.572 -1.14 -0.78 5i0.08 -283.48 

1 0.994 O.CIJ8 .fJ.545 -1.(8 .0.788 633.00 -294.00 
0.99 0.994 O.a!) .{J.!m -1.0'3 -0.761 546.48 -271.72 
1.35 0.912 0.113 ..0.552 -U ..0.732 4J2S ·272.58 
1.3:> 0.992 0.123 ..0.542 -1.11 ..0.738 4J2S -2n.04 
1.3:> 0.992 0.123 ..0.542 -1.11 .{1.73 492.59 -281.45 



REVERSED POLARITY 
SPECIIIEN 148 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION 'W13.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (111161N -17.5mm) 
IMMERSION PERIOD 45 DA VS 
CONCRETE EMBEDDED COVERED BY SIKA 71- CA THOOE 

ELECTRODE POTENTIALES M 
DATE I VOLT CATHODE ANODE ELECTROOE RESISTANCE 

00-MM-YY {mAl V ON OFF ON OfF CATHODE ANODE 
21-s.e2 2.18 D.983 1.8 0.644 0.652 o.ea:z 442.59 -18.52 
22-s.e2 3.38 0.968 1.82 0.578 0.824 0.1394 3:8.28 -20.71 

3.2 0.956 Ul6 0.561 0.668 o.es7 

• 
-9.(18 

2 3.28 OSJS 1.55 0.542 0.703 n139 -10.98 
rl 3.28 OSlS 1.55 0.542 0.703 0.739 -10.98 

2.58 0.984 1.21 0.527 0.212 0.7CZ -2ai.43 

~2.58 0.984 1.55 0.518 0.668 nfll8 -15.!1) 
2.52 0.984 1.44 0.518 0.822 O.eB2 365.87 -23.81 
2.52 0.984 Ul5 0.8l3 0.6184 0.703 415.48 -15.48 
2.-48 0.984 1.58 0.&& 0.648 O.EB3 431.85 -18.15 

01..()c:t..Q2 2.48 0.984 1.58 0.&& 0.648 O.EB3 431.85 -18.15 
02..()ct..Q2 2.49 0.982 1.63 0.563 0.663 0.817 428.51 -17.67 
Q3-0ct-92 2.45 0.982 1.64 0.561 0.661 0.704 +«>.41 -17.55 
04..()c:t..Q2 2.43 0.982 1.64 0.581 0.671 0.105 444.03 -13.99 
a5-0ct-92 2.43 0.982 1.64 O.!XIS 0.671 0.105 446.9J -13.99 
06-0c:t-92 2.43 0.982 1.64 0.55 0.663 0.& 448.56 -14.«> 
07..()c:t..Q2 2.43 0.982 1.82 0.537 O.EI5 0.1394 445.EI8 -18.11 
CS-Oct-9.2 2.43 0.982 1.82 ~ O.EI5 0.694 445.EI8 -18.11 
OO-Oet-92 3.22 0.986 1.66 O.E64 o.ees 11 ·12.73 
10-0ct-92 3.1 0.973 1.64 0.565 0.648 0.1394 -14.84 
11..()c:t-Q2 2.55 0.985 1.83 0.537 0.667 0.708 -15.29 
12..()c:t..Q2 2.9 0.983 1.66 0.534 0.663 0.704 388.28 -14.14 
13..()c:t-92 2.57 0.985 1.82 O.S3B 0.641 o.ea:z 421.01 -UJ.84 
14..()c:t.Q2 2.72 n978 1.EI5 0.545 0.668 o:m 4J8.25 -17.28 
15..()c:t-92 2.EI5 0.985 1.63 0.534 0.5 0.105 413.58 -18.87 
16-0d-92 2.72 0.91J5 1.01 0.531 0.665 0.105 178.10 -14.71 

HBf 2.
72 HI 1.01 0.531 0.665 0.105 176.10 -14.71 

2.72 1.65 0.55 0.663 0.817 4>4.41 -18.18 
2.72 . 1.64 ...... , 0.630 ne l=t397.78 ·20.98 

20-0ct-Q2 2.72 0.91J5 1.64 O.EI54 0.1 397.43 -18.01 
21..()c:t..Q2 2.72 0.91J5 1.64 0.654 o:~ 397.43 -18.01 
22..()c:t-Q2 2.71 0.985 1.81 0.639 0.698 300.41 -21.03 
23..()c:t..Q2 2.52 0.91J5 1.64 0.53 0.645 O.EI97 44J.48 -20.63 
24..()c:t-Q2 2.52 0.91J5 1.65 0.537 0.615 o.ees 441.67 ·27.78 
25-0ct-9.2 2.8 0.984 1.63 0.495 0.636 O.e91 436.54 -21.15 
26-0ct-9.2 2.55 0.985 1.64 0.55 0.843 n7 427.45 ·22.35 
27..()c:t-Q2 2.55 0.91J5 1.88 0.543 0.666 n713 438.04 -18.43 
28-0ct..Q2 2.55 0.985 1.86 0.543 o.eee 0.713m -18.43 
29-0et-9.2 2.71 D.9IJ5 1.66 0.54 0.661 0.712 -18.82 

• 
2.71 HI Ul6 0.54 0.661 n712 ·18.82 
2.71 1.65 0.545 0.668 0.706 «>7.75 ·18.45 
2.71 U5 0.558 Q.655 nu -19.93 
2.89 0.91J5 1.68 0.542 o.s 0.714 415.151 -20.45 
2.EI9 . 0.91J5 1.64 0.&8 0.636 0.681 G.95 -17.10 

I 04-Nov-82 2.89 0.985 1.64 0.548 0.635 0.691 e.ss -20.82 



c 

'\io • 

0.58 
0.!1.2 

f-vc:ll" 11.: 0. 12 

NORMAL POLARITY 
SPECIMEN M: 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&mt 
ELECTROLYTE SOLUTION %3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (131161N- Zl.Smm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 -ANODE 

Elr:. II"'.UUt I"U I I:N IIALES M 
VOLT AI\ ODE I..IAI uur:. IElH JK"UUt ~II'IM;t: I 

V OF~ ON OFF ANODE CA ~ 

!6 .( 2 -1 ).• -1 :2.1!8 
!6 .( 2 -1 J.• -142_88-
~ o~ ~net 

1.188 .( 5 -1 SE • S7 ~ -12 13 
1.188 .(1.332 -4 I J.e S1 !l1: ) -11! 52 
1.24'S .0.289 --« 1,7'tl5 .0.641 ~ -· 

( 1.2m .0.284 -41.7tE .0.641 11:11 

) ~ t14 .o.~ 1 .o.. m~ .o.B:! 

\loo -1 -1 -1 812.1! -158.! 

c r3 
"-t. c 18 

c :9 

0.7' 
n. "-t. Q7~ 

31-0c:t• 0.61 
loY- 0.7! 

0.75 
0.83 
0.83 

l m t.z .o. ns .o.e11 re it =t !D.27 
01115 o~236 B2 -10.737 o. ~e M -1 m5 
01115 0. 24 -1 .78 -10.145 Qj -1 jj 
0.995 0. Z3 -1 78 -10.75'i 0. -1! ~7'5 
t>.995 D.i!3 -4 78 -lt>.75 -it>. -1l c7S 
O.Sil J. -4J.751 -1 H -1! '.1 
0. )~ .. 
0. I -1 

0. ().: .. 
0. o.z .0.29 -1 .. J.i 
OJi/JT 0.2?4 .0.286 . .:0.726 :.O:i:lle 
OJ197 0.274 .0.286 -ill. 726 .038 

714. 
867.1 
867.14 

-: 



6 

w. 

u 
( 

REVERSED POLARITY 
SPECIMEN I4C 
IMPRESSEDVOLTAGE tV 
DISTANCE BETWEEN ELECTRODES (41N) 101.flrnm 
ELECTROLYTE SOLUTION qf,3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (131161N • 20.8nm) 
IMMERSION PERIOD E DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·CATHODE 

El :t.. I RVUI; r"V !ll;l"f II'ILES (11) 
T VOLT l..il'\lnvt. ANO[tE !et 

imAf V C: N _Q ON OFF CA TH~ DE ANODE 
i:~ . .:3 !f 1 .4 .Q. 0.646 O.E54 ~ 

~~ i~ll.~.rr 
"f1 0: :l C 1.41 8lS O.fl 17 fl t.4 -: 
!f 0_gQ2 1.41 ::1. ~ l.fl 7 4 -: 

1 M 1.4 -: 

2.1 0.:18 6 u .: 
2 OJB I.S1 0.3i !4 1.51 S. [)) ~ 

2 
2 

2. 17 

.51 

.51 

); ..; 

~.502 .... ' 
L• l.f I) 1.51!18 ~ 
1.394 11 it c 1.s 13 sau 
1. 41 ; t.f 14 a 5153.61 

).531 g; f 
JB!B E 



D-7 

NORMAL POLARITY 
SPECIMEN M) 

~!PRESSED VOLTAGE 1 V 

0 DISTANCE BETWEEN ELECTRODES (<41N) 101.6mm 
ELECTROLYTE SOLUTION 1li3.5 NA.Cl 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1.11161N- 28.93mm) 
MAERSION PERIOD <45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71- ANODE 

ELECTRODE POTENT1ALES 
VOLT ANODE CATHODE ANCE 

V ON OFF ON OFF CATHODE 
1.01 0.073 ..(),(84 -1.02 -1.03 um.m 

1 0.242 ..().742 -1.11 ·1.1 ·19.23 
O£JJT 0.302 .0.'737 -1.16 -1.15 -16.13 
0.998 0.449 .0.549 ..0.526 -29.49 
0.998 0.448 ..0.549 ..().528 -29.49 
o.sas 0.684 ..Q.28 .Q.2S -62.50 
O.oo& 0.715 .0.2:25 .0.18 -EI6.74 
oms 0.8!1 .0.156 ..0.122 -80.49 
OJJJ7 0.848 .0.16 ..0.119 -63.87 
oms 0.856 ..0.141 ..0.1(8 -11D.34 
0.998 0.856 -0.141 -0.100 ·110.34 
0.998 0.867 -0.13 .0.1C:S .a..21 
0.998 0.87 -0.126 ..0.101 .a..21 
0.998 0.858 -0.148 ..0.008 -148.57 
0.998 0.88 ..0.116 -0.002 -82.78 
oms 0.884 -0.100 .0.00 -8).52 

O£JJT ..0.122 ..0.098 -61.90 
O£JJT ..0.122 .Q.098 -61.9) 

O£JJT .().147 -0.111 -84.74 
O£JJT -0.148 -0.119 -78.32 
O£JJT -0.153 -0.123 -78.95 
O£JJT -0.159 -0.125 -87.16 
01JJ7 -0.159 ..0.13 -80.56 
O.fS7 -0.17 -0.142 -82.36 
01JJ7 .0.173 -0.146 -19.41 
OJB7 .().355 -0.34 -33.33 
0.998 .().647 ..0.624 -m.m 

..0.647 -0.624 -m.m 
O.Sl98 -0.647 -0.624 .mm 
0.998 -0.647 -0.624 .a:>.m 
o.sas -0.647 ..0.624 .a:>. m 
0.998 ..0.647 ..0.624 .a:>.m 
0.998 .0.647 -0.624 .a:>.m 

0.46 0.998 -0.647 -0.624 .a:>.m 
0.46 0.998 -0.647 -0.624 .a:>.m 
0.46 0.998 ..0.647 -0.624 .mm 
0.46 0.998 -0.647 -0.624 -m.m 
0.416 o.sao -0.647 -0..624 ~.00 

0.58 OJaJ ..0.639 ..o.eos -66.9) 
0.58 0.998 ..0.639 ..0.8l8 -66.9) 

0.62 0.998 . ..0.614 ..0.586 ...c5.18 
0.8 0.998 .0.81 ..0.83 .fiJ.87 
0.57 oms .0.7a5 ..0.676 ~· 0.54 o.998 ..0.715 -0. -63.10 
0.54 0.998 .715 -53.10 



c 

0 

REVERSED POLARITY 
SPECIMEN 140 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION ~.5 NACL 
ElECTRODES NON EPOXY No.15 
CLEAR COVER W 11161N • 26.00mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA. 71 ·CATHODE 

Elt:~ I t<UUI t"l. I t:.N llALES M 
ln;~[DAfi\'T~rE=w"ir--.;=::i\lt-V~OLL:..!...f'T_n'e;A~H~UI.~-t--!AN~OTDE--,;;..-;~ 
uu-~V~M- (mA) V C '4 C ti ANODE 
21~ 0.68 1 Cl.< s 0. ~~,...._~~'---1--~~28.~--l ?")_.... 1.s 1 c 74 · c 78&m :.37. 

., .......... 1.as o.t ~ 1 o.s o.~ r1 a 815.88 ..34. 
1.74 0. ~ 1.• 0.237 0.• ;1 0.• w il97.13 =1 
1.74 0.! ~ 1.· I 0.237

5 
o.· i1 o.· ,.. 17.13 

1.92 0.918 0.( M 0.1-16 12:81 
1.83 J.991 0.( r7 0.125 8J i7 
1.62 ).992 -o. :> 0.( !9 0.112 2. 6 
1.63 1992 .( ~ 0.067 0.115 3; 
1.7 ).991 1 ..(. ~4 0.001 0.107 37 

..; t2 

..: 1.5 
-: f 

nt. ~- 1. O.G91 1.1 ..0.214 0. i1 0.107 737. 

1-0c: 

2.2 t -..o.tSrj o.079 o.. 121 s. i.m .; 

tll .... _ .~ c f -· 
1Q. .... _ 0.! 0.: ) •· 

OJ • -: 

t.• o.s,.. 1 • .o~~ o. ).4!; o.544 a: xim 

lnu.a> 2.5 I 0.9 0.4 M O.D 4 •. ! -1.55 
2.5 I 0.9E 0.4 M O.D 4 •.f -1.515 



c 

DATE 
00-MM-YY 
21ieo-
22 leD-

2 
')I: ! ........ 

?I !aft. 

~ 
01-0ct-92 
02-0ct-92 
03-Qct-92 
04-Cet-92 
ll>Oc:t-92 
Q8.0ct-92 

= 1Q.Oct-92 
11-0et-92 
12-0et-92 
13-0ct-92 
14-0et-92 
15-0et-92 
18-0d-92 
17-0et-92 
18-0d-92 
19-0et-92 
:zo.oct-92 
21-0et-92 
22-0et-92 
23-0d-92 
24-0et-92 
25-0ct-92 
26-0ct..Q2 
27-0et-92 
28-0ct-92 
29-0ct-82 
Xt-Oet-92 
31-0et-92 
01-Nov-92 
02-Nov-92 
03-Nov-92 
04-Nov-92 

NORMAL POLARITY 
SPECIMEN lE 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ElECTROLYTE SOLUTION -...3.5 NACl 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 31f81N • 3J.2mm) 
IMMERSION PERIOD 4) DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 -ANODE 

ElECTRODE POTENTIALES M 
I VOLT ANODE CATHODE EI.ECTR<X)E RESISTANCE 

(mA) V ON OFF ON OFF ANODE CATHODE 
0.06 1 0.285 .o.cm .o.ea .0.684 4SB3.33 ·100.00 
0.21 o.sm 0.224 .0.329 .O.'lm .0.752 2633.33 -33.33 
0.44 0.998 0.14 .0.29 .0.814 

.0.8351 

977.27 -64.55 
0.51 0.998 0.075 .0.473 .0.858 1074.51 -39.22 
0.51 0.998 0.018 .0.475 .0.882 1(11().39 -52.94 
0.56 0.9il6 0.157 .0.278 .0.812 .0.762 778.19 $.29 
0.-43 0.9il6 0.171 .0~ .0.785 .0.756 1227.91 -67.44 
o . .a I 0.998 0.189 .0.359 .0.788 .0.759 1274.42 -62.79 
0. .998 0.236 .0.332 .0.757 .0.728 1456.41 -74.36 
0.28 .998 0.01 .0.335 -1 .0.733 13:B.57 ..QS3.57 

0.28 0.998 0.01 .0.355 -1 .0.733 13:B.57 -853.57 
0.32 0.998 0.214 .0163 .0.784 .0.756 1771.88 -81.25 
0.32 0.998 0.234 .0.333 .0.785 .0.739 1771.88 -81.25 
0.35 0.998 0.228 .0.327 .0.783 .0.738 1585.71 -128.57 
0.3 0.998 0.246 .0.331 .0.758 .0.~ 1923.33 -10.00 
0.34 0.998 0.241 .0.329 ..Q.'lm .0.136 1878.47 -61.f!S 
0.36 0.998 0.224 .0.33 .0.785 .0.737 1538.89 ·133.33 
0.36 0.998 0.224 .0.33 ;.0.785 .0.737 1538.89 -133.33 
0.218 0.997 0.18 ..0.4 -1.18 .0.~ 2071.-43 ·15a9.29 
0.32 0.997 0.244 .0.334 .0.7'51 .().732 1t01.25 -78.13 
0.33 0.997 0.24) .().328 .0.151 .().731 1736.36 -8l.81 
0.35 0.997 0.237 .0.331 ..0.764 .0.731 16'22..86 ~.29 
0.33 O!li11 0.241 .0.328 .0.759 .0.731 1724.24 -84.85 
0.3 0.997 0.142 .0.4J7 -1.18 .0.737 1830.00 -1416.87 
0.35 0.998 0.234 .0.329 .0.78 .0.734 !! -74.29 
0.11 o.a 0.426 .0.483 -1.42 .0.~ ..{1227.27 
0.11 o.a 0.426 .0.483 ·1.42 .0.~ ..fJ227.27 
0.41 0.997 0.223 .0.358 .0.7E!8 .0.727 1417.07 -100.00 
0.52 I 0.997 0.19 ..0.427 .0.831 .().704 1186.54 -244.23 
0.4 

01±1223 
.0.348 m .().73 1427.5) ·105.00 

0.4 0 223 .0.348 m .(),73 1427.5) -105.00 
0.42 0 227 .0.354 .771 .0.733 1383.33 ..Q0.4 
0.4 0.997 0.1C» .0262 .734 1152.60 -456.00 
0.46 o.ggs 0.232 .().731 1256.52 ..a:J • .O 
0.4 0.996 0.231 .().731 1204.17 4SJS 
0.53 0.998 0.221 .0.764 .().731 1073.58 -62.2.8 
0.5 0.996 0.225 .0.34 .0.762 .0.731 113>.00 -62.00 
0.5 0.998 0225 .0.34 -0.762 -0.731 113).00 -82.00 
0.58 0.998 0.221 .0.383 -0.78 -0.712 1041.36 .&78 
0.58 0.998 0.221 .0.383 -0.78 .().712 1041.38 -62.78 
0.37 0.997 0.24 -0.348 -0.744 .().718 1ED5.41 -75.68 
0.47 o.ggs 0.223 .0.348 .().764 .0.731 1214.89 ·10;21 
0.61 0.996 0.211 .0.394 -0.786 .().725 991.80 .Q8.36 
0.64 ~0.174 .0.421 .0.825 .0.785 929.e9 ..fn15 
0.64 0.174 .(),421 .0.825 .0.785 929.e9 -E0.15 



1).10 

REVERSED POLARITY 
SPECIMEN f.4E 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION 'lfl3.5 NACL 
ELECTRODES NON EPOXY No.t5 
CLEAR COVER (1. ~61N • 3'l.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·CATHODE 

Elt:u • Kuuc p,·re~ TIAL M 
DATE I I VOL TH~r:: J IOUE IEU:i; <UUt:: 

LILI- _, (mAl I V ~F C FF CA' IODl=: ··~ "'lDE 
21.- !eD-92 0.41 I 1 D.l73 0. O.t ;a 3lr. ~.61 ..: ::ii6 

1.36 :>.994 1.44 0.379 ).518 0.584 i8l.1 ...;:: 
1.3 l.993 -, 64 0.4161 0.639 o.El97 8611 ... 

,--;~ 1m o.4 o.641 o.a a 11 ..:: 

1 
.39 
.39 

1 

Ul9i 0.3 0.85 4 tEll 1: B. S _. 
~ )J ..:: 

1.991 

1.68 
1.6: 
1.6: 

1.• u -~ 
1.• u -~ 

l.375 0.632 I 0.678 53 l.Sl 
1:377 o.648 1 tea 14 ..: 

~:::a :~ 

1A.IW.O'.l I 1.88 0.989 0.421 0.631 ().676 645.2 :2Bi 

?Ct ""' as 0.987 t.es 0.479 ~ 6.· -: 
?A. ""' as 0.987 L61 o.412 o. fJ s. -: 
u-uc 15 ().988 1 0.468 O.f ;4 0. SG. • 
'liA1'I. IS 0.988 1 0.8 O.E ;.t 0. 549. -

). let-'! 2 u I .I 1.• :t8 0. 0.6 '1 ..: 
1 3 U 1.• O.f S OJ 15 -: 
2. 9 u IJ 1.• 0. 0. -: 
2.2 o.e , i.t 1.• m 2 o. ..: 

2.29 o.98· 1.89 o.s· 4 tE s c cs -: 
2.29 0.987 .89 0.512 0.6 6 ( s -: 



c 

DATE I 
00-MM-YY {fi'IA} 

21-l ~l 0.39 
22-l ~ 0.01 .,., 0.01 
2 0.01 

0.01 

~ 
0.01 
0.01 
0.12 
0.01 
0.01 

01-0ct.al 0.01 
02-0ct.al 0.01 
()3.()ct.Q2 0.01 
04-0et.Q2 0.01 
(5.()et.Q2 0.01 
Q6.0ct.Q2 0.04 
07-0ct.al 0.02 
OB-Oct-92 0.02 
m-oct.Q2 0.02 
10-0ct-92 0.02 
11-0ct-92 0.02 
12-0ct.Q2 0.01 
13-0ct-92 0.01 
14-0ct.al 0.01 
15-0ct-92 0.01 
18-0ct-92 0.01 
17-0ct-92 0.01 
18-0ct-92 0.01 
19-0d-92 0.01 
2C).()ct.Q2 0.01 
21-0ct-92 0.01 
22-0ct-92 0.06 
:?3-0ct-92 0.01 
24-0ct.Q2 0.01 
25-0d-92 0.01 
26-0c:t-92 0.01 
27-0ct-92 0.01 
28-0ct-92 0.01 
29-0c:::t-92 0.01 
3).()ct-92 0.01 
31-0ct..QZ 0.01 
01--Nov-92 0.01 
02-Nov-92 0.01 
CJ3.Nov.Q2 0.01 
04-Nov.Q2 0.01 

1)..11 

NORMAL POLARITY 
SPECIMEN t5o\ 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION ~.5 NACL 
ElECTRODES NON EPOXY No.15 
CLEAR COVER (71181N ·1 1.1 mm) 
IMMERSION PERIOD E DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD ·ANODE 

ELECTRODE POTENT~LES ~ 
VOLT ANODE CATHODE B.ECTROOE RESISTANCE 

V ON I OFF ON OFF ANODE CATHODE 
0.997 Q.368 .0.645 .0.646 82.05 2.56 
1.01 0.348 .0.662 .Q.e53 UlCilOO 100.00 
1.01 0.3)1 .Q.f61 .0.662 18CD.OO 100.00 

1 0.348 -o.e .Q.e58 18CD.OO 100.00 
1 0.348 .0.855 ~ 18CD.OO 100.00 
1 0.341 0.33 1anCD 100.00 
1 0.343 0.334 .Q.fffl 900.00 100.00 
1 0.343 0.334 O.f67 0.9 75.00 -8.33 
1 0.348 0.335 .Q.f64 -o.e 1~.00 100.00 
1 0.34'3 0.335 .0.& .0.659 em.oo 100.00 
1 0.343 0.335 .Q.& .Q.c:&J em.oo 100.00 
1 0.338 0.329 .0.86 .0.661 900.00 100.00 
1 0.342 0.33 .0.659 -o.ee 1200.00 100.00 
1 0.322 0.317 .Q.e58 .Q.fffl 500.00 100.00 
1 0.342 0.333 .Q.f!67 .Q.& 900.00 100.00 
1 0.34 0.332 -o.e .0.6 200.00 25.00 
1 0.34 0.332 .Q.EE9 .o.ee 4)).00 SO .CD 
1 0.34 0.332 .Q.EE9 .0.86 4.1).00 SO.CD 
1 0.338 0.331 -o.ee .0.661 350.00 SO.OO 
1 0.338 0.331 - 350.00 SO.OO 
1 0.335 0.329 ~.CD SO.OO 
1 0.338 0.331 100.00 100.00 
1 0.338 0.33 .0.661 .0.662 em .m 100.00 
1 0.337 • .0.664 .Q.EII65 1fDlOO 100.00 
1 0.332 .0.686 .0.687 sm.oo 100.00 
1 0.332 g 9D.OO 100.00 
1 0.332 1CID.OO 100.00 
1 0.329 100.00 100.00 

0.322 

1 0.333 0.323 1CID.OO 100.00 
1 0.331 0.322 -o.eee .Q.SEl9 9D.OO 100.00 
1 0.331 0.322 -o.eee .Q.SEl9 sm.oo 100.00 

0.999 0.325 0.318 .0.673 .0.874 1Sl.OO 18.87 
1 0.324 0.316 .0.673 .0.874 em.oo 100.00 

0.998 0.326 I 0.317 .0.672 ..0.673 sm.oo 100.00 
0.999 0.322 O.D .0.876 .0.677 1@.00 100.00 
0.999 0.324 O.D .0.878 .0.677 1EOl.OO 100.00 
0.998 0.321 0.3)4 .a. m .0.68 1700.00 100.00 
o.see 0.321 0.304 ..0.619 ..o.es 1700.00 100.00 
o.see 0.32 03)5 .0.619 .O.f:B 1@.00 100.00 
O.SQB 0.32 O.SlB .o.m .0.68 1Gl.OO 100.00 
0.999 0.321 o.:m .0.676 .0.677 1a:D.OO 100.00 

~ 
0.32 0.3:>7 .O.f:B .0.661 1~.00 100.00 

0.319 O.D .0.681 ..().682 1:D>.OO 100.00 
0.318 0.292 ..0.682 ..0.683 2EOl.OO 100.00 

I 1 0.318 0.292 ..0.682 ..0.683 :i!EDJ.OO 100.00 



(Q 

Cj\TE 

21 

D-12 

REVERSED POlARITY 
SPECIMEN t5A 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION -x.3.5 NACL 
ELECTRODES NON EPOXY No.15 
ClEAR COVER (71161N -11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD- CATHODE 

EL :.CrR• Ell t"U :1 t:.n llALES M 
I VOLT '.A· nvut: NOI:•E 1~:~ 

lmAl V 01 OFF IN OFF \#AI rtVut:. ANODE 
1 .as 0.995 l==t 021 s 0 11 0.627 13D.cD --=1i ]if 
Ct.SH ·o:ms 0.13 0.1 19 O.f61 1t 16.: !6 ...:! . 16 

1:3 -0.994 0.133 0.1 25 O.E53 t· it i4 -2· .54 
.37 O.Sl82 1.E 3 0. 0.625 il63 1 ·~~3_,__-~:1.44~-1 

1.3i ·a_Q82- TI 3 o. '.625 •~ :s -: 
.41! Oli92- 1. 3 c •.622 i.E 
.Sl lS'91 1. 2 0. 523 I.C 

101 Ul91 f 0.1! 5:25 1 ).i S -: 
1 f7 l93 -.. 41.148 u -; 
1 lln 1 1.115 3.: 3 -: 

IIU f 1.1 3.: 3 -: U 
.! ~· 1.1• -; ).'13 

1.! tO 0.1 D -· IS 
~ ':4. L11 O.E 9 1).1 D ''.:rf.61 
~ ··- 529 O.EI52 1025.:11 -16:43 

11-0et-92 

1. 
r-e lct-4 1. 

1. 
1. 

.... 1. 

27-0et.Q 

...... 1 

rn.u. 

1.2 
1.1!1 
1.1!1 

1.15 
1.1! 

llml 
0.9B3 

.6 

.t 
"f:&i 
t.&l 
1: 

' 

>.117! c 1.829 01. 15: 1234. s -2 !!2 
). tr. 0.638 0.• 6 1216.1 -11 11 

iel 0.63'1 0.1 6 1161 ) -2 !!2 
O.D93 0.637 0.16 11g].l ) -1:115 
0.101 0.634 0.16 1178.1!; -1! 

0.1C ~ 1: -1 
3.11 141 111 _, 
3.11 -· 
c~s ~ 

' ' ~ ( 0.4 -1 

M 
rT 

1.155 
0.155 

).lE 
0.65 

l).es:l 
).61)2 

U.EI 

ewe -1 ;.c t» 
0.1 1 -15.( 
c 1 -=rfS) 
cu 125: 47.5 
o. t~ ;.a .u;.a 
0.672 t 15.83 -f i] 
3.673 t: 78 ~,. 

-· _, 
_, 
-1 



DATE I 
DD-MM-YY (mA) 

21~ 2.53 
22~ 3.97 

4.6 
2 4.m 
.,.._~. 4.m 
'JR...~ 3.55 
27..sec.. 1.45 
~~- 1.46 

1.86 
1.25 

01-0ct-92 1.25 
02-0ct-92 1.46 
m.oct-92 1.-118 
~-92 1.52 
ai-Oct-92 1.43 
Q8.0ct.Q2 1.6 
07-0ct-92 1.45 
Q8.0ct.Q2 1.46 
m.od-92 1.55 
1 ().()ct.Q2 1.47 
11-0ct-92 1.47 
12-0ct-92 1.47 
13-0c:t-92 1.47 
14-0d-92 1.37 
15-0ct-92 1.41 
16-0ct-92 1.43 
17-0ct-92 1.43 
18-0ct-92 1.4 
19-0ct-92 1.4 
20-Qd-92 1.41 
21-0ct-92 1.41 
22-0ct-92 1.41 
23-0d-92 1.41 
24-0ct-92 1.41 
25-0d-92 1.41 
26-0d-92 1.37 
27-0ct-92 1.41 
28-0c:t-82 1.41 
29-0ct-92 1.46 
3().()ct.Q2 1.46 
31-0d-92 .1.47 
01-Nov-92 1.46 
02-No¥-92 1.46 
03-Nov.Q2 1.52 
04-Nov-92 1.52 

D-13 

NORMAL POLARITY 
SPECIMEN 158 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION %3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (111161N • 17.5nvn) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD ·ANODE 

ELECTRODE POTENTIALES M_ 

VOLT ANODE CATHODE B.EC'mOOE RESISTANCE 

V ON OFF ON OFF ANODE CATHODE 

0.986 -o.m -0.474 -1.04 -0.955 151.78 -33.00 

o.9n -D.al5 -o.f/J1 -1.07 -0.95 103.78 -30.23 
0.975 -o.m -0.519 -1.08 -0.936 93.26 -26.96 
0.976 -o.os -0.515 -1.08 -0.938 107.94 -30..27 
0.976 -o.os -0.515 -1.08 -0.938 107.94 -30.27 
0.981 -D.al5 -0.525 -1.(11 -0.915 121.13 -4S.48 

0.993 0.2!J7 -0.8:5 -0.779 -0.737 500.00 -2B.91 
0.994 O.m1 -0.5-E -0.858 -0.8 394.52 ~.73 

0.991 -0.003 -0.5-E -0.898 -0.825 'J92.IJ7 ~.46 

0.994 0.061 -0.535 -0.989 .0.835 476.SO -10S.SO 

0.994 0.061 -0.535 -0.989 .0.835 476.SO -10S.SO 

0.993 0.019 .0.531 -0.935 -0.825 376.71 -75.34 
0.993 0.007 ..0.533 ..0.962 -0.815 364.86 -69.32 
0.993 0.01 -0.525 ..0.945 -o.ea; 361.97 .Q2.11 

0.993 0.007 -0.526 ..0.934 .o.ea; 372.73 -G0.21 
0.992 0.003 ..0.466 -0.934 -o.eas 296.63 -80.63 
0.993 0.003 ..0.537 ..0.938 -0.785 374.48 -104.14 

0.993 0.003 ..0.537 -0.938 -0.785 374.48 -104.14 
0.992 0.003 .Q.SOS .0.934 -o.m 329.68 -101.29 

0.992 0.00) ..0.514 ..0.926 .0.7".29 363.06 -134.01 

0.992 0.007 ..0.513 -0.929 -0.648 363.74 -191.16 
0.992 o.a» -0.513 .0.945 -0.73 365.10 -1-46.26 

0.992 0.002 ..0.511 ..0.957 .Q.SJZ 348.96 -105.44 
0.993 0.008 .Q.SOS -DJ/37 -0.73 375.18 -151.m 

0.992 0.006 .0.515 -0.968 -0.764 369.50 -144.68 
0.993 0.003 ..0.515 -0.91:6 -0.757 365.73 -145.45 
0.993 O.CD ..0.515 .0.91:6 .0.757 365.73 -145.45 
0.993 0.012 -0.513 -0.968 ..0.754 375.00 -152.86 
0.993 0.038 -0.564 -D.!m .o.eea 428.57 -217.14 
0.993 0.027 -0.518 -0.962 -0.744 365.11 -154.61 
0.993 0.027 -0.518 .0.962 .0.744 385.11 -154.81 
0.993 0.012 -0.513 -0.968 -0.751 372.34 -152.48 
0.993 0.012 .0.513 .0.91:6 ..0.731 372.34 -165.98 
0.992 0.033 -0.518 -0.963 -0.721 389.38 -171.63 
0.992 0.024 .0.513 .o.sn .0.738 ~.86 -170.92 
0.992 0.026 -0.514 -0.975 .0.742 394.18 ·170.07 
0.992 0.015 .0.55 -0.962 -0.717 G>.71 -187.94 
0.992 0.015 -0.55 -0.982 -0.717 -«l0.71 -187.94 

0.992 0.019 .0.555 .0.979 ..0.713 393.15 -182.19 
0.992 0.02 ..0.555 -0.979 ..0.713 393.84 -182.19 
0.992 0.022 -0.548 -0.979 -0.731 386.39 -168.71 
0.992 0.017 ..0.549 -0.982 -0.729 337.87 -173.29 
0.992 0.022 -0.535 .0.979 -0.734 331.51 -187.81 
0.991 0.011 -0.53 ..0.988 ..0.737 365.92 -165.13 
0.991 0.011 .0.53 ..0.988 .0.737 365.92 -165.13 



0 

D-14 

REVERSED POLARilY 
SPECIMEN 158 
IMPRESSED VOlTAGE 1V 
DISTANCE BElWEEN ELECTRODES (.C IN) 10t.6mm 
ELECTROLYTE SOLUTION %3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (11/18 IN - 17 .5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD- CATHODE 



c 

I. DATE I 
DD-MM-YY {_mA) 
21-seoa; 2.n 
22-&!D-1 2.75 

2.48 

~ 
2.75 

! 2.75 
2.9 

27-serH 1.81 
1.48 
1.37 
1.44 

01-0c::t-92 1.44 
02-0c::t-92 1.29 
(XH)ct.Q2 1.29 
()4.()ct-92 1.29 
Cl>Oct-92 1.44 
Q6.0ct-92 1.5 
07-0c::t-92 1.39 
m-Oc::t-82 1.39 
aa.oet-92 1.6 
tO-Oc::t-92 1.53 
11-0c::t-92 1.48 
12-0c::t-82 1.43 
13-0ct-92 1.5 
14-0ct-92 1.5 
15-0c::t-92 1.38 
16-0c::t-92 1.5 
17-0c::t-92 1.5 
16-0c::t-92 1.48 
19-0et-92 1.4 
20-0ct-92 1.74 
21-0c::t-92 1.74 
22-0c::t-92 1.55 
23-0c::t-92 1.63 
24-0ct-92 1.63 
2S-Oc:t.Q2 1.51 
26-0ct-92 1.34 
27-0c:t-9.2 1.56 
28-0ct-92 1.56 
29-0c:t--82 1.62 
30-0ct.Q2 1.82 
31-0c::t-9.2 ua 
01-NoY-92 1.ee 
02-NoY-92 1.66 
03-Nov-92 1.75 
04-Nov.Q2 1.75 

0..15 

NORMAL POlARITY 
SPECIMEN I5C 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION llfl3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (131'16 IN· 20.&nm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD- ANODE 

ELECTRODE POTENTIALES M 
VOLT ANODE CATHODE ElECTRODE RESISTANCE 

V ON OFF ON OFF ANODE CATHODE 
0.935 0.007 .o.+a -1.1::6 .0.969 191.34 -32.85 
0.985 0.17 .0.462 -1.15 .0.94 229.82 -78.38 
0.987 0.117 .0.447 -1.1 .0.951 227.42 -8).(8 

0.985 O.CS4 .0.+19 -1.00 .0.942 197.45 -50.18 
0.985 0.<»4 .0.+19 

~ 
.0.942 197.45 -50.18 

0.984 O.CS1 .0.448 .0.9.25 185.86 -50.00 
0.991 O.CX37 .0.43 .0.87 291.18 -4>.33 
0.99 0.001 .0.472 .0.~ .0.901 319.fS -32.-43 

0.994 0.008 .0.485 .0.98 .0.825 381.75 .a5.54 
o.em 0.005 .0.472 .0.948 .0.882 331.25 .$.72 
o.em 0.005 .0.472 .0.948 .0.882 331.25 $.72 
0.994 0.019 .0.473 .0.923 .0.85 381.4) ..ses 
0.994 0.018 .0.471 .0.929 .0.855 'Sl9.07 -57.38 
0.994 0.015 .0.472 .0.913 .0.823 3nB2 -~.S.n 
o.em 0.002 .0.472 .0.985 .0.83 .17 .Q3.75 
0.992 O.IDJ .0.518 .osas .0.83 f!T -00.00 
O.Sl93 0.018 .0.472 .0.968 .0.837 352.52 ~4 
0.993 0.018 .0.472 .o.ses .OKJ7 352.52 -84.24 
0.991 0.005 .0.472 .0.936 .0.825 298.12 -ES.38 
0.991 0.004 .0.479 .0.981 .0.751 315.89 -137.25 
0.992 0.007 .0.475 .0.981 .0.783 32S.e8 -120.27 
0.992 0.002 .0.484 .OMT .0.848 32.6.17 -81.21 
0.992 0.004 .0.462 • .o.a::e 324.00 -107.33 
0.992 0.005 .0.478 .0.765 322.00 -124.f!T 
o.em O.C:St .0.481 .0.822 385.51 -138.23 
0.992 0.002 .0.431 .0.983 .0.845 3'28.f!T -92.00 
0.992 0.002 .0.431 .OS83 .0.845 3'28.67 -92.00 
D.992 O.a::6 .0.486 .0.976 .0.83 331.76 .ee.as 
o.em o.cm .0.488 .0.992 .0.738 

I 
-181.-43 

0.991 0.007 .0.482 .().985 .0.785 -114.94 
0.991 0.007 .0.985 .0.785 -114.94 
0.992 0.014 .0.4!12 -OJST -0.832 -1015.45 
0.991 0.005 -0.476 -0.993 -O.a::B 295.C:S -116.56 
0.991 0.003 .0.483 -1 .0.76 298.16 . -147.24 
0.992 0.007 .0.487 ·1.02 .0.718 :JZ'/.15 -18).26 
O.Sl93 0.041 -0.484 -1.07 .0.772 391.79 -222.39 
0.992 0.015 -0.528 -1.02 -0.7'5T 348.00 ·triOS 
0.982 0.015 ..0.528 -1.02 -0.757 34B.OB -168..59 
0.991 0.024 .0.538 -1.02 .0.756 348..91 -163.58 
0.991 0.025 .0.538 ·1.02 .0.756 347.53 ·163.58 
0.991 0.015 .0.5'28 .().999 .0.772 . 323.21 m 0.991 0.014 .().531 -1.01 .o.n 324.4) -1 
0.991 0.01 .0.524 -1.01 .0.643 321.89 
0.991 0.014 .0.516 -1.01 .o.m 3J2..86 -133.14 I 
0.991 0.014 .0.516 ·1.01 .o.m XJ2.86 -133.14 I 



c 

0..18 

REVERSED POLARITY 
SPECIMEN ISC 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION 153.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (131161N • 20.6mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD ·CATHODE 

El ,,nJut: P\\TENTIALE M 
DATE I I VOLT ,.. nvt. AI ODE !~:~ '" u:: 

4.' 4 D.i ffif 1.S9 0.584 0.513 0.6 i7 243.0 -· ) 
4. 0.97! 1.6 O.S3 I.EO 0.616 227.8 •· 

I 4. OM4 1 0;54 1.58! 1.6 l.• ·1 
~ I 4. 0.978 1 o. 141 l54 .; 

1:00 4. 0.978 1 Q. 41 l54 -· 

~ 3 1 0.9 0~ tl .1, il 
~ D') •••• 0.9 ( u -1 

• . • 0. 14.3:0 --::ffgs 
3 3 1. C IS 17.22 :17..52 

r .. oet.H2 3.3 1. o.~ o.~ 18 ).1 11.51 :21-:45 
3.31 J O.f o.~ 18 li 11.51 -2· 45 
4.57 1 o.f 39 o.! r4 !7.79 -1 
2.97 18 1.63 0.529 0.611 0.1166 0. 71 •· 

f- 2.97 B U (l'.539 0.584 181 D.l .; 
5 17' 0 46 0.584 SI .C -· 

5. r1 o. u t• -: 
7~>ct 8 5; r1 ~ I ~· -· ~ ~~~~~~~~~~f-~4=-~~~-r-~~~~ 

:! -1 ;, 
Hi -1 i" 

D.i ~~~·~==~~~~~~~~1~~~~~~~~~ 
O; 72 t 158 OJ78 214.( -39.92 
0; 518 c (1.673 0.746 186.1! -12.33 
0.! 518 c (~.673 0.746 186.1! -12.33 



c 

I 
{rM) 
)~!5 
).84 

rt 

NORMAL POLARITY 
SPECIMEN 150 
IMPRESSED VOLTAGE 1V 
DISTANCE BE1WEEN ELECTRODES (41N) 101.8mm 
ELECTROLYTE SOLUTION 11.3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (t• 31161N • 3>.2mm) 
IMMERSION PERIOD .o6 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD ·ANODE 

EL :l.i 1 tc~ Lit: POTEh n.ALI M 
VO.T 

( '5 
c 14 

iU ODE '-' MUUI: le_ ,,, 
OFF ( F ANO )E CATHODE 
1.14 .(] 4 IX8.1 0 ~ .:S.Ql 
1.31 -0 5 .( 5 526. • -B8. 0 
1.4: .() ~ ~ -: 8.4 

25 c 
25 c 

i."'l ..( 12.1! 
i."'l -· ..( ~ 12.1! 

1. B C 1.'4 -· .()j ) -151 3 
1. B I 
Ult ( 
1 9 
1.87 
t!s7 
1. 

.0.4 ' -1.01 .0.8El5 ~79.14 - '] i4 
0.0 .0.4 ' -1.01 ..0.865 ~79.1 - '1 4 
0.062 .0.44 -1l2 0.88 ·71.1 - [( 
Hll8 ..0.455 ·1 !55 :!<11 -1 5. 1 
Q_Cfi ..().«B -1 M1 ~26: 

51 .0.4 -1 M 
1.9 54 .0.4 -1 M 

14 ~ 1.4 -· _, ) 

-4 1.4 -· ~ -1 ) 
(IJ; 5 .4).4 ..( ~ ~ 

itl. \.-.t-1» Jj ).4 ..( rT ~ ..( 
let~ ).! 1.4 ~ 9 -4 -1C 

lct-4 t C 0.011 -4 '.47S ·O.QM .( 112 •· 
koj 1. Q.QQ I.CDi -41.411 -0.976 .().8 '3j;:[.i -1 

1 
1 ... 
1 ... 
1.41 
1:41 
1.4 
1.3 
1.3 

u;m 1.o:8 ..0.532 .o.se r11 «H.4 -m. 
n.sm l8 ..0.532 .o.se r11 4l1.4 ~-
j)]Q2 ~ -4 ..0.1191 10 ---::21 i1 
c Uil92 m -4 .0.119! 10 -:21 u 

~ -4 ·1.()14 ~ =tl 
O.G9 !l _ ~ - ~ -11 1.4 
cBii, o.a: , .o.537 ., ~ )~ -11 ~.4 

O:gg ()m4 ..0.528 ·1 .0. 31UJ -191. 
0.99: O.m4 ..0.528 -1 .0.74112 394.D7 =191~H 



c 

0..18 

REVERSED POLARITY 
SPECIMEN 150 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION l!f.3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1• 31161N- 3l.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD- CATHODE 



c 

E-O 

APPENDIX E 

TEST SERIES Nos- 6, 7 AND 8 

POTENTIAL 

AND 

CURRENT MEASUREMENTS 



DATE ,, 

1? ....... _ 

A. ........ 

1-..t:ft 

m A) 
). 

0.2 

I 

E-1 

NORMAL POLARITY 
SPECIMEN I6A 
IMPRESSED VOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION ~.5 NACL 
ElECTRODES NON EPOXY No.15 
ClEAR COVER (7/161N ·11.1nvn) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·ANODE 

El c{..; u·cuut t" 11 ere IIALEl M 
VOLT M!IODl C M:>DE I o ~ rANeE 

V )Ff C A110 tE CA'H WE 
1 ~1.35 .0. 5 ..0. 5o 34 D. 0 ..f 5.C ) 
1 ·0.35 .O.r S ..0. ~ 34 D. 0 ..f S.C ) 
1 .0.53 .0.1!185 .0.1 3231 ) --=E tl.o:i 
1 .0.22 ..0.738 ..0.724 22BOJ l •· o.Cij-
1 .,,; ~ t441 .o.78 ..o.m ··~12' s:m .a;_aj 
1 ).' 0.46 ..0.823 ..0.81 :i 51D --=ai(i) 
1 I L 1 .il.4 .0.8Eii .0.863 ~(i 5m --:&ltD 
1 o.2 :J .CI.3 .o.m .o.723 :3tr. 511: ..so.m 

~ :. .c 4 •• 

~ ~ .c ~ 
(] !5 .(J .c ... 
0.1~ 1 ..( 54 ).71 ~ ~71 ,J. 

o.tE 1 :.0.258 .. :n :s -1 .7• ..e: 
Q 1' 1 .0.262 ... [7jj4 -1 .7• ·1 
0.19 1 6 .0.2EI8 .7.0 -1 .7.14 .. 
0.2 1 ~ .0.2i -1 r."t38 .C .'7'.t7 O.r ~ 
o~ 1 ss .o.31· •742 .c .r.s ~ 

5 0. 14 .c 15 .( s 781i 

14 (4 .(5 [Q,i 
). s 

1.16 7AII: I 4 '.~ 
.27 c iJ .(); 101 0.8 4 i.l! 
.38 c • a 0.93 ..o.s1s 4 r.s S..:! 
,4 6 1 0.1)78 • ).558 -1 * 0.825 Giii2 • 21 

1.! 2 a.t:m" • >.5159 .c a oe • • oS~ 

1 M J.! -1.( .CU W7. -7• 
1. 118 ).! ·1 .c i8 -74 
1 j 118 ).! • .( 1.4 ..ae 
1.98 • ).Si! • 1.4 ..8l.8f 
1.98 1 ( ).57 - ]4 l.4 -ED.61 



0 

c 

~TE I 
ri.A) 

.5 

.5 
5 
m 

057 
run· 
0.15 
D.EB 
0. 

E-2 

REVERSED POLARIT'I 
SPECIMEN teA 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 10t .6mm 
ELECTROLYTE SOLUTION 'Whl5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (71161N-11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 -CATHODE 

0.<1 ' 
0.~ ' 
).f l5 

0. ?34 ( :153 s 
O.i'64 L783 0 

-~ 

--~ 

. ~:iQ.:Z:: 

T 
1 
1 
T 
1 

0.~ i4 
0. 

0. M 0.813. 
0.'.. :>.'D 1lm..: .;:f)BI! 
O.i M l711f 191 .;ji i! 

U1 Oec>Q2 0. 
1 , 
1 , 0. o. M 8 191 1.::1 .;S1 

l?.n-~ 0. 1.71 
1.71 

0.363 
0..35 

0 . .S B 1891 '.1 .;llllli 
0. 
c 

........ c 
71 
71 

0.~ 
0.3 

0.& 
c 2 

!4 

1854.7'9 :E:Ji:: 
11 14.67 
1 6.12 -: 

tli .; 

-- :JJ 5 ).~ ).5\: -~ 
• ..._ '--'l :>J s ~.~ c m o.T. --:21 
41 

....... 

'---

--

~~~T~~~~~~~:~E-4~~~~::m~~~~~~~~~~~~~j~~~ 
1~ 1 .E9 'lil4 0.878 .71 
1.31 1 .68 151:54 0.667 0.70 
f.5 OJRl .67 ).5151 ( .658 O.iO 

r4 0.998 1.67 O.ti7 D.68 0.70 
O.Q94 .6 0.579 ( 1.882 0. 7f11 

0 92' 0.588 ( 1.83 4 0. 71 
IQ Ci.E !5 0. 13 

5 

4~~ OQ 
4.• I 

4.! l8! 

1 
1 
1 
1 
1 

1. 
1. 

( 

0. 
0.1 :3 
ti.«B 
0.8 8 
0.64 
0.64 

m c s 
0.1 0. 

( 

2 c 
3 c 
4 L7. 
s 

. (.7 
c ( .7 • 
o.ea: H741 
0.684 (1.745 
0.684 0.745 

as 
824.·8 

1~.[!.:.---1-i..:!~~=----~ 
.e .al. 

1.97 

.( 
1.• 

'224.( 
214.14 
214.14 

_, 

-· 
-· -· 
-· -· 



DATE I 
(mA) 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.1)1 

n7.~ 0.1)1 
0.1)1 
0.1)1 
O.C)1 

1t. ~ 0.1)1 
1 ;:>. ""'~ 0.01 

0.01 
0.01 
0.01 
0.101 

1 ~ 0.01 
0.01 
0.01 
0.01 

.....,._oo, 0.01 
0.01 
0.01 
0.01 
).01 

""' ).01 
'- ).01 
'- ).01 

1).01 

H.'-· 

...... 
r ...... 
r .&......en. 0.01 

NORMAL POLARITY 
SPECIMEN tea 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION '13.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (111161N • 17 .5nvn) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·ANODE 

ELECTRODE I"'U 1 t:.N nALES M 
VOLT All DOl CATHODE la 

V ON ~ F )N OFF ANODE 
1 0.388 0 Et ·0. B 28(1) 

1 o.347 o.::; ... a ~i7 ~ 
1 0.35 0 ~ 4 l&ii) 
1 -0.354 ~ 2 10 
1 0.368 
1 -0.363 
1 -0.3Ei) 
1 0.368 
1 0.368 
1 0.368 
1 0.365 
1 -0.35'2 
1 -n~ ~: , 
1 0.345 

1 
1 
1 

' ' 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

CI.J-4 ~ ~ 
0. ..( '1 0. 

).337 
).335 
).333 
).331 
).331 
0.33 

0.329 
1.328 
).~7 

1).~ 

Cl~7 

0.3Z 
0.321! 
0.33 
0.33 
).: 
I)~ 

1).: 
I 
I 

I.;,; 

0.3: 
0.3: 
0.3 
1.31 la 
1.31' ~ 
1.3115 ' 

1).31! 
0.3: 
0.~ 
0.322 • 
0.32:3 ).1 

0.325 ).1 
0.327 ~.61 
().329 ~.61 

~.681 
c ~.681 
c ~.681 

I.C 
I.C 

I.E 
I.E 
I.E 
0.1 

~.615 

I 

5 
! 

- I) 
i!C 

CA" ODE 

-· 
-~1 
-=uD. 
-=«D 
-=1m 
~100 

-tm 
-tm .. =«D 

-=100 
-=100 
-100 
- 0 
- 0 
- 0 
- 0 
-· 0 
•'lOO 
•' 

-· 
-· -· 
-· -· -· 
- l) 
- l) 
•' l) 

-· if 
•· D 
-10) 
-10 

-:-m 
-10 
-1a 
·1CO 
-1CO 

-=1 

_, 
--1m 
-100 
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c 

REVERSED POLARITY 
SPECIMEN ll!lB 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.8mm 
ELECTROLYTE SOLUTION '13.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (11/161N ·17 .5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·CATHODE 

EleCTRODE ~ ltN llAU M 
I DATE VOLT lOBE le 

I rm ~) V N I ( IFF F CA'ntuue: ANODE 

~~~~t:~ni:i=Jt=i=U~~ ~:-~~~4~~~~-~ ~~·g 
~~~~;--+--~~~~E~~~~~~~C~4-~~~MI.A~+-~~-

1.38 
11.<11 

1 
1.• 

1 
1.83 
1.83 
1 S4 

O. 0. ~83.1l 
0. ( i1liiif.il 

( 

4ot o.e • OJ Ull 
01i1 ( 61!& 

.0. Uf 
).I 

111 
11 

iJ 

. . 

'\M~ 1 )J :Q 1.! 1.0' [) Jl .: 
~ 1J 1.99 I 1.1 1.0' o. -: 

--
-

1 

1 
1 
1 

2 

I.C!QD 1 54 1.011 9 15 .; 
1 54 ).007 9 r.! .: 

0: !H 51 .; 
!9 ).6 -: . 0. 3 ).6 ...: 

0.6 0.6 I ..: 

U 19 0.1 0.611 Oil .; ) 



c 

E-5 

NORMAL POlARITY 
SPECIMEN tee 
1.1PRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (<41N) 101.&nm 
ELECTROLYTE SOLUTION ~5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 31161N ~ 3l2nvn) 
IMMERSION PERIOD -15 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 ·ANODE 



c 
DJITE 

1 l...()eo.l 

...... _ 

I 
CmA) 
1.88 
1. 

!.5 
2.e 
2. 

2 5 

2.95 
2.9 

~ 
3.25 
3.2 
5.3 
l.35 
1.3~ 
1.4 
3.f 
1.5 
S.56 
Uil 
3.8 

~ 
3.87 

4 

E-6 

REVERSED POLARfTY 
SPECIMEN tee 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION fl63.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 3/t61N- 3l.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA 71 -CATHODE 

EL t:\; I KUUI ~U_t;.NTIALE~ M 
VOLT CAT ANOOE le. 

(IN m OFF CAniDDE 
O.QQB 12 OS 0.8:9 0872 ~ 74 

1 ul: o.46! 1.613 LE:r. 51 !tfli 26. 
1 1.& 0.6 l.575 lES: ~ i:iih ..; ~ 
1 .64 o . .s >15. szcill 

o. m 14 0.4 r4 4 tt •rr. ) 
0: 1199 I J 14 0.4 l! 1.~ •151 
o. rJJ7 -~ o.481 11 t664 .ea: tl3 
0.•!:195 .59 0.4112 lm: OElEt2 410: .11 

il9 ~ tt419 l!i?l tu112 m ..; 5 
D 1.4 6 l.f ( 61 -: ~ 

l9 1.513 --~ (61 .• -: 
l9 :>s· o. o.e t.• -: 

L9E 1.5 I.S1 )J 0.86 [41 ·_:,:ff: 
1.9e 1.E 1.51 0.584 0.' B2 1.41 -:!8 .. 

1.9 1. s l.5:l 0.589 0.1 if tE---:1! -: i1 
1.9! n o.s:i nms 01 s.o. t -: 

OJ 
0.9!!6 
0.9 
0.9 
0.9 
0.9 
0.91 
0.91 
0.91 
0.9!; 
0.99 

0.002 0.68 .. 3101i -:~]) 

1J I ni 0.! I iS76 -: 5. 0 
UH 0.561 0.! I )4 -: 9 
1.61 0.! C I • ...: B 
1.61 0.! ( I 1.1 ~--1--~:!!.!.----i 
18 0.! ~ 0. 
1 6 0.! ( 36 ( 

1.59 o.s:J 0.5152 ( 12 
1.59 0.59 0.558 0. i4 
1.58 0.59 0.557 o.ees 
U 0.591 Cl561 0.61 
1.~ 0.591 I.D O.e95 

274.73 
8.54 
'llf1 

. 

. 



! 

' c 

DATE 
00-MM-YY 
22-Nw-92 
23-Nov.Q2 
24-N<:N-92 
25-NoY-82 
28-Nov-82 
27-Hov-92 
28-Nov-82 
29-Nov-92 
30-Nov-92 
OI..Dec-Q2 
02...Qec.Q2 
(J3.0ec.82 
04-Dec-92 
(J)o.Oec..Q2 
Q5..0ec.92 
07..[)eo.Q2 
06-Dec-a2 
C»--ec>92 
10...Qec.Q2 
11..Dec-Q2 
12-Dec-a2 
13-0ec-92 
14-0ec-92 
15-Deo-82 
18-0ec-92 
17.Qec.Q2 
18-Dec>Q2 
19-Dec-92 
20-Dec.Q2 
21-Dec-a2 
22...Qec.Q2 
2'3-0ec-92 
24-Dec-92 
25-Dec-92 
26-0ec-92 
27...Qec.82 
28-Dec-92 
~ 
3C)..[)ec.82 

31-Dec-a2 
01~ 
02~ 
CJ3..Jan.QJ 
Q4..Jan.Q1 
as.Jan..EQ 

I 
(rnA) 
O.ot 
0.01 
0.01 
0.01 
0.22 
0.43 
0.65 
0.84 
0.9 
0.9 
1.04 
1.06 
1.12 
1.18 
1.2 

1.2-4 
1.28 
1.32 
1.38 
1.4 
1.44 
1.48 
1..52 
1.58 
1.6 

1.64 
1.M 
1.72 
1.78 
1.8 

1.64 
1.88 
1.92 
1.98 

2 
2.04 
2.06 
2.12 
2.18 
2.2 
2.24 
2.28 
2.32 
2.38 
2.4 

E-7 

NORMAL POLARITY 
SPECIMEN ..,A 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (-41N) 10f .&nm 
ELECTROLYTE SOLUTION 11.3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (71161N ·11.1mm) 
IMMERSION PERIOD <46 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD- ANODE 

ELECTRODE POTENTIALES M 
VOLT ANODE CATHODE El.£CTRODE RESISTANCE 

V ON OFF ON OFF ANODE CATHODE 
1 D.384 D.3S5 ..O.f!IS1 ..0.668 900.00 100.00 
1 0.364 0.355 ..0.887 ..0.668 &00.00 100.00 
1 0.328 0.317 ..0.887 ..o.ees &00.00 100.00 
1 0.291 0.287 ..0.889 ..O.f!R cn.oo 100.00 
1 . 0.281 0.038 :m±.O.e59 1104.95 -100.00 . 
1 0.271 ..0.211 .0.648 mn.m -104.615 
1 0.261 ..0.46 ..0.«37 11C:S.23 -106.15 
1 0.133 ..o.e .0.768 .0.62 733.33 -118.19 
1 0.138 ..0.488 .0.789 ..0.633 fB133 -173.33 
1 0.138 .0.488 ..0.789 .0.633 fB133 -173.33 
1 0.004 ..0.&8 .0.875 .o.m 5«.1.38 -&4.23 
1 0.042 ..O.f!IJ7 .0.894 .0.783 0.33 -102.78 
1 0.03 ..0.506 ..0.913 .0.789 47857 ·110.71 

1 I nma,4sa ~= ~.~ «11.88 ·118.10 
1 ..0.504 I ..0.951 ..0.8 423.33 ·125.83 
1 ..0.512 I ..OS5'3 ..0.81 0.87 • 1 -0.5 -=+ ..0.82 395.31 

I 1 ..0.419 .0.82 382.58 
1 .415 .0.812 8.85 ·102.94 
1 0.01 .().41)1 ..0.946 .().804 357.88 ·101.43 
t 0.011 .().487 ..0.94 ..0.196 345.83 -100.00 
1 0.012 .().4)2 .().935 .0.788 333..78 -'S.32 
1 0.011 ..0.481 .0.938 .().78-4 323.88 ·100.00 
1 O.ot1 ..0.481 ..0.938 .().78 315.38 ·101.28 
1 0.007 .().482 .(),946 .0.191 31;.82 .a3.87 
1 o.cm ..o.e -0.954 .0.802 296.34 .Q2.at 
1 0.001 ..0.484 .().962 ..0.813 2SIUB -88.89 
1 o.ms ..0.485 .().97 .().824 284..88 -84.88 

0.999 0.011 .(),485 .().978 .().836 281.82 -eo.• 
o.ese 0.018 ..O.«B .Qlll514 741 

281.f!R ·128.11 
o.a 0.014 .(),4l2 .0.755 275.00 -121.20 
0.997 0.01 ..0.415 ..0. .().782 25.82 ·116.49 
0.997 0.006 ..o.e .(). .().7e9 2.82!1) ·11UIB 
01»7 0.002 ..0.501 .0.987 ..0.776 258.83 ·107.615 
o.ese 0.004 ..O.SI:i ..0.9':i\3 .().785 254..9) ·104.00 
0.9EIB 0.007 .().51 .().SQJ .0.79 253.43 -100.98 

1 0.018 ..0.515 ..().SlS9 .().7'95 258..25 .at .DB 
1 o.ote .().514 ..o.ese ..0.7'95 zo.oo 115.75 
1 0.014 ..0.514 ..0.9EIB ..0.794 244.44 -84.44 
1 0.012 -0.515 .o.sm ..0.7'95 239.55 .al.91 
1 0.01 ..0.515 ..o.sm .().794 234.37 -89.13 
1 0.007 -0.515 -0.993 .0.7'95 228.95 -86.84 
1 o.cm -0.512 .().992 .0.793 217.f!R .e5.78 
1 0.002 .o.e -0.992 .().81 211..88 -77.12 
1 0.001 .().495 .().9Q2 .().81 208.87 -75.83 



c 

DATE 
tm ~l 

REVERSED POLARITY 
SPECIMEN t7A 
IMPRESSED VOLTAGE 1V 
DISTANCE BE1WEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION 113.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (7/161N ·11.1mm) 
IMMERSION PERIOD 16 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD ·CATHODE 

ELEC'1 revue Fv:i-1 rlALES t n 
VOLT I CA' MO[ ANOIIE !£3 I 

~ov-~:.::...::H--::1:=-=s-+-=---+-~=- ~_, 118 o. j .ru • m 
.7 I.S 18 057 0. I -:H.7 

'l?. """'-D ~56 u;;ge , S'27 c ~ ( 1.64 4 ~_, •· 

!.t 4 1.997 c 0.649 lfl •· 

991 IJD i14 11• 1.684- •· 
19 1.0.1 1~ 1.e s :361. •• 
a 1-:413 1 1 1• 1.e ii:D.A •• 
o · 1. t.e o.61! 1.e i5i37 :11 
tt 1 0. HI 1.6 B3.33 :11 

4 ( l1 ' .Si 1823 0. .. 14_4 -· 

4J 0. B ( 54 1.4 Z2 •· 

~ ).t; ~ J.l ~ il:M -· 
• 71! 1J 0.! B ~- -=14] 

• 71! IJ C ;_, E S 



c 

DATE 

NORMAL POlARITY 
SPECIMEN 178 
IMPRESSEDYOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.8mm 
ELECTROLYTE SOLUTION lft3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (111161N -17 .5mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EWJEDDED COVERED BY SII<A GARD- ANODE 

EL :" 11''\VUI ~ I:N IIALE M 
VOL'F ANODE Cl ltll..lUt: I El.J:l; Jt: 

V ON OF C OFF AI ~ CJI HI Jt:. 

f (1.078 -1 Lf .().! ..(.7!:4 121 ~ 

CS l.f ll ..(4 t .;J 

~ ~~~-+~~~~~~~~~~~:4-~~~~,~~~~~-~~~~ 
11:) ~ -l!t1 .. : 

lLL 

13 0.583 ..o. a o.84 ma. -~ 

~..tJec.. ~-.. ~ I<! 0.583 ..OJ:SE 1.881 a. ·14 
~ U.Ol ,. O.Siil -1.~ I• 1.918 943. -~ 

" -· -1. J'2 
~ 1 a -

OJ •· 
0. t). •· ,4 

l .CU iJ •• -4 
;.t ); :t i ..OJUS -1 11 -1 •• rl ll 
'5 ).~ Zi ..0.§' 7 -1 12 -1 ·1 [] 3 

).! 98 -1).! ·1 ..( •· .E 
)J 5 .cl.E ·1 1~ ..( 
c .().6 -1.1 ·1.[ u ~ 

..0.6 •· -1..()4 35 ~ 



DATE I 
00-MM-YY CmAl 
22-Nov-e2 1.57 
23-Nov-92 1.57 
24-Nov-92 1.75 
25-Nov-82 1.75 
26-Nov-92 1.75 

• 1.75 
2.315 
2.315 

:n.Nov-92 2.5 
01..Dec..Q2 2.67 
02-Qec.92 2.64 
OO-Qec.92 3.01 
04-Qec.92 3.18 
(l).[)ec.92 3.315 
Q6.0ec.92 2.73 
07-Dec-92 2.11 
(8.Dec..92 1.48 
(9.Qec.92 1.51 
10. 1.54 
11~" 1.57 
12-Qec.92 1.6 
13-Qec.92 1.6 
14..Dec..Q2 1.6 
15-Dec.Q2 2.64 
1S.Dec..Q2 3.68 
17-0ec>92 4.72 
18-Qec.82 5.18 
19-Dec..Q2 6.8 
20.Qec.92 7.3 
21-Dec..Q2 7.46 
22..Dec..Q2 7.6 
23-Dec>92 7.15 
24-0ec..Q2 7.9 
25-Qec.92 8.08 
26-0ec..Q2 5.55 
27-Dec..Q2 5.55 
28-0ec..Q2 8.07 
29-Qeo.Q2 8.59 
3l-llec..Q2 7.11 
31..Qec.Q2 7.tD 
01..Jan.93 8.15 
02..Jan.a3 8.85 
~ 8.87 
04Jan..Q3 8.89 
as.Jan..93 8.89 

c 

E-10 

REVERSED POLARITY 
SPECIMEN f7B 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.&nm 
ELECTROlYTE SOLUTION .a5 NACL 
ELECTRODES NON EPOXYNo.15 
CLEAR COVER (111161N -17.5mm) 
IMMERSION PERIOD 46 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARQ. CATHODE 

ELECTRODE POTENTIALES M 
VOLT CATHODE ANODE ElECTRODE RESISTANCE 

V ON OFF ON OFF CATHODE ANODE 
1 1.75 0.624 0.75 0.8 717.40 -31.815 
1 1.75 O.fl!il 0.783 0.817 S6.18 -21.68 
1 1.75 0.656 0.783 0.832 625.14 -28.00 
1 1.75 0.662 0.774 0.821 821.71 -28.86 
1 1.75 o.eee 0.785 0.81 618.29 -25.71 

t:~ 
1.75 0.675 0.795 0.797 814.29 -24.00 
1.73 0.64 0.74 0.791 6.83 -21.10 
1.77 0.596 0.783 0.815 8.57 -22.13 

1 1.77 0.583 0.784 0.815 474.80 .3)..() 

0.999 
1.77 tl=t:l 0.818 442.32 -19.85 

0.998 1.77 0.821 413.73 -19.37 
0.997 1.77 . 0.824 388.37 -18.94 
o.see 1.11 0.001 o:ltB 0.827 385.72 -18.55 
0.994 1.77 0.815 0.7E5 0.831 344.18 -18.51 
0.996 1.7m 0.64 0.794 0.841 4122.34 -17.22 
0.996 1.816 o.ees 0.819 0.851 56Sl -15.17 
0.996 1.84 0.69 D.848 0.861 m.m -10.14 
o.ssa 1.84 0.89 0.&41 0.868 781.SD -18.56 
0.997 1.85 0.7 0.8313 0.871 745.15 -22.73 
0.997 1.85 0.7 0.831 0.818 732.48 -28.68 
0.996 1.85 0.7 .. 0.879 718.15 -31.88 
0.996 1.81 0.7(8 0.882 688.15 -36.25 
0.996 1.79 0.715 0.788 0.856 671.88 -42.50 
0.99 1.79 0.705 0.788 0.863 410.98 -28.41 
0.964 1.78 o.ees 0.789 0.87 294.84 -22.01 
0.978 1.77 o.eas 0.789 0.877 229.87 -18.64 
0.912 1.77 0.675 0.791 0.864 100.10 -16.15 
0.965 1.77 o.ees 0.791 0.894 182.50 -15.15 
0.981 1.82 o.a 0.827 0.906 153.56 ·10.82 
0.958 1.81 0.7(8 0.825 o.am 148.19 ·10.47 
0.9615 1.81 0.~ 0.823 0.9 144.34 ·10.13 
0.952 1.81 0. 0.821 0.8B7 14:1.85 -9.81 
0.949 1.81 0.127 0.819 0.894 137.(11 -9.49 
0.943 1.81 0.732 0.819 0.891 133.15 -8.93 
0.974 1.84 O.D 0.846 O.G 20118 ·11.315 
0.974 1.84 O.D 0.848 0.0 20178 -11.315 
0.97 1.828 0.71 0.835 0.9» 184.18 -12.19 
0.986 1.818 0.711 0.824 0.91 167.88 ·13.a5 
0.982 1.a:M 0.712 0.813 0.911 153.59 -13.78 
0.958 1.792 0.713 OJm 0.911 141.42 ·14.29 
O.s54 1.78 0.714 0.192 0.912 130.80 -14..12 
0.963 1.82 -1--Wi 0.829 0.906 

~ 
-8.93 

0.93 1.78 O.lt:& 0.882 -8.88 
0.95 1.18 .I 0.715 0.783 0.855 -8.10 
0.95 1.78 I 0.715 0.783 0.855 117.95 I -8.10 



c 

E-11 

NORMAL POLARITY 
SPECIMEN t7C 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101 .8mm 
ELECTROLYTE SOLUTION 1113.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1• 31t61N- 3l.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD ·ANODE 

EL t::t,; II'CUUI t"'-1 II:N I ~LES M 
DATE VOLT Al\100 4 'THODE IR 

1 )ec> 

13-Dec> 
i. 

...... 

n r-. 
n -n 

O.E 4 1.381 .0. 71 I. r. 8' 

O.E 1.422 .{).87! .o~ 1.71 ?. -· 
US 1 1.463 Cl. O.f U 

r-2.1 
~2.1 

2. 
2.. 

2.(8 
~.CS 

HB .0.47• .• ·' 1.• 3 

-· 
I :lE 0.0! 25 -1.0 

:lE 0.049 28 -1.0 
0.049 -1 

0.! ll6 I M a l -1.03 ii -1 

;)5 )4 -1. -1 ii' -1 

;)5 )4 -1 -1 7.: -

3 -1. -· 
8 -1 -i 

~ ).! )<I ~ -· 

2.3 0.993 0. 8 0.531 - . C)J:s< -7. 
2.3 0.993 0; 5 ).5 - 1.83 -:.t. 
2.• O.S92 1 3 -1.01 5 ~ -1 
2.f 1 l -1 12 224. -7. 

2.5 OJ:S7 1 -1 :Q 222.(1 -'J 

2.7 0.993 I -1 M a:J3.3 -7 t.! 



c 

DATE I 
DO-MM-YY (mA) 

22-NoY-92 1.2 
23-Nov-92 1.2 
24-Nov-92 1.5 
2>NoY-92 2.01 
2tH4ov-92 2.54 
27-Nov-92 3.07 
28-Nov-92 3.6 
29-NoY-92 4.CS 
3)-Nov-92 4.12 
01-Dec-92 4.9 
02-0ec-a2 5.18 
Q3.Dec.Q2 5.42 
~ 5.68 
(l).Oec.Q2 5.94 
Q6..Dec.Q2 6.19 
07-Dec-92 6.23 
~ 6.31 
CS-Oec>92 6.38 
1().0ec-92 6.42 
11-Dec-92 6.48 
12-Dec-92 6.54 
13-Dec-92 6.62 
14-0ec-92 6.68 
15-0ec>e2 6.8 
16-0ec-92 6.79 
17-Dec-92 6.77 
18-0ec-Q2 6.75 
19-0ec-92 6.75 
:i!D-Dec-92 8.75 
21-0ec-92 7 
22-Dec-92 7.1 
23-Dec-92 7.1 
24-0ec-92 7.4 
25-0ec-92 7.6 
2S-Oec-92 7.8 
27-Dec-92 7.8 
28-Dec-92 7.78 
29-l)ec..82 7.f!liJ 
3:)..0ec-92 8 
31-Dec-92 8.11 
01..Jan.m 8.22 
02-Jan.93 8.35 
Q3.Jan.93 8.35 
~ 8.35 
(S.Jan.$3 8.35 

0 

E-12 

REVERSED POlARITY 
SPECIMEN I7C 
IMPRESSEDVOLTAGE 1V 
DISTANCE BE1WEEN ELECTRODES (41N) 101.6mm 
ELECTROLYTE SOLUTION ~.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 3f161N - 30.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED COVERED BY SIKA GARD- CATHODE 

ELECTRODE POTENTIALES M 
VOLT CATHODE ANODE B..ECTRODE RESISTANCE 

V ON OFF ON OFF CATHODE ANODE 
1 1.67 -0.015 o.85 0.685 14>4.17 -29.17 
1 1.67 -0.015 0.85 o.ees 14>4.17 -29.17 
1 1.63 0.06 0.63 0.87 1046.87 -26.87 
1 1.58 0.365 0.006 0.652 Sl4.48 -22.89 
1 1.58 0.415 0.598 0.652 458.68 -21.28 
1 1.58 0.466 0.59 0.851 383.19 -19.87 
1 1.59 OS16 0.583 o.85 298.33 -18.61 
1 1.6 0.524 0.591 0.85 263.(11 -14.43 
1 1.6 0.532 0.585 0.645 259.22 -14.56 

0.996 1.64 0.552 0.616 0.6915 222.04 -16.12 
0.984 1.64 0.563 0.621 0.899 2C8.72 -15.12 
0.982 1.64 0.574 0.626 0.703 196.68 -14.21 
0.96 1.85 0.585 0.631 0.707 187.5) -13.38 

0.978 1.85 0.596 0.636 0.711 1n.44 -12.63 
0.975 1.EI6 O.tm 0.644 0.713 169.79 -11.15 
0.9TJ 1.61 0.611 0.648 0.714 1E0.35 -10.91 
0.971 1.57 0.612 0.648 0.715 151.82 -10.62 
0.965 1.54 0.612 0.852 0.715 145.91 ~.91 

0.962 1.565 O.D 0.65'2 0.718 149.07 -10.28 
0.969 1.59 O.E04 0.852 0.721 152.16 -10.85 
0.956 1.615 0.6 O.EI63 0.724 155.20 -10.86 
0.954 1.64 0.597 O.EI63 0.128 157.55 -11.CD 
0.961 1.85 0.598 0.65'2 0.727 157.49 -11.23 
0.965 1.87 0.599 0.65'2 o.m 157.9) -11.m 
0.965 1.87 0.597 0.647 o.m 158.CD -11.78 
0.964 1.87 O.S9S 0.642 0.727 158.79 -12.56 
0.964 1.85 0.!593 0.637 0.725 156.59 -13.04 
0.983 1.64 0.591 0.632 0.725 155.41 -13.78 
0.982 1.63 0.589 0.628 0.725 154.22 -14.37 
0.962 1.85 0.587 0.645 0.735 151.88 -12.86 
0.962 1.64 0.585 0.645 o.m 148.59 -12.39 
0.962 1.64 0.583 0.644 O.TJ1 148.87 -12.25 
0.962 1.64 0.581 0.643 0.729 143.11 -11.62 
0.961 1.64 0.579 0.642 0.727 139.61 -11.18 
0.969 1.64 0.578 0.641 0.725 138.15 -10.77 
0.969 1.64 0.578 0.641 0.725 138.15 -10.77 
0.957 1.66 0.591 0.644 0.725 137.4) -10.41 
O.EI67 1.85 0.587 0.643 0.728 134.TJ -10.77 
O.EI67 1.85 0.583 0.642 O.TJ1 133.38 -11.12 
0.957 1.85 0.579 0.641 O.TJ4 132.06 -11.47 
0.957 1.85 0.575 0.64 0.737 130.78 -11.80 
0.956 1.85 0.572 0.637 0.738 -129.10 -12.10 
0.965 1.85 0.584 0.641 0.7:28 127.88 -10.42 
0.983 1.64 0.588 0.642 0.732 125.99 -10.78 
0.95 1.63 0.~ 0.644 0.735 124.31 -10.90 
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(mAl 
1 
1 .• 
Qjj 

2.11 
l.C8 
2.(6 
2.02 

1 
1 
1 
1 

.1 

5 
8 

1.• 
1.4 
u 
1.8 
1.8 

1.95 
2.0f 
2: 

2.11 
2.'11 

13 
15 
!1 
!4 
!4 

~:lB 

NORMAL POLARITY 
SPECIMEN IBA 
IMPRESSED VOLTAGE 1V 
DISTANCE BE1WEEN ELECTRODES (41N) 10f .&nm 
ELECTROLYTE SOLUTION 4JI3.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (71161N ·11.1mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED· ANODE 

EU:'-'•"uut: t'Uit:l'4 nALE:s M 
VOLT All OD 11 ~UUI 18.. -: 

0.299 0. .0. 3 t8: )4. 

O.ZID ~ .0. 3 
.0.042 -1 
.O.C61 ).~ ·1 
l).i 15 ·1 

O.E 97 i:OU .0.523 .0.9 
O.Q9 1.0'23 .( 1.528 .0.9 
0.991 f1B2 l53 .()_g 
0.991 l.mt ~ g -1.0f 
O.Silel ..0.031 ~ 1 --1DI 
0.991 .().0'.29 .O.i 3 -1.0f 

1 ~l1i25· -..o.~ 5 -1 m 

.0. 
0.815 

!11D 
)J!S24 

0.991~ ~l028 -4 -1. 0.83 
om ~lmt -1. .(1.1125 

SIJ ..O.m4 -1. :.2 

c .( . 

~-· 

•' 

-· 
-1 

--
-: 

4 c .( -
c -· 
0. 

1 )J a:r 
3 1 -1.0 
3 1 -1.0 

;t: 

H OE 

7 

) 
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REVERSED POlARITY 
SPECIMEN ~~M 
IMPRESSED VOlTAGE 1V 
DtSTANCE BETWEEN ELECTRODES (41N) 101.8mm 
ELECTROLYTE SOlUTION '163.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (71161N -11.1 mm) 
IMMERSION PERIOD 46 DAYS 
CONCRETE EMBEDDED- CATHODE 

EL ,, n'vu• POTENTIALES M 
~VOLT 1'\ MVUI: I ANODE 

0~ I OFF I 6N IB.:\0 V CA' H DE 

7 71 $63. -0~634 17 -1 

s 
1 
g 
g ( 

( 

); 

S2 '61 0:138 '" !Ill -1: 
:o iT o.sa 165.a -1! 
)4 t75 o:64B 18111 -1 

n 
li 

l.fi4 
I.E 
tE 

-1! 
-1t 
-1t 
-· 

I ~ jj • 

0.1 -: 
0. .; 

1.0 O.E 4 -· ..... l.f M O.EII '1 -· 
:l.! J.i i6l 0] ..... 

, I 5 ~ rn! O.fr. - tl 

=t:o ' :i&--H~~~e=--+-~~;-...~~~~~~~-1 
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DATE 

........ lmj\\ 
0. 

0.0 
Q.02 

lrl 
o.cn 
).()1 
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NORMAL POLARITY 
SPECIMEN 188 
IMPRESSED VOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.6rnm 
ELECTROL VTE SOLUTION '¥13.5 NACL 
ELECTRODES NON EPOXY No. 15 
CLEAR COVER (111t81N ·17.Smm) 
IMMERSION PERIOD CiOAYS 
CONCRETE EMBEDDED- ANODE 

EL t:l.; 1 r<UUt: POTEf'oj TIAU :~ M 
VOLT ANODE (.; 1 HUUt: I R-

V ON OFF C .OFF ANOhE 
1 0.232 ~ 1.294 ..(). .0.7e9 2830.(0 

O.Q99 O.ZD t.1i6 ..0. Q ..0.7ff CD.O 
o.sm l.m 1 ~ -e~o1 ~ .o.m CD.a 
0.9!19 ..0.262 ~ ..( ;.c =15l.Cil 
0.9!B .(Ut2 51 ~ .( :Rn.a: 
0.91:15 0.082 ioC ~ .( · in;iiYln 

0.9!!i4 CI.Z O.C 13 •.71 0: ic;Rt'Y'I n 

_,, ).00 
-
.; 
-: 
.; ).l 
• 13 

4 

o.s 1 . -o.:: , .()J M ~ i.t 31o.t:l -1 
0.8 1 0.4: .().Q ;t I •.838 ···~ -2 5 

1.3 OS99 .1 ..( -t.C -O.ee5 :297.8 ~1 
jj 

- 1.3 
.. 1.33 

1 ~i~ 

1 •· ~ L19 

..n.,...a> Jl u -O.CJ78 4.a:rz :.um .o.e 4 !7• -78.c 

...... 

!.32 u 4 .0.121 0.61 -1.074 .Q.S if ~ 

~73 l! •.1 iJ ..CI.618 -t.t·IS .0.972 -si 

IJ 
4.79 

! 
5 . 
5.: 
5. 

t 
O; 
( 
( 

( 

0. 
0.£ 5 
O.E 5 

oi 1.:! .0. -1 - ~ .. 
~ 1..2 ..o. -1 - 1 r.1 
~ 1.2 ..(). -1.. - I -: ;.c 
..0.: fa ·1.2 • I 
..o.: -1.2 -1 
..0. ·1.2 -1.12 
..0. I ..0.678 ·1.2: -1.12 
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REVERSED POLARITY 
SPECIMENte8 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (41N) 101.&nm 
ELECTROLYTE SOLUTION 113.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (111t61N -17.5rrm) 
IMMERSION PERIOD «i DAYS 
CONCRETE EMBEDDED· CATHODE 



c 

DATE I 
DD-MM-YY (mA) 

22-Nov-92 0.92 
23-Nov-92 0.92 
24-Nov-92 0.92 
25-Nov-92 0.99 
26-Nov-92 0.99 
27-Nov-92 1 
28-Nov-92 1.1 

E-17 

NORMAL POLARITY 
SPECIMEN tee 
IMPRESSEDVOLTAGE 1V 
DISTANCE BElWEEN ELECTRODES (4 IN) 101.6mm 
ELECTROLYTE SOLUTION ~5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER W 31161N - 3:>.2nvn) 
IMMERSION PERIOD 46 DAYS 
CONCRETE EMBEDDED-ANODE 

ELECTRODE POTENTIALES M 
VOLT ANODE CATHODE aecrRODE RESISTANCE 

V ON I OFF ON OFF ANODE CATHODE 
1 O.Ot, ""316 -0.833 -0.581 514.13 -273.91 
1 H!= -0.412 -0.895 464B 468.3:> -268.-tB 

. 1 -0.412 -0.895 -0.64B 466.3) -268.-tB 
1 -0.388 -O.m1 -0.666 414.14 -'137:51 
1 0.021 -0.39 -0.912 -0.664 415.15 -250.51 
1 0.019 -0.392 -0.924 -0.661 411.Ql -263.00 
1 -0.935 -0.5 373.64 -251.82 

IS 29-Nov-92 

I±=~ 
0. -0.939 -0.71 426.8) -243.62 

3)..Nov-92 0 -0.945 4725 427.66 -'134.04 
01-0ec-92 -0. -0.384 -0.96 -0.712 'S/851 -m .os 
02-0ec-92 us 1 O.IXI> -0.376 -0.878 -0.8 349.54 -255.(1; 

m-Oeo-e2 0.98 1 0.002 -0.379 -O.m1 -0.636 398.88 -276.04 
04-Deo-92 o.m 1 -0.006 -0.382 -0.925 -0.673 4)4.3) -270S7 
OO-Oeo-e2 0.91 1 -0.012 -0.384 -0.948 -0.71 0.19 -281 
06-0eo-e2 1 1 -0.041 -0.388 -0.99 347.cD -215.Ql 

07-0ec-92 1.04 1 -0.043 -0.391 -0.968 334.62 -113.48 
(8..[)ec.Q2 1.03 1 -0.042 -0.3S5 -0.933 -0.832 342.72 -148.8) 

m 1 -0.042 -0.397 -O.S98 -a. em 348.04 -191.18 
1 s . ~~I~ -O.S93 -0.812 394.44 -'JI:AfR 
11 .9 1 -0.038 -1 -0.821 3E8.33 -198.89 
12 0.9 1 I -0.038 -1 -0.83 9.33 -188.89 
13-Dec-92 os 1 -0.038 -OSS -0.82 31J).Q] -198.89 
14-0ec-92 1.1 1 -0.042 -0.999 -0.815 311.82 -1fR.27 
15-0ec-92 0.93 1 -0.033 4415 -O.S93 -0.7.36 410.15 -2SO.e5 
16-Dec-92 0.93 1 -0.02 -0.379 -0.& -0.81 386.02 -203.23 

~ 0.88 1 -0.015 -0.373 -0.994 -0.811 0.82 -207!iS 
0.83 1 -0.01 -0.3871 -0.& R 111 19-[)ec.Q2 0.78 1 -O.IXI> .984 -219 

2Q..Oec.92 o:n 1 -0.002 -0.98 
21-0eo-e2 0.72 1 0.003 -0.364 -0.978 

1 

22-Dec-92 0.72 1 -0.974 08 -243.08 
'13-Deo-92 0.72 1 

~-~~~4-
40.28 -:252.78 

24-0ec-92 0.72 1 -0.003 -0.364 -a.m 417.9) .262.9) 

25-Dec-92 D.72 1 -O.IXI> -0.364 -0. 7e6 .e<t72 -272.22 
28-Deo-92 0.72 1 -O.IXI> -0.364 -0.754 .e4.72 -284..72 
27-0eo-e2 D.e9 1 0.019 -0. -0.755 496.e5 -294.20 
28-0ec-92 O.fR 1 0.033 -0 . -0.755 9:8.98 -3l2S9 
29-0ec>e2 0.882 1 0.033 -0.3:» -0.967 -0.759 516.62 -299.Diit 
3l).()eo..Q2 0.854 1 0.033 -0.3:» .O.Q66 -0.783 522.94 -21iJt)., 1 

31-Dec-92 0.648 1 . 0.033 -0.311 -0.955 -0.7f17 S32.51 -291.02 
01-Jan-Q3 0.638 1 0.033 -0.311 -0.954 4771 539.18 -286.83 
02.Jan..Q3 0.83 1 O.m4 -0.312 -0.953 -0.715 ~ -282.54 
m..Jan..Q! 0.71 1 0.006 -0.334 -0.972 4 765 -291.55 
04-Jan-93 0.71 1 -0.007 -0.341 -1 -0.775 . -318.90 
(6.Jan...Q! 0.71 1 -OJ:JJ7 -0.341 -1 -0.775 I 470.4'2 I -318.90 
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DATE 
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5.4 
S:.i" 
5.4 
5.4 
5.4 
f •. a 
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REVERSED POLARITY 
SPECIMEN I8C 
IMPRESSEDVOLTAGE 1V 
DISTANCE BETWEEN ELECTRODES (41N) 101.8tm 
ELECTROLYTE SOLUTION ~.5 NACL 
ELECTRODES NON EPOXY No.15 
CLEAR COVER (1" 31161N- 3>.2mm) 
IMMERSION PERIOD 45 DAYS 
CONCRETE EMBEDDED-CATHODE 

EL . , nv~.~~: POTENTIALES nn 
VOLT ,,.. 1v" ANOCtE 

V CN OF ON 
·a_QQ8- 1.e C! 1.4 
o.a 1 1.4 t.f 
O.Sil8 1. 1.4 I.E 
0.97'3 .4 1.4 i.f 
0.973 .4 1.4 
o.97f .4 1.4' 1 • .c 
0.978 .49 1.41 B 1,-4 
0.977 .47 1.417 J. 

!EBI51 .01:: 

I>E AI\ .e 

-· 
I.E -· •· 

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

I_Q 

1.• .. 
.• 
,4 

1.45 
1.48 
1.45 
1.4 
1.4 

1.514 
O.SII 

1.• 
1.4 

1.442 O.gug 
0.45 0.81· 
1.452 0.81~ 1 IJ .; 
).463 0.81• 1 .; 
1.455 0.815 -: 
0.48 0.822 .. 
).434 O.EIJ5 -' 
1,435 c 1 .. 
1.453 -: 
1.4 .. 
.4 .; 
lA ..; I.• 

C lA ..:11! 

) 

4.98 0.97! .~ 1.• 1.• 0.81 Ulll 
4.87 0.971 -~ 0.81 19' ~.1 

01-Jan.Q 4.78 0.971 .-4 1.• 0.81 201 .. ~.J 

. ..aa 4.34 o.Q91 .4' 0517 o.o 0.589 19tt .. 



f F-1 

c 

APPENDIX F 

CHLORIDE ANALYSIS RESULTS 
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F-2 

Results of chloride content are presented in the 

following pages. The tests were performed in the laboratories 

of the Otto Maass building at McGill University. 

Volhard method was used in analyzing the cement powder 

extracted from each specimen (top, middle, bottom). 

The variation of the chloride content along the cylinder 

height versus the depth of concrete cover are also plotted. 



F-3 c 

SPECIMEN# MASS AgNo3 KSCN CHLORIDE CONTENT 
g ml ml %cl 

1A [(TOP) 2.6654 20 2.96 0.013 
1A I <MIDDLE) 2.0181 30 5.35 0.021 
1A [(BOTTOM) 1.5133 20 4.09 0.017 
18 [(TOP)_ 1.5829 20 4.6 0.022 
18 [(MIDDLE) 1.6481 20 1.11 0.025 
18 [(BOTTOM) 1.4332 10 5.54 0.017 
1C [{TOP)_ 1.4225 20 7.75 0.032 
1C [(MIDDLE) 1.378 20 10.7 0.035 
1C [(BOTTOM) 0.7705 10 5.22 0.018 
10 I{TOP)_ 0.8442 20 9.56 0.039 
10 (MIDDLE) 0.7444 20 9.94 0.038 
10 (BOTTOM) 1.0147 20 9.2 0.038 
1E (TOP) 0.7562 10 4.02 0.049 
1E (MIDDLE) 1.4863 30 12.01 0.051 
1E (BOTTOM) 0.8499 20 9.98 0.038 
1F (TOP) 1.142 30 13.51 0.050 
1F [(MIDDLE) 0.6977 10 4.45 0.067 
1F [(BOTTOM) 0.6239 10 5.41 0.040 
1G ICTOP) 0.9541 10 6.62 0.056 
1G [(MIDDLE) 0.7775 10 3.35 0.068 
1G [(BOTTOM) 1.4647 20 9.98 0.042 
1H 1 (TOP) 0.9276 20 6.68 0.062 
1H (MIDDLE) 0.8982 30 7.48 0.082 
1H (BOTTOM) 1.2237 20 8.66 0.058 
11 (TOP) 1.2198 10 8.91 0.062 
11 (MIDDLE) 1.6423 20 6.11 0.090 
11 _{BOTTOM) 0.7651 30 7.22 0.083 

Chloride contents for the specimens in Test Series No. 1 
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SPECIMEN# MASS AgNo3 KSCN CHLORIDE CONTENT 

g ml ml %cl 
2A !(TOP) 1.2108 30 14.27 0.082 
2A ICMIDDLEl 0.9753 20 4.73 0.056 
2A ICBOTIOM) 1.304 30 7.35 0.083 
28 !(TOP) 1.3434 10 2.51 0.059 
28 ICMIDDLE) 1.03 20 10.32 0.044 
28 (BOTIOM) 1.1228 10 1.69 0.060 
2C (TOP) 2.232 30 7.63 0.043 
2C (MIDDLE} 2.5156 30 18.53 0.036 
2C (BOTIOM) 1.5425 20 3.45 0.030 
20 (TOP) 0.9125 20 8.32 0.027 
20 (MIDDLE) 0.8479 10 2.21 0.028 
20 ICBOTIOM) 0.6534 10 3.94 0.025 
2E lfrOPl 0.9226 10 5.06 0.019 
2E ICMIDDLE) 1.0407 10 6.05 0.015 
2E ICBOTIOM) 0.7991 10 3.07 0.022 

Chloride contents for the specimens in Test Series No. 2 
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SPECIMEN# MASS AgNo3 KSCN CHLORIDE CONTENT 

a ml ml %cl 
3A I <TOP) 0.6697 10 1.6 0.077 
3A [(MIDDLE) 0.5634 10 1.03 0.072 
3A [(BOTTOM) 0.7642 10 1.13 0.095 
38 I <TOP) 0.9944 10 3.06 0.033 
38 I <MIDDLE) 0.9783 20 2.83 0.062 
38 i(BOTTOM) 1.3211 20 4.05 0.058 
3C [(TOP) 1.8587 30 9.17 0.031 
3C i(MIDDLEJ 1.5686 30 10.62 0.036 
3C ICBOTTOM) 1.6683 30 3.81 0.032 
30 [(TOP) 0.5599 10 1.05 0.026 
30 I (MIDDLE) 0.5006 20 10.35 0.033 
30 1 tBOTTOM) 0.4737 10 4.21 0.022 

Chloride contents for the specimens in Test Series No. 3 
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SPECIMEN '11 ~ AoNo3 
KSCN CHLORIDE CONTENT 

ml ml %cl 
4A I <TOP) 20 18.63 0.010 
4A ICMIDDLEl 2.508 50 49.52 0.026 
4A I<BOTIOM) 1.7122 20 13.42 0.017 
48 I (TOP) 1.0499 20 17.45 0.006 
4B ICMIDDLE) 3.4202 50 44.75 0.01 
4B (BOTIOM) 2.6608 50 47.4 0.015 
4C (TOP) 3.7053 50 47.03 0.004 
4C (MIDDLE) 1.295 25 16.31 0.007 
4C (BOTIOM) 1.2548 25 19.61 0.009 
40 (TOP) 3.7053 50 47.03 0.004 
40 (MIDDlE} 2.4629 50 43.92 0.004 
40 (BOTIOM) 2.0177 50 45.83 0.005 
4E (TOP) 2.3769 50 47.35 0.004 
4E ICMIDDLE) 2.2464 50 48.32 0.002 
4E ICBOTIOM) 2.7744 50 47.46 0.005 

Chloride contents for the specimens in Test Series No. 4 

SPECIMEN '11 KSCN CHLORIDE CONTENT 
ml %cl 

SA 50 48.6 0.015 
5A 20 18.52 0.024 
SA 25 21.4 0.039 
58 25 19.01 0.006 
58 50 14.33 0.007 
SB 25 16.54 0.028 
5C 25 22.73 0.006 
5C 20 12.89 0.008 
5C 50 20.3 0.015 
50 50 46.95 0.004 
50 50 45.7 0.005 
50 50 33.1 0.009 

Chloride contents for the specimens in Test Series No. 5 
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c 
SPECIMEN# MASS AaNo3 KSCN CHLORIDE CONTENT 

a ml ml %cl 
6A I <TOP) 2.1549 50 40.98 0.034 
6A llMIDDLEl 2.9824 50 20.18 0.038 
6A ICBOTTOM) 3.4862 50 31.58 0.044 
68 I <TOP) 1.0149 25 18.46 0.025 
68 ICMIDDLEl 3.1973 50 37.75 0.022 
68 ICBOTTOMl 2.4931 50 21.04 0.025 
6C I <TOP) 0.9841 20 11.29 0.017 
6C I (MIDDLE} 3.0185 50 32.68 0.015 
6C (BOTTOM} 1.4855 20 10.28 0.020 

Chloride contents for the specimens in Test Series No. 6 

SPECIMEN# MASS AgNo3 KSCN CHLORIDE CONTENT 

a ml ml %cl 
7A I <TOP) 2.0197 50 41.05 0.018 
7A (MIDDLE) 1.3946 25 18.54 0.018 
7A (BOTTOM} 2.7493 50 41.02 0.016 
78 (TOP) 2.9431 50 35.32 0.019 
78 (MIDDLE} 2.9431 50 35.32 0.019 
78 (BOTTOM) 0.9475 20 16.8 0.014 
7C (TOP) 1.032 20 17.98 0.009 
7C llMIDDLEl 2.0198 25 17.32 0.015 
7C ICBOTTOM} 1.5492 25 18.65 0.013 

Chloride contents for the specimens in Test Series No. 7 

SPECIMEN# MASS AaNo3 KSCN CHLORIDE CONTENT 
a ml ml o/ocl 

8A I <TOP) 1.6974 25 14.58 0.023 
8A llMIDDLE} 3.0597 50 41.05 0.015 
8A I<BOTTOM) 1.8467 25 17.45 0.026 
88 IITOP} 1.4466 25 18.04 0.019 
88 ICMIDDLE) 2.5794 50 40.18 0.012 
88 ICBOTTOM) 3.0465 50 37.54 0.016 
8C IITOP) 1.3589 20 15.81 0.012 
8C ICMIDDLE) 1.9746 25 18.34 0.013 
8C ICBOTTOM) 1.8912 25 12.04 0.016 

Chloride contents for the specimens in Test Series No. 8 
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J-2 

The theoretical values of the oxidation rate of the steel 

is computed based on the measured current values. For each 

specimen, the maximum, the minimum, and the average current 

values are used to calculate the corresponding oxidation 

rates. 

This Appendix presents the calculated oxidation rates for 

the eight series in both polarity positions. 
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SPECIMEN 
1A 
1B 
1C 
1D 
1E 
1F 
1G 
1H 
11 

0 

J-3 

IRON OXIDATION RATE 
CONCRETE EMBEDDED ElECTRODES 
TEST SERIES No. 1 
NORMAL POLARITY 

EQUATION: dwldt = ( I * Mw) I (n * F) 

where dw I dt = metal oxidation rate (g Is) 
I = current (A) 

Mw = molar weight of iron (g) 
n = oxidation state (assume +2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE mglday 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
0.68 0.02 0.35 17.00416 0.500122 8.752142 
0.86 0.03 0.445 21.50526 0.750184 11.12m 
1.14 0.03 0.585 28.50698 0.750184 14.62858 
1.8 0.01 0.905 45.01101 0.250061 22.63054 

6.93 0.05 3.49 173.2924 1.250306 87.27136 
6.12 0.28 3.2 153.0375 7.001713 80.01958 
12.88 1 6.94 322.0788 25.00612 173.5425 
13.24 1.18 7.21 331.081 29.50722 180.2941 
17.42 5.4 11.41 435.6066 135.033 285.3198 
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SPECIMEN 
2A 
2B 
2C 
2D 
2E 

SPECIMEN 
3A 
3B 
3C 
3D 

0 

J-4 

IRON OXIDATION RATE 
CONCRETE EMBEDDED ELECTRODES 
TEST SERIES No. 2 AND No. 3 
NORMAL POLARITY 

EQUATION: dwldt = (I * Mw) I (n *F) 

where dw I dt = metal oxidation rate (g Is) 
I = current (A) 

Mw = molar weight of iron (g) 
n = oxidation state (assume +2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE mglclay 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
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SPECIMEN 
4A 
46 
4C 
40 
4E 

SPECIMEN 
SA 
56 
se 
50 

0 

J-5 

IRON OXIDATION RATE 
CONCRETE EMBEDDED ELECTRODES 
TEST SERIES No. 4 AND No. 5 
NORMAL POLARITY 

EQUATION: dw/dt = (I • Mw) I (n • F) 

where dw I dt = metal oxidation rate (g Is) 
I = current (A) 

Mw = molar weight of iron (g) 
n = oxidation state (assume +2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE mg/day 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
1.04 0.45 0.745 26.00636 11.25275 18.62956 
1.66 0.89 1.325 41.51018 24.75606 33.13311 
0.75 0.01 0.38 18.75459 0250081 9.502325 
0.78 0.01 0.395 19.50477 0.250081 9.877417 
0.64 0.06 0.35 18.00392 1.500387 8.752142 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
0.39 0.01 0.2 9.752387 0.250061 5.001224 
4.03 1.25 2.64 100.7747 31.25785 66.01818 
2.77 1.37 2.07 89.26895 34.25838 51.76287 
2.5 025 1.375 62.5153 8.25153 34.38341 
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SPECIMEN 
SA 
68 
se 

SPECIMEN 
7A 
78 
7C 

SPECIMEN 
8A 
88 
8C 

J-6 

IRON OXIDATION RATE 
CONCRETE EMBEDDED ELECTRODES 
TEST SERIES No. 6 , No. 7, No. 8 
NORMAL POLARITY 

EQUATION: dw/dt = ( I * Mw) I (n * F) 

where dw I dt = metal oxidation rate (g Is) 
I == current (A) 

Mw = molar weight of iron (g) 
n = oxidation state (assume +2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE mglday 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
1.98 0.11 1.045 49.51212 2.750673 26.13139 
0.01 0.01 0.01 0.250061 0.250061 0.250061 
1.25 0.51 0.88 31.25765 12.75312 22.00539 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
2.4 0.01 1.205 60.01469 0250061 30.13237 
3.06 0.56 1.81 76.51873 14.00343 45.26108 
2.7 0.01 1.355 67.51652 0.250061 33.88329 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
3 0.9 1.95 75.01836 22.50551 48.76193 

5.35 0.01 2.68 133.7827 0.250061 67.0184 
1.1 0.63 0.865 27.50673 15.75386 21.63029 
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SPECIMEN 
1A 
18 
1C 
10 
1E 
1F 
1G 
1H 
11 

0 

J-7 

IRON OXIDATION RATE 
CATHODES 
TEST SERIES No. 1 
REVERSED POLARITY 

EQUATION: dwldt = ( I • Mw) I (n • F) 

where dw I dt = metal oxidation rate (g Is) 
I = current (A) 

Mw = molar weight of iron (g) 
n = oxidation state {assume +2) 
F = FaradaYs constant (A s) 

CURRENT (mA) OXIDATION RATE mglday 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
18.2 5.27 10.735 405.<4353 131.8816 268.6635 

17.83 6.3 11.985 441.2237 157.6693 299.4465 
12.88 5.<41 8.1<45 322.3-461 135.395<4 228.8707 
13.5 5.57 9.535 337.8628 138.3997 238.6312 

1<4.75 1.« 8.095 369.1<464 36.03869 202.5925 
13.37 8.31 9.84 334.8093 157.8196 248.2644 
21.5 12.0<4 18.77 538.om 301.3235 419.7008 

23.<41 11.1 17.255 585.8781 277.7883 <431.8387 
31.3 15.18 23.2<4 783.3411 379.9079 581.6245 
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SPECIMEN 
2A 
28 
2C 
2D 
2E 

SPECIMEN 
3A 
38 
3C 
3D 

J-8 

IRON OXIDATION RATE 
CATHODES 
TEST SERIES No. 2 AND No. 3 
REVERSED POLARITY 

EQUATION: dw/dt = (I • Mw) I (n • F) 

where dw I dt = metal oxidation rate (g Is) 
I = current (A) 

Mw = molar weight of iron (g) 
n = oxidation state (assume +2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE mg/day 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
0.01 0.01 0.01 0.250269 0.250269 0.250269 
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SPECIMEN 
4A 
48 
4C 
40 
4E 

SPECIMEN 
SA 
58 
se 
50 

J-9 

IRON OXIDATION RATE 
CATHODES 
TEST SERIES No. 4 AND No. 5 
REVERSED POLARITY 

EQUATION: dwldt = (I * Mw) I (n *F) 

where dw I dt = metal oxidation rate (g Is) 
I = current (A) 

Mw = molar weight of iron (g) 
n = oxidation state (assume +2) 
F = Faraday's constant (A s) 

CURRENT (mA) OXIDATION RATE mglday 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
2.25 0.84 1.445 56.31046 16.0172 36.16383 
3.38 2.16 2.n 84.59083 54.05804 69.32443 
2.52 0.36 1.44 63.06772 9.009674 36.03869 
2.58 0.68 1.63 84.56933 17.01827 40.7938 
2.29 0.41 1.35 57.31154 10.26102 33.78628 

MAXIMUM MINIMUM AVERAGE MAXIMUM MINIMUM AVERAGE 
1.54 0.91 1.225 38.54138 22.n445 30.65792 

11.98 1.46 6.n 299.8219 36.53923 168.1806 
15.42 2.83 9.125 385.9144 70.82605 228.3702 
82 3.49 5.845 2052203 87.34378 146.2821 



c K-1 
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MEASUREMENTS 
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0 

k-2 

All of the steel reinforcing bars used as electrodes for 

each experimental specimen were accurately weighed before and 

after the immersion period (45 days) on a digital balance. 

For each electrode, the actual weight loss was compared 

with the average mass loss. The latter was calculated by 

multiplying the value of the average oxidation rate obtained 

from Appendix J by the 45 days (immersion period). 

The comparison between the theoretical and gravimetrical 

mass losses values are presented in this Appendix. 
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SPECIMEN 
1A 
18 
1C 
10 
1E 
1F 
1G 
1H 
11 

SPECIMEN 
6A 
68 
ec 

SPECIMEN 
7A 
78 
7C 

SPECIMEN 
8A 
8B 
8C 

OXIDATION 
RATE (rng/IIIIV) 

AVERAGE 
8.752142 
11.12m 
14.62858 
22.63054 
87.27136 
80.01958 
173.5425 
180.2941 
285.3198 

A \I 

1.25( 11 

AVERAGE 
28.13139 
0.250061 
22.001539 

AVERAGE 
30.13237 
45.26108 
33.88329 

AVERAGE 
48.76193 
87.0164 
21.63029 

K-3 

COMPARISON OF MASS LOSS 

THEORETICAL IIWlMIS GRAVIMETRIC 

NORMAL POLARITY 

IMMERSION PERIOD 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 

IMMERSION PERIOD 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 

IMMERSION PERIOD 
45DAYS 
45DAYS 
45DAYS 
45DAYS 

IMMERSION PERIOD 
45DAYS 
45DAYS 
45DAYS 
45DAYS 
45DAYS 

IMMERSION PERIOD 
45DAYS 
45DAYS 
45DAYS 
45DAYS 

IMMERSION PERIOD 
45DAYS 
4SDAYS 
4SDAYS 

IMMERSION PERIOD 
4SDAYS 
45DAYS 
4SDAYS 

IMMERSION PERIOD 
45DAYS 
45DAYS 
45DAYS 

THEORETICAL 

AVERAGE MASS LOSS ta\ 
0.393846 
0.500748 
0.658286 
1.018374 
3.927211 
3.800861 
7.809411 
8.113235 
12.83939 

AVERAGE MASS LOSS la) 
0.011253 
0.011253 
0.011253 
0.011253 
0.011253 

AVERAGE MASS LOSS la) 
0.011253 
0.011253 
0.011253 
0.011253 

AVERAGE MASS LOSS (11) 
0.83833 
1.49099 

0.427605 
0.444484 
0.393848 

AVERAGE MASS LOSS tal 
1.175913 
0.011253 
0.990242 

AVERAGE MASS LOSS 105 
1.355957 
2.036748 
1.524748 

AVERAGE MASS LOSS la\ 
2.194287 
3.015738 
0.973363 

GRAVIMETRIC 

AVERAGE MASS LOSS Ca) 
1 
1 
1 

1.5 
2.7 
2.7 
3.2 
3.5 
5.4 

AVERAGE MASS LOSS (11) 
0 
0 
0 
0 
0 

AVERAGE MASS LOSS (11) 
0 
0 
0 
0 

AVERAGE MASS LOSS (a) 
1.25 

1 
0.5 
0 
0 

AVERAGE MASS LOSS 
1.5 
1 
0 
0 

AVERAGE MASS LOSS tal 
2.5 
2 

1.7 

AVERAGE MASS LOSS (11) 

1.5 
1 
1 

AVERAGE MASS LOSS (ll) 
2.8 
2.1 
1.5 



0 

iSPE IMEN 

" B 

J 

SPECIMEN 
~ 
58 
5C 
50 

SPECIMEN 
6A 
68 
6C 

SPECIMEN 
7A 
78 
7C 

SPECIMEN 

8A 
8B 
8C 

OXIDATION 
RATE (mg/<lllrl 

AVEIW3E 
30.65792 
168.1808 
228.3702 
1462821 

AVERAGE 
68.19822 
32.53493 

73.579 

AVERAGE 
64.69446 
129.7643 
119.5033 

AVERAGE 
140.2758 
212.353 

123.3825 

K-4 

COMPARISON OF MASS LOSS 

THeORETICAl versus GRAVIMETRIC 

IUMERSIOH PERIOD 
..SDAYS 
..SOAYS 
..SDAYS 
..SOAYS 
..SOAYS 
..SOAYS 
..SOAYS 
..SOAYS 
..SOAYS 

IUMERSION PERIOD 
450AYS 
45DAYS 
45DAYS 
..SOAYS 
450AYS 

IMMERSION PERIOD 
..SDAYS 
..SOAYS 
..SOAYS 
..SOAYS 

IUMERSION PERIOD 
45DAYS 
450AYS 
4SOAYS 
45DAYS 
450AYS 

IMMERSION PERIOD 
450AYS 
4SOAYS 
45DAYS 
4SOAYS 

IMMERSION PERIOD 
450AYS 
450AYS 
450AYS 

IMMERSION PERIOD 
450AYS 
450AYS 
450AYS 

IUMERSION PERIOD 
45D.\YS 
450AYS 
450AYS 

REVERSED POLARITY 

THEORETICAL 

AVERAGE MASS LOSS Ull 
12.09 
13.-48 
10.30 
10.74 
9.12 

11.08 
18.89 
19.43 
26.17 

AVERAGE MASS LOSS (g) 
0.011262 
0.011262 
0.011262 
0.011262 
0.011262 

AVERAGE~ !.OSS tal 
0.011262 
0.011262 
0.011262 
0.011262 

AVERAGE~ LOSS (a) 
1.63 
3.12 
1.62 
1.84 
1.52 

AVERAGE MASS LOSS (g) 
1.38 
7.57 

1028 
6.58 

AVERAGE MASS LOSS (a) 
3.07 
1.48 
3.31 

AVERAGE MASS LOSS tal 
2.91 
5.84 
5.38 

AVERAGE MASS LOSS (g) 
6.31 
9.56 
5.55 

GRAVIMETRIC 

AVERAGE MASS LOSS Ca) 
5.65 
6.98 
7.75 
7.75 
9.5 
12 

13.5 
17 

18.5 

AVERAGE MASS LOSS (a) 
0 
0 
0 
0 
0 

AVERAGE MASS LOSS (g) 
0 
0 
0 
0 

AVERAGE MASS LOSS (a) 
1.4 
1.35 
0.9 
0.75 
0.75 

AVERAGE MASS LOSS (a) 
1.25 
1.1 

0.95 
0.75 

AVERAGE MASS LOSS Cal 
1.12 
0.83 
0.85 

AVERAGE MASS LOSS (a) 
1.43 
1.12 
0.95 

AVERAGE MASS LOSS (a) 
3.5 
3.1 
2.67 
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Technteal Data Sheet · ... ·. 

Descrlpt Ion: 

Applications: 

Advantages: 

Shelf Life: 

Packaging: 

Coverage: 

How to Use: 

Caution: 

First Aid: 

Clear water-white solvent solution of styrene acrylate resins, plasticizers and 
adhesive agents. Meets ASTM designation C 309· 72. 

Resin-based coating to cure plastic-concrete slabs and harden existing 
concrete floors. 

• Seals moisture Into freshly placed concrete for curing and provides a hard, 
dusHree surface. 

• On hardened concrete, impregnation makes it easy to clean and maintain 
floors. 

• Dry coating resists oil, grease, staining, short exposure to gasoline. 

Unlimited In drums, 1 year in palls. 

20 litre pails and 200 litre drums. 

On freshly placed concrete: 5 m2 per lire 
On dry, hardened concrete: 10 m2per litre, per coat. 
Use 2 coats for best results. 

Apply with spraying equipment on freshly placed concrete after bleed water has 
disappeared and before surface dries. For best results as a hardener, apply 24 
hours after placing concrete. Old floors must be clean and dry. Apply with roller, 
brush or spray. Drying time approximately 4 hours at 210C. 

Sikagan:l Cure/Hard, as furnished, is flanvnable and has a flashpoint of 320C. 
After drying, it is odourless, non-combustible and non-toxic. Good ventilation is 
essential during application. Avoid prolonged breathing of vapours. 

In case of contact, immediately flush eyes or skin with plenty of water for at least 
15 minutes. If overcome by vapours, remove to fresh air, contact a physician. If 
swallowed, do not induce vomiting, contact a physician. 

KEEP OUT OF REACH OF CHILDREN 

Consult Sika Technical Service for any varialioft In product usage, application or curing methods 
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Description: 

Where to Use: 

Advantages: 

Coverage: 

Packaging: 

Sikagard 71 Is a single-component, colourless liquid form.Jiated to seal 
absorbent horizontal cementitious surfaces. 
Sikagard 71 is a silane which acts as a water-repenent penetrating sealer that 
closes the pores of cementltlous substrates. Because it minimizes the 
penetration of both water and chlorides, 1t shields the embedded rebars from 
these deleterious rquids. The sealer however, Is not a vapor barrier. 

Use Sikagard 71 as a colourless , water-repellent treatment to seal absorbent 
traffic wearing surface such as: 
• Concrete • le; paved roadways, bridge decks, runways, parking garage 

decks and sidewalks. 
• Restorations 
• Mortar tiles 
• Asbestos cement 
• Bric:kwork (clay and sand/lime) 
Preliminary site tests are recommended to determine effectiveness. 

Sikagard 71 is both an economical and a simple-to-use sealer. Thanks to Its 
unique ability to decrease water and chloride Intrusion, Sikagard 71 helps 
reduce the danger of rebar corrosion. 
Sikagard 71 gives you these benefits: 
• Enhances concrete integrity 
• Reduces efflorescence 
• Reduces capillary water absorption 
• Offers maxirrum level of water resistance after abrasion 
• Improves resistance to frost and de-Icing salts (chloride Ion) 
• Reduces dirt penetration 
• Does not act as a vapor barrier 
• Improves Freeze/Thaw resistance 
• Is approved by Alberta Transportation and Utirrtles: 

Sealer type 1 b; traffic bearing surfaces with 70% residual moisture 
Offers better than 82.8% Improved waterproofing after surface 
abrasion 

3.0 to 5.0 m2/L, depending on porosity of substrata. For optimum results 
3.6 m2JL is recommended. 

5 L-20 L pails and 200 L drums. 

Consult Sika Technical Service for any variation in proc:!uct usage, apprJCalion or curing methoc:!s 



c Surface Preparation: 

Application: 

Limitations: 

HOW TO USE 

Before applying Sikagard 71, blastrac/sandbfast surface to remove surface paste. 
Be sure surface Is clean and sound. Residual moisture does not affect the 

· treatment. However, the drier lhe substrate the better the penetration. 
Remove an grease, curing compounds, surface treatments, coating, oils, etc. on 
old/new concrete by the proper means. 

Apply laterally by roner, brush (horizontal surfaces), or spray. 
NOTE: When spraying, lt Is advisable to use hand-pressure 

equipment rather than compressed-air drive. 

• Avoid opening and closing of container since uncured material is moisture· 
sensitive. 

• Do not apply at temperatures below 3° C, or when temperature Is expected to 
fall below 3°C within 12 hours. 

• Material is not Intended for waterproofing under hydrostatic pressure 

• Do not apply through standing water 

• Material is not recommended for below-grade waterproofing. 

• Material is not intended to seal vfsble cracks or crevices from moisture 
intrusion. 

• Performance and penetration Is dependant upon the concrete quality. 

• While Slkagard 71's abiraty to significantly reduce the Intrusion of chloride Into 
concrete, the use of property consolidated and cured fow·water/cemenf.ratio 
concrete and deep cover over the embedded reinforcing steel, Is still 
recommended for long-term protection In severe environments. 

• New concrete should be 3-6 weeks old. The drier the substrate, the greater 
the penetration. 



c 
Typical Data for Sfkagard 71 : 
(23• :t: re and :t: 5% R.H.) 

Colour: 

VIscosity: 

Flash Point: 

Shelf Life: 

Storage 
Conditions: 

Clear. colourless. 

15 mPa·s (cps). 

35•c. 

6 months In original unopened container. Keep dry. Store properfy since material Is 
moisture sensitive. 

Store at maximum 30° C. Keep dry. 

Performance Results•: Coverage Rate 
3.62 m2/L 

Waterproofing performance ............................................................. 84.7% 

Waterproofing after surface .............................................................. 82.8% 
Abrasion 

Walerproofi1'1Q after KOH .................................................................. 82.3% 
Treatment (Alkali Resistance) 

• AlBERTA TRANSPORTATION AND UTILITIES 
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ELECTRODE RESISTANCE 

RESULTS 
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ELECTRODE RESISTANCE- SERIES 2 
CONCRETE EMBEDDED· NORMAL POLARITY 

---~ 

j 
•/ 

1' 25 
10 20 30 40 

CONTINUOUS IMMERSION Th\fE (DAYS) 

- SPECIME'J {lA) SPECIMEN (28) _ SPECIMEN (2C) 

-- SPECl!\fEN (2D) _ SPECIMEN (2E) 
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ELECTRODE RESISTANCE- SERIES 2 
CONCRETE EMBEDDED· REVERSED POLARITY 

11 ,-----------------------------------------~ 
10 

9 

J ~ 
U: 
!?:! 4 

~ 3 

(\ 

I' 25 3' 45 
10 20 30 

CONTINUOUS IMMERSION ID!E (DAYS) 

- SPECL\fEN (lA) __ SPECIMEN (28) _ SPECD.fEN (2C) 

-- SPECL\fEN (2D) - SPECIMEN (2£) 
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ELECTRODE RESISTANCE- SERIES 3 

CONCRETE EMBEDDED· NORMAL POLARITY 
8 r-----------------------------------------. 
7 

w ~ ~ ~ 
CONTINUOUS IMMERSION TIME (DAYS) 

- SPECIMEN (3A) SPECIMEN (38) _ SPECIMEN (:JC) SPECIMEN (3D) 

ELECTRODE RESISTANCE- SERIES 3 
CONCRETE EMBEDDED- REVERSED POLARITY 

12 ~----------------------------------------~ 

10 

10 20 30 ~ 
CONTINUOUS IMMERSION TIME (DAYS} 

- SPECIMEN (3A) SPECIMEN (38) - SPECIMEN (3C) SPECIMEN (3D) 
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ELECTRODE RESISTANCE- SERIES 4 

CONCRETE EMBEDDED· NORMAL POLARITY 
~ ~------------------------------------------------, 

s r- ' 
\ ~' 

o ~:~~~'~·~·~~~~ .• ~~~~--~~~-~~~~~~-~· EE-~~~-~55~~2· ~·~£-!~-i~~~~--~-~~~ 
s 15 2S 35 4S 

10 20 30 40 
CONTINUOUS IMMERSION TIME (DAYS) 

- SPECIMEN (4A) SPECIMEN (48) ~ SPECIMEN (4C) -- SPECIMEN (4D) SPECIMEN (4E) 

ELECTRODE RESISTANCE- SERIES 4 
CONCRETE EMBEDDED· REVERSED POLARITY 

6 ~----------------------------------------. 

10 20 30 40 
CONTINUOUS IMMERSION TIME (DAYS) 

- SPECIMEN (4A) SPECIMEN (48) SPECIMEN (4C) 

- SPECIMEN (4D) _ SPECIMEN (4E) 
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ELECTRODE RESISTANCE - SERIES 5 
CONCRETE EMBEDDED· NORMAL POLARITY 

~ ~------------------------------------------~ 

2500 

s u 25 35 45 
10 20 30 40 

CO~'ll~;UQUS IMMERSION TIME (DAYS) 

- SPECIMEN (SA) SPECIMEN (5B) _ SPECIMEN (SC) -- SPECIMEN (SD) 

ELECTRODE RESISTANCE- SERIES 5 
CONCRETE EMBEUDED ·REVERSED POLARITY 

2()0() ~----------------------------------------~ 
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!I 1!1 2.5 3!1 4.5 
10 20 30 40 

CON'J'L'I.'UOUS IMMERSION TIME (DAYS) 
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ELECTRODE RESISTANCE- TEST SERIES 6 
CONCRETE EMBEDDED- NORMAL POLARITY 

20 ~----------------------------------------~ 
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s 1.5 25 35 45 
10 20 30 40 

CONTINUOUS IMMERSION TIME (DAYS) 

-- SPECIMEN (6A) -·- SPECIMEN (68) ~ SPECIMEN (6C) 

ELECTRODE RESISTANCE- SERIES 6 
CONCRETE EMBEDDED· RE\'ERSED POLARITY 

3000 .-----------------------------------------~ 
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ELECTRODE RESISTANCE- SERIES 7 

CONCRETE EMBEDDED· NORMAL POI..ARlTY 
~ .---------------------------------------~ 

I 
I~ L 

I I 
~ ' 

~ 1000 L-
~~~~-.~ ~ I \ • '. ---

lOO I '~~-=:_ :__;_: = . = . , , . , , , , ·---
..... __ "_·-·-·------

5 IS 25 35 45 
ro ~ ~ ~ 

CONTINUOUS IMMERSION TIME (DAYS) 

-- SPECIMEN (7A) -- SPECIMEN (78) ~ SPECIMEN (7C) 

ELECTRODE RESI·STANCE- SERIES 7 
CONCRETE EMBEl>DED ·REVERSED POLARITY 

IS r-------------------------------------~ 

10 20 30 M) 

CONTINUOUS IMMERSION TIME (DAYS) 

-- SPECIMEN (7A) --- SPECIMEN (78) _ SPECIMEN (7C) 
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