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ABSTRACT

Corrosion in reinforced concrete is a major problem affecting modem infrastructure. If
left untreated, severe damage may occur, rendering the structure aesthetically unpleasing
and structurally deficient. It is estimated that nearly 15% of all bridges in the U.S. are
deemed to be structurally inadequate and are in dire need for major repairs. The toll of
corrosion on the economy can be enormous; in a recent study it was estimated that the
indirect cost of corrosion is equivalent to 6% of the U.S. Gross Domestic Product. It is
therefore imperative that new and improved remedial measures be developed. In Canada,
the problem is equally dire; it is estimated corrosion affecting Canadian reinforced
concrete infrastructure will cost approximately $30 billion annually.

Corrosion of steel reinforcement in concrete 1s an electro-chemical process. The harmful
by-product of oxidizing iron is known as rust. This rust is several times larger in volume
than steel and results in the deterioration of concrete due to extreme tensile pressures.
Chloride induced corrosion is very common in coastal regions or areas where de-icing
salts are used. Once the chlorides have penetrated to the steel reinforcement surface, the
chlorides enter into a chemical reaction in which the natural passive film encasing the
steel reinforcement is broken down. Without the passive film the rebar is free to corrode.

There exist many alternatives in corrosion remedial measures, some of which are
undesired and costly. Depending on the circumstance, the degree of corrosion and the
importance of the structure, some remedial measures may be preferable to others.
However, the cost and effectiveness of the remedial work do not always reach the desired
level of protection. In fact, one of the most common remedial practices is known as
concrete patch repair and it often accelerates corrosion activity in adjacent non-treated
concrete. This phenomenon is known as ‘ring anode’ effect. The cause of corrosion
acceleration is due to electrochemical incompatibilities between the repaired concrete and
existing concrete.

Discrete sacrificial anodes are designed to prevent or reduce the corrosion caused by the
ring anode effect. Sacrificial anodes function by attaching a more susceptible metal
(typically zinc) to the steel reinforcement, which in theory should render the steel into a
cathode, thus protecting it from corrosion. Sacrificial anodes are an attractive remedial
alternative primarily due to their low maintenance, low cost, and long life expectancy.

Sacrificial Anode A is a new generation protocol discrete anode, intended to provide
maximum protection to nearby steel. Presently, sacrificial anodes that are commercially
available only provide corrosion prevention or low corrosion control. The maximum
protection as deemed by National Association of Corrosion Engineers (NACE)



International is cathodic protection and it occurs once the steel has been polarized to
levels above 100 mV. At this level, corrosion is virtually, if not completely, halted.

The primary objective of this research is to test the performance of the new Sacrificial
Anode A and compare its performance to sacrificial anodes already available on the
market. Reinforced concrete slab specimens, were equipped with the different sacrificial
anodes and were then exposed to various environmental and chloride conditions. The
specimens were monitored for half-cell potentials, current density output, and potential
decay. After several months exposed to these conditions, results show Sacrificial Anode
A, was able to consistently out-perform the other sacrificial anodes. Cathodic levels were
reached on several occasions with polarization of the steel reaching well above 100 mV.
Results also indicated that Sacrificial Anode A was able to generate current densities well
into the 2 to 20 mA/m? range required for maximum protection.
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1.0 INTRODUCTION

1.1 PROBLEM

Corrosion of modern infrastructure is a severe problem faced by engineers, governments,
and stakeholders alike. Its impact on society affects everything from the general safety of
the public to the economy of country. A 2002 study headed by the U.S. Federal Highway
Administration (FHWA) revealed that the annual direct cost of corrosion is estimated to
be $276 billion. This figure represents 3.1% of the U.S. Gross Domestic Product (GDP).
This figure reaches as high as $552 billion or 6% of the GDP, if the indirect cost relating
to corrosion is analyzed. It is estimated that of this cost, 30% is related directly to
corrosion in steel reinforced concrete structures .

There are approximately 583,000 bridges in the United States according to the National
Bridge Inventory Database of which, approximately 235,000 of those are constructed
using conventional steel reinforced concrete, and 108,000 are constructed using
prestressed concrete. Significant portions of these bridges (approximately 15%) are
deemed to be structurally deficient due to corroded steel reinforcement. In other words,
these structurally deficient bridges can no longer sustain the intended load for which they
were designed. The direct cost alone to tackle the problem of these structurally deficient
bridges is estimated to be approximately $8.3 billion annually. This includes $3.8 billion
in replacement of the bridges and $2 billion each for maintenance and capital costs for
concrete bridge decks and concrete substructures, respectively 2,

Canada’s infrastructure is also deteriorating at an alarming rate. Due to a lack of general
maintenance it is estimated the overall cost or rehabilitation to Canada’s infrastructure is
approximately $125 billion annually, of which $30 billion is directly related to corrosion
in steel reinforced concrete structures >.

Besides the monetary impact corrosion has on the economy, the safety risk to the public is
also a cause for great concern. Corrosion if left untreated can severely weaken a structure
to the point that failure may occur. Corrosion will continue to degrade our
infrastructures if no action in prevention and/or restoration is taken. There exist several
mitigation techniques that combat corrosion either by preventing or reducing the rate of
corrosion. Many of these techniques, however, are costly and impractical. Despite these
techniques there is no perfect solution and thus corrosion continues to remain a major
problem. Therefore, it is imperative to continue research and investigate new techniques
to discover better, more practical, and cost-effective mitigation measures against steel
corrosion in concrete structures.
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1.2 OBJECTIVE

The primary focus of the research involves the testing and evaluation of a higher output
galvanic anode system (sacrificial anode) designed for cathodic protection of steel
reinforced concrete. The new system known, as sacrificial anode “A” is an enhancement
of previous galvanic puck-shaped systems designed for discrete protection, which are
presently available on the market. These older systems produce a lower level of current
output, often resulting in polarization of the steel that is well below cathodic protection.
Existing sacrificial anodes often provide minimal protection to the steel reinforcement
against corrosion. Cathodic protection is deemed to be the highest level of protection,
able to virtually stop all ongoing corrosion activity. The degree of protection depends on
several factors such as: current output, exposure conditions, concrete resistivity, and
distance of anode to bars, among others. Important findings that this project will reveal
include:

e Current output limits

e Range of area protected

e Degree of protection

e Comparison to currently available galvanic anodes

The secondary focus of this project is to test a new form of galvanic anodes. Unlike the
puck shape anodes, these groups of anodes are much larger in size and their main
objective is to provide protection on a global scale. Therefore, these anodes are designed
to provide high levels of protection (cathodic protection) spread over a wider area.

Data collected from this research project will greatly assist engineers in addressing the
crucial corrosion dilemma that is constantly plaguing our infrastructure systems.
Therefore, it is imperative to understand the effect that this newly developed system has
on reinforced concrete in order to mitigate corrosion activity.

1.3 SCOPE

In order to fully comprehend the objective of this research project, it is first important to
have a good understanding of the fundamentals of the corrosion process. Therefore
section 2, discusses in details the electro-chemical corrosion process. The section also
briefly discusses the most common corrosion detection techniques as well as different
remedial techniques used in reinforced concrete.

Section 3 deals with the experimental portion of the research project. A complete
description of the test specimens (including geometry, constituents, bars etc) is discussed.
Next, a general explanation of sacrificial anodes is presented along with a description of
the anodes to be used in the research project. Section 3 also discusses several key factors
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influencing corrosion rate in reinforced concrete and how they are related to the research.
These factors include: chloride content, resistivity and environmental conditions. Testing
methods and procedures used are discussed next, followed by a description of the control
specimens and a tabulated test matrix summary.

Section 4 reviews the theoretical analysis related to the research. Based on past literature,
an in-depth discussion covering the effects of polarization is presented. It is important to
understand the theory behind galvanic protection so that proper analysis of the results can
be determined.

The test results and discussion are presented next in section 5. Tables and graphs are
used to present the results in a clear manner so that proper comparisons can be made. A
brief discussion on results obtained for chloride content and pH levels extracted from test
specimens “A” and the control specimens. A subsection of visual observations also
provide pictures of the specimens at the end of testing period.

Finally, the conclusions and summary of the findings are recapped in section 6.
Recommendations on future research are also presented along with some final remarks
regarding the importance of continuing research in the field of corrosion in reinforced
concrete.



2.0 BACKGROUND

2.1 CORROSION PROCESS

Corrosion in steel reinforced concrete is an electrochemical process that is initiated by the
break down of the natural passive film layer (ferric oxides), which encases the steel rebar.
The passive layer is produced by the high alkalinity levels in the concrete pores (pH > 12)
and functions as a self-sustaining, self-repairing film, which protects against corrosion.
Therefore, as long as the passive film is intact, in theory, there should be no corrosion
activity occurring. The two main factors known to break down the protective film are
chlorides (Cl) attributed to deicing salts or marine environments and carbon dioxide
(COy,) attacks, which generally occur in industrial zones. The full or partial break down
of this film is known as depassivation. Other factors that may influence depassivation are
the physical and chemical properties of concrete, the chemical composition of steel and
continual mechanical stresses *°. Although, corrosion can be initiated by carbonation
attack, this research only focuses on chloride attack.

In order for the corrosion process to occur, the following conditions must exist: ¢
e Electrolyte — a medium in which the flow of current can be conducted (concrete)
e Metallic path — steel bars
e Anodic site — location where electrons are released
e Cathodic site — location where electrons are received

The corrosion process begins when iron dissolves in concrete pore water, releasing
electrons from the anodic site of the steel. The following reactions are produced:
[1]  Fe—Fe®™+2¢

[2]  Fe*+2CI — FeCl

Following the initial reaction, electrons are dispersed along the anodic site, resulting in an
increase in electric potential. The electrons then flow to the site of lower potential known
as the cathode. Balance is maintained at the cathode where the electrons are consumed by
oxygen reduction. The cathodic reaction is described below.

[3] 1/2-05 + HO + 2 — 20H

The negative hydroxide (20H") ions produced at the cathode and iron chloride (FeCl,)
produced from the anode migrate towards one another and combine to form ferrous
hydroxide, Fe(OH),, as shown by the following reaction:

[4] FeCl, + 20H" — Fe(OH), + 2CI’

The ferrous hydroxide compound will react further to form the chemical by-product
known as “rust”. The reaction is shown below.
[5] 2Fe(OH); + 1/2.05 — Fe,O5 + 2H,0



Background

The by-product Fe,0s3, or red rust, has the same mass of steel but may have a volume
upwards of four times that of steel. This increase in volume causes a tremendous increase
in internal stress, eventually resulting in cracking, spalling and delamination of the
surrounding concrete. Therefore, corrosion affects the integrity of steel reinforced
concrete in two primary ways: first, the corrosion process eats away at the steel cross-
section reducing its strength; and second, the by-product rust leads to concrete
deterioration. It is important to realize that the above reactions are not the only reactions
capable of causing corrosion. It is also worth noting that oxygen and water are crucial
ingredients for the development of corrosion as shown schematically in Figure 1 67,
Finally, it is also worth mentioning that “pitting” corrosion is simply a corrosion cell that
forms in a localized area of the steel. As the number of “pits” increase, they combine
together to create general corrosion. “Pitting” corrosion is usually generalized by an
accelerated rate of corrosion due to a lack of oxygen present in the anodic pit .

Chloride
contaminated
concrete

Figure 2-1:  Typical corrosion macro-cell process ?

22  CORROSION DETECTION

Detecting and measuring the degree of corrosion in steel reinforced concrete before
further problems develop is crucial to maintain or extend the intended service life of the
structure. If corrosion is left unchecked, severe cracking or spalling may occur, affecting
the integrity of a structure. It is difficult, however, to detect corrosion immediately since
the steel reinforcement is embedded in the concrete. Apart from physically removing the
steel under investigation, which of course would be impractical and costly in most cases,
other means of detection are required. This is why most detection methods do not
directly monitor the degree of corrosion but rather the symptoms caused by corrosion.
One symptom in particular that often indicates the presence of corrosion is delamination.
Delamination refers to the gap that occurs after the de-bonding of the steel and concrete
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interface. This de-bonding is often a result of the expansion tensile forces of rust against
the concrete, which causes the loss in bond strength. As a result, a gap is often formed.
There exist several corrosion detection techniques used by engineers to aid in the
detection of corrosion in steel reinforced concrete. It is important to realize most of these
systems are based on empirical or interpretational results. Techniques that rely on
detecting symptoms associated with corrosion can also be misleading since many of these
symptoms can be the result of other factors. For instance, delamination can also be the
result of freeze and thaw action. Bearing this in mind, a list of the most common
techniques along with the advantages and disadvantages of each will be discussed next 10

2.2.1 Traditional Chain-Drag Test

This technique involves listening to the acoustic response of a chain being dragged across
the concrete area under investigation. The response for intact concrete will be a clear
ringing noise. Delamination will return a hollow or dull sound. The test has been
standardized by ASTM D 4580. This method is popular with technicians and engineers
since it is relatively simple and inexpensive when considering a small scale area.

However, when used on a larger scale, such as a bridge deck, the traditional chain-drag
test is often not feasible. The reason being, the cost of diverting traffic often outweighs
the simplicity of the system. Another shortcoming is that background noise (such as
traffic) could severely jeopardize the interpretation of the acoustic response. Also, this
technique does not have any modern data collection system; and therefore, it could be
tedious and frustrating marking all the areas of interest 10

2.2.2 Automated Chain-Drag System

The automated chain-drag system follows the same principal as the traditional chain-drag
test, but instead the chains are mounted to an automated cart. High-tech microphones, a
data-acquisition system, and an onboard computer provide a real-time map of the
concrete area under investigation. The system is capable of locating and storing data
from the problem areas where delamination is detected. As with the traditional test, the
automated chain-drag system may also be influenced by external noise 10

2.2.3 Electro-Mechanical Sounding System

This technique also focuses on detecting delaminations and follows the same principles as
the two previous systems. This system is automated but instead of chains it uses two
rigid metallic wheels that tap the concrete surface 33 times per second. Sonic receivers
are used to capture the acoustic sounds. Although this system is a recent edition of
ASTM D 4580-02 Standard not much has been published on the performance history.
HoweveriOASTM does state that this technique is less accurate than the traditional chain-
drag test .
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2.2.4 Impact-Echo Method

This technique was pioneered in the 1980s and relies on interpreting mechanically
induced energy introduced to the concrete, in the form of stress waves. These stress
waves are created by a steel impactor located on the surface. The stress waves pass
through the entire thickness of the concrete unless a flaw or irregularity in the concrete is
encountered, in which case, the stress waves are reflected back to the surface. A
transducer at the surface collects the reflected waves and an algorithm analyzes the data
to determine the location and depth of the flaw. The flaw may be the result of a range of

factors, including: failed overlay, improper consolidation of concrete, or delamination *°.

2.2.5 Infared Thermography

Infrared thermography uses the principal of diffusion rate to detect irregularities or flaws
in concrete. Passing a thermal front through concrete, irregularities will diffuse at a
different rate than the remainder of the concrete. This difference in diffusion causes
discontinuities in temperature and can be recorded with the use of an infrared camera.
Careful interpretation of the infrared images are required to properly determine
information relating to the defect encountered. Delaminations can be detected but this
system still requires improvement for it to be an efficient tool for corrosion detection. A
major shortcoming is that the system is extremely sensitive to surface debris, such as oil
drippings and lane markings. Debris will generate a different temperature than the
surrounding concrete making it difficult to interpret the difference between actual flaws
in the concrete and the surface debris. Therefore, to obtain accurate readings, often the
impractical measures must be taken before testing. For instance, in bridge inspections,
the road will need to be closed for cleaning of the deck to eliminate any debris. Despite
the drawbacks, infrared thermography is standardized in ASTM D 4788 1°.

2.2.6 Ground-Penetrating Radar

Ground-penetrating radar (GPR) uses electromagnetic energy emitted into the concrete to
determine the presence of different materials. A portion of the electromagnetic energy
will be reflected back when encountering materials with different electromagnetic
properties. A radar antenna intercepts the reflected energy and the properties are
determined using electromagnetic energy and wave theory. Unlike the other systems
discussed thus far, GPR is capable of detecting various layers of flaws within the
concrete. This is of importance especially when dealing with multiple reinforcement
layers. Other systems simply detect the closest flaw to the surface and are unable to
detect any flaws underneath the first layer. GPR systems are also available on mounted
vehicles so that inspections can be done more efficiently. One major drawback of GPR is
the difficulty in interpreting the data and, the associated requirement for highly
specialized personnel °.
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2.2.7 Half-Cell Test

Unlike the other techniques viewed thus far, the half-cell potential test does not detect
flaws or the symptoms of corrosion in the concrete; instead it measures the probability or
risk of active corrosion activity. The technique requires the use of a reference electrode
(typically silver/silver chloride or copper/copper sulphate), which is simply metal
submerged in its own ions. The reference electrode has a known, stable potential and
when connected to the steel in concrete, the difference in potential is recorded. Based on
empirical observations of the potential recorded, the probability of corrosion in steel is
determined. A half-cell test can be deceptive however, since the potential is not solely a
function of corrosion conditions. Factors such as moisture and oxygen availability can
drastically misrepresent the empirical interpretations. It is important to keep in mind that
the half—gcell test does not measure corrosion rate but simply the probability of corrosion
activity ~.

2.2.8 Optimal Technique

There is no single technique that is optimal for detecting corrosion in reinforced concrete
structures. Detection methods should be based on simplicity, efficiency and cost 6,
Conditions and the desired level of detection accuracy may also vary and therefore certain
techniques may be beneficial for the particular task in hand. It is important to realize that
corrosion detection is not an exact science since the steel is generally embedded in
concrete, thus eliminating direct contact. Steel extraction for physical examination would
determine the presence of corrosion but generally would not be an economical option.

2.3 REMEDIAL MEASURES

With the continued use of deicing salts and the ever-increasing number of structures built
in coastal regions, engineers are constantly looking for improved techniques to prevent
and rehabilitate reinforced concrete structures subjected to corrosion. Many engineers
today have been leaning towards the use of higher quality materials such as high
performance concrete and corrosion-resistant reinforcement to help prevent the initiation
of corrosion. Despite the attempts to prevent new corrosion activity, there still exist
thousands of structures that are in desperate need of repair and rehabilitation. Every
corrosion-based problem encountered in reinforced concrete structures is unique in its
own right and, hence, it is imperative that engineers treat it as such. There are several
factors that must be taken into consideration to determine the optimal solution for the
problem. The most frequently used repair options are briefly listed next. Many of these
repair methods can be used singly or in combination with others.
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2.3.1 “Do Nothing” Approach

Often the most economical and beneficial solution when faced with concrete structures
subjected to corrosion is to do nothing at all. This approach is favourable when the
structure in question has a limited design life, aesthetic issues are not of importance and
the levels of corrosion present are not critical. If this approach is taken, it is often
necessary to continuously monitor the rate of corrosion for potential safety concerns
relatmg to the integrity of the structure.’

2.3.2 Surface Barriers

This method involves the application of an overlay or coating at the surface level of the
structure to prevent the further ingress of chlorides. This method is often used when the
chloride levels in contact with the reinforcement are still relatively low. Thus, by
reducing or stopping excess chloride penetration, the passive film does not deteriorate !

2.3.3 Patch Repair

This is perhaps the most common repair solution practiced in the field. The method
entails the removal of the chloride-contaminated concrete around the corroding
reinforcing bars, followed by cleaning of the corroded bars, and then re-application of
fresh uncontaminated concrete or mortar. The patch repair method is often used in
combination with the surface barrier method. Caution should be taken however with the
patch repair method as it often leads to corrosion in the area adjacent to the initial repair
site '*. This is commonly known as ring-anode corrosion and will be discussed in further
detail below.

2.3.4 Electrochemical Techniques

Electrochemical protection was first used by Sir Humphrey Davy in 1824, when he halted
the decay of copper sheathing in wooden warship hulls by attaching it to small buttons of
zinc. The basic concept behind electrochemical treatment functions under the same
principles of the corrosion process. By connecting the steel under consideration to a
foreign anode, a current is passed to the steel and the corrosion process is reversed. In
essence, the foreign anode will convert the steel into the cathode. Recall from above, the
cathode is where the electrons are received and in theory, the cathode is corrosion free.
Electrochemlcal techniques have been used for many years on ship hulls, oilrigs, and gas
p1pehnes . It was not until 1973 that electrochemistry protection was used in
reinforced concrete when it was applied to a bridge deck *. Electrochemical chloride
extraction, impressed current and galvanic protection are three electrochemical
techniques often used in the repair of reinforced concrete. It is important to note that
impressed current and galvanic protection techniques are often referred to in literature and
papers as cathodic protection. However, according to NACE International, cathodic
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protection is defined as the level of maximum protection against corrosion and 1s met
only when a minimum of 100 mV polarization of the steel is achieved. For the remainder
of this thesis, cathodic protection will be referred to only as the term put forth by NACE
Standards.

2.3.4.1 Electrochemical Chloride Extraction

The electrochemical chloride extraction method is relatively new, and functions on much
of the same principals as the impressed current method. The main difference is that a
much higher current intensity is passed through the reinforcement, for a relatively short
period of time, causing the extraction of the chlorides present. This enables the passive
layer to reform protecting it from further corrosion. The method has been unsuccessful
in tidalﬁtructures when submerged, since it has been found that the current “leaks

away” .

2.3.4.2 Impressed Current Protection

By applying an external source of current to the steel, impressed current protects the steel
reinforcement by converting the steel into the cathode. This method is often used in
harbor structures and requires complete monitoring to verify its effectiveness. The use of
impressed current often delivers complete protection and reduces the need for patch

- 11
repair .

2.3.4.3 Galvanic Protection

Galvanic protection uses sacrificial anodes attached to the steel reinforcement to provide
protection for the structure. The sacrificial anodes take advantage of the difference in
potentials between metals to create a natural low current to protect the steel. Unlike, the
current impressed system, there is no need for an external source of power and thus no
monitoring is required. Galvanic protection may come in the form of installed (discrete)
cast anodes or sacrificial coating that is sprayed onto atmospherically exposed concrete 4,
The basics of this method will be discussed in further detail in a later section.

2.3.5 Replacement

Often viewed as the last resort, this option is by far the most costly. Generally, this
option will be required if the corrosion problem is irreparable or the extent of the damage
is such that repairing the structure would not be beneficial. Also, replacement of a
structure can greatly impact the service demands expected by the public. The benefit to
replacement of a structure is that the entire corrosion problem is eliminated and the
option for the use of corrosion resistant materials can be implemented in the new design.
Depending on the situation, full or partial replacement of a damaged structure may be
needed ''. Figure 2-2, depicts partial replacement of a bridge due to corrosion damage.

10
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Figure 2-2:  Partial replacement of chloride-contaminated concrete >

2.3.6 Repair Cost

As already mentioned, the cost due to corrosion each year reaches billions of dollars in
the U.S. alone. With a high percentage of the existing infrastructure in need of repair,
and the continual use of deicing salts (chloride) on highways, the cost will surely
increase. It is crucial repairs to many of these infrastructures be dealt with as soon as
possible to avoid further corrosion damage and increase repair costs. Table 2-1,
summarizes the average cost and cost range for different repair techniques described
earlier for bridges. It also summarizes the average life expectancy of each repair
technique along with the range of life expectancy. From Table 2-1, Portland cement
concrete patch repair is the most expensive repair option and has an average repair life
expectancy of seven years. The patch repair option using bituminous concrete is the least
expensive but also only has an average life expectancy of one year. These repair options
also give a potential to further corrosion possibilities due to the ring-anode effect. When
dealing with electrochemical repair options, it is clear that the uses of sacrificial anodes
are the least expensive. It also provides an average of 15-year protection. Of course
different repair options have different benefits under different circumstances. Therefore,
the least expensive option isn’t always the superior choice. Table 2-2 gives the unit cost
for replacing bridges from 1995 to 1999. The costs are based on the mean costs for all
states in the U.S. for each year. The trend in unit costs of replacement of bridges
increases every year from 1995. The difference in unit cost between 1995 and 1999 is

11
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$90. It is apparent that the cost of replacement is much greater than the cost of repairing.
Therefore, it is imperative to deal with the corrosion problem affecting modern
infrastructure as quickly and efficiently as possible in order to minimize the economical
impact. If corrosion is not treated, concrete may be damaged beyond the point of repair
and replacement of partial or the entire structure may be the only alternative.

Table 2-1: Summary of cost and life expectancy for different repair options
for chloride removal in bridges 1

Portland cement $395 $322 to 7 4to 10
concrete patch 469
Bituminous $90 $39to 141 |1 1to3
concrete patch
Impressed-current $143 $76t0211 |20 5t035
CP (substructure)
Sacrificial anode CP | $118 $108 to 15 10 to 20
(substructure) 129
Electrochemical $161 $107 to 15 10 to 20
removal 215
(substructure)

Table 2-2: Unit costs for highway bridge replacement **

Unit costs,

12



3.0 EXPERIMENTAL PROGRAM

3.1 TEST SPECIMENS

Identical rectangular concrete slab specimens with embedded reinforcements were used to
evaluate the performance of the different galvanic anode systems. The dimensions of the
slab specimens were 540 x 330 x 100 mm. Plastic containers were chosen as the optimal
formwork for casting the concrete specimens. The containers could be purchased
meaning no construction for the formwork was required; also, the plastic container
allowed for easy drilling and placement of the steel rebars. The concrete mixture was
designed for 28-day strength of 30 MPa and was common to all specimens. The
calculations for the concrete design is presented in Appendix A and are based on the
design methods provided by the Cement Association of Canada 5. The concrete
constituents are shown in Table 3-1.

Table 3-1: Concrete constituents.

Water-cement ratio 0.48
Type 10 cement (kg/m") 331
20 mm coarse aggregate (kg/m") 1012
Fine aggregate, natural sand (kg/ m®) 824
Water (kg/ m3) 103
Air content (%) 5-7
Slump (mm) 75 +20
Air-entraining admixture (kg/ m’) 0.166
Target f'. @ 28 days (MPa) 30

The slab specimens were reinforced with four 20-M bars spaced symmetrically at 145
mm o.c. Providing four 20-M bars coincided with the accepted 2.24% ratio of steel
reinforcement to concrete volume that is typically used in the flexural design of bridge
decks '®. A 530 x 320 mm steel mesh was also installed below the reinforcing bars in
each specimen to simulate a slab with multiple reinforcement layers. A 20 mm cover was
provided for both the reinforcing bars and the steel mesh below. One galvanic anode
system was placed in each specimen midway between the first two reinforcing bars as
shown in Figure 3-1. The galvanic anode was placed at the same level of the reinforcing
bars so that maximum current efficiency could be transmitted to each bar, as shown in
Figure 3-2. The galvanic anode was strategically placed for two reasons: first, an accurate
measurement of the effectiveness of the galvanic system could be viewed by taking the
average current readings from the two nearest bars; second, the decrease in protection for
the reinforcing bars with increasing distance could be assessed. Connections from the
anode to the steel reinforcement were connected by use of exteriorly plastic-protected

13



Experimental Program

wires. The wires were connected to an “on-off” switch so that the current output to the
bars and mesh could be interrupted. The two closest bars to the sacrificial anode system,
labeled Bar 1 and Bar 2, were connected together and controlled by one switch. One
average current reading was recorded for the two closest bars. A current reading was also
taken for Bar 3, Bar 4 and for the mesh. Figure 3-3, shows the slab specimens on the day
of casting.

540
steel mesh
A
330 —
_________ —
1
|
]
|
|
i
| i
! i !
switch A | switch B switch C | switch D |
H 1 1
x%% Note: Al
dimensions are in mm.
Figure 3-1: Plan view of typical reinforced concrete slab

specimen with embedded galvanic anode system

SECTION A-A
20-M ‘bar, container
typ. ;z?g::/ork)
1 ds
1%0
mesh
®%x% Note:  All
dimensions are in mm.
Figure 3-2: Cross-section of typical reinforced concrete slab

specimen with embedded galvanic anode system
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Figure 3-3:  Photo of concrete slab specimens on day of casting

3.2 SACRIFICIAL ANODES

Sacrificial anodes represent a form of electrochemical treatment aimed at protecting the
reinforcing steel against corrosion. Sacrificial anodes take advantage of the natural
difference in potential between dissimilar metals. When coupled together in the presence
of an electrolyte, the two dissimilar metals form an electrochemical cell. Therefore, the
metal with the greater potential will liberate electrons (current) to the metal with the
lower potential. In essence, the metal with the greater potential becomes the anode
whereas the metal with the least potential becomes the cathode. In theory, the cathode is
where the reduction process occurs, and thus, cannot corrode. By coupling a sacrificial
anode to steel in concrete, the steel will become the cathode and thus should be protected
against corrosion. The sacrificial anode however, will corrode and eventually be
consumed. Sacrificial anodes are generally composed of zinc, magnesium or aluminum
due to their relatively high galvanic potential in comparison to iron (steel) . Unlike
iron, these metals do not create the harmful by-product rust. Table 3-2, depicts the
galvanic potential of various metals in the electromotive series. A mortar enriched in
alkaline electrolytes typically encapsulates sacrificial metal in order to improve the
overall effectiveness of the anode. This promotes and sustains anodic dissolution of the
metal at an adequate rate in order to ensure continual galvanic protection'’.

15
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Table 3-2: Electromotive series !’

Metals State Standard Potential, Volts
Potassium Active End -2.922
Magnesium -2.340
Aluminum -1.670
Zinc -0.762
Iron -0.440
Hydrogen 0.000
Copper +0.345
Silver +0.800
Platinum Passive End +1.200

The main focus of this project deals with ‘puck’ sacrificial anodes that are generally used
for discrete protection. However, new ‘strip’ sacrificial anodes were also tested to
analyze its effectiveness in a global setting. A brief description of each anode and its
intended application will be discussed in the next subsections.

3.2.1 Puck Anodes

Up to date, sacrificial anodes have been almost exclusively used for corrosion protection
or corrosion control of a localized area. More specifically, they are often used in
conjunction with patch repair of deteriorated concrete sites caused by corrosion. By
installing the sacrificial anodes around the new patch, protection against ring-anode effect
is provided. This phenomenon is discussed in the upcoming subsection. Sacrificial puck
anode is an economical solution to extend the service life of the repaired concrete. Since
there are no external power sources or monitoring equipment, the process is virtually
maintenance free. Its major drawback is generally due to its relatively low current output
and small effectiveness range. Therefore, it is often not convenient to use if a high degree
of protection such as cathodic protection is required.

The ‘puck’ sacrificial anodes refer to its shape resembling a hockey puck, as shown in
figure 3-4. They are typically only a few inches in diameter and approximately one inch
in height. As previously mentioned, the core of the sacrificial anodes are comprised of a
higher potential metal, typically zinc alloy, which favors corroding over a less noble
metal (i.e. steel). These anodes are almost always encapsulated with a specially devised
cementitious mortar that aids in activation process. The mortar prevents the formation of

an interfering passive layer and thus facilitates zinc dissolution 18
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Cementitious mortar

Zinc core

Figure 3-4:  Typical puck anode

All puck anodes tested in this program are commercially available products with the
exception of Sacrificial Anode “A”, which is a new product. They all have the same
geometry but vary in chemical make-up properties of the mortar, and/or metallic core.
For privacy purposes, the actual make-up of the anodes cannot be revealed.

3.2.1.1.Ring anode effect

The ring anode effect or patch accelerated corrosion is a phenomenon that is caused by
concrete patch repair. Concrete patch repair is perhaps the most common and simple
method in dealing with localized corrosion. The method involves removing the
contaminated concrete where corrosion has initiated, cleaning the bars, and replacing the
contaminated concrete with repair mortar. Although this method has great effect in
reducing the corrosion within the repair site, it has the reverse effect for the surrounding
concrete. Prior to the repair, the area of contaminated concrete act as the anode and
therefore protected the surrounding concrete from corrosion. By removing this concrete
and replacing it with fresh mortar, a difference in potentials between the existing concrete
and the newly replace mortar has developed. Often, the surrounding concrete is itself
slightly contaminated with chlorides and corrosion can rapidly initiate. Therefore, action
must be taken quickly to the surrounding concrete before deterioration occurs. In many
instances corrosion can be chased around the entire structure, turning a relatively small,

local problem into a much greater and costlier problem 18,

By applying sacrificial anodes connected to the steel in conjunction with the patch repair,
the ring anode effect may be prevented, as the sacrificial anodes will corrode preferably to
the steel reinforcement. The spacing of the sacrificial anodes depends on its current
throwing power and on the desirable level of protection. Special attention must be made
to the environment in which the sacrificial anode is to be used. Figure 3-5, shows an
example of the installation of puck sacrificial anodes with concrete patch repair.
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Figure 3-5:  Patch repair in conjunction with sacrificial anodes

3.2.2 Strip Anodes

Sacrificial strip anodes are a prototype galvanic system, which functions on the same
principals as the puck anodes. The intent of the sacrificial strip anodes is to generate a
high level of current output that can protect further distance than its puck counterpart. In
essence it 1s intended for protection on a global scale. The hope is to achieve not only
corrosion control but also possibly cathodic protection. This could be used in
applications for global implications where methods such as impressed current are not
warranted. The strip anodes tested in this project are not commercially available and are
each designed with different compositions. These anodes are rectangular in shape and are
approximately couple inches in depth and width, and are several inches in length. Among
other features, they are equipped with more zinc (proportionally to their size) than a
traditional puck sacrificial anode. Figure 3-6, shows a typical strip anode.
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Figure 3-6:  Typical strip anode

3.3 CHLORIDE CONTENT

It is well documented that chlorides can induce corrosion activity in reinforced concrete.
These chlorides generally originate from three conditions: deicing salts, coastal
environments and or, the presence of chlorides in the initial concrete mix (for example
with the use of calcium chloride dihydrate) '°. However, an ongoing source of debate
among investigators is the chloride threshold level required to commence the corrosion
process in reinforced concrete. For corrosion to initiate, chlorides must first reach the
level of the reinforcing steel. However, concrete, or more specifically the hydration
products of cement, has the capability to bind with the free chlorides ions. This leads to
the formation of calcium chloroaluminate, otherwise known as Friedel’s salt, which
immobilizes the chlorides and prevents further penetration. When chloride concentration
surpasses the concrete’s capability to bind, the excess chlorides are free to initiate the
corrosion process. The capability of concrete to bind to chlorides can be viewed as a
sponge soaking up water; the maximum amount of water the sponge can absorb is its
threshold. Therefore, the threshold level is the amount of chlorides that can be
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“absorbed” without initiating corrosion. The chloride threshold is situated at the steel-

concrete interface 2.

Many factors influence the value of chloride threshold levels such as:

water-cement ratio;

cement type content and admixtures;

pore solution pH;

capillary structure;

rebar composition and surface conditions;
curing period and curing temperature;
exposure temperature and relative humidity;
oxygen availability at rebar surface; and
rebar polarization potential 2,

Due to the numerous factors affecting the chloride threshold, there has been much debate
on a single ‘universal’ value. As a result, different authors and investigators have
presented a wide range of chloride threshold levels. Glass et al. have concluded that the
chloride threshold levels may vary between 0.17-2.5% of total chlorides (bond plus free
chlorides) by relative weight of cement *>?!'. In contrast, Alonso et al. argue that chloride
threshold varies between 1.24-3.08% of total chlorides by weight of cement. This
translates to 0.39-1.16% free chlorides by weight of cement 2

In a paper published by Morris et al. *! an empirical relationship between chloride
threshold content and concrete resistivity (which represents the quality of concrete) was
put forth. The authors derived the following empirical formula for chloride threshold
content expressed by relative weight of cement:

Clry (%) = 0.019p + 0.401 (1)

The formula is a function of concrete resistivity, p (k€2 cm) as shown in Equation 1. The
formula suggest that resistivity of concrete is associated with concrete quality and thus, an
increase in resistivity is associated with increase in chloride threshold. Equation (1) was
derived by testing various concrete mix specimens, either partially immersed in a saline
solution of 3.5% chlorides by weight of cement or exposed to seashore conditions. The
equation is only valid for standard concrete mixed with Type I Portland cement 2

In the present research project, it was decided that two levels of chloride contamination
would be used in the testing of the galvanic systems. One level would simulate
conditions just above the threshold levels (low contamination), whereas the other level
would be more representative of an aggressive environment, such as structures located
near coastal regions (high contamination). The different levels of chloride contamination
enabled the analysis of the performance of the galvanic systems with respect to different
corrosion rates. The chloride levels used were as follows:
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e low contamination — 1.2% free chlorides by relative weight of cement; and
e high contamination — 3.9% free chorides by relative weight of cement.

A conservative approach was taken towards the chloride threshold level in an attempt to
guarantee corrosion activity. The chloride threshold was deemed to take place at 1.16%
free chlorides by weight of cement, as per Alfonso et al. To accelerate the corrosion
process, chlorides in the form of NaCl (common table salt) were mixed with the concrete
constituents at the time of casting. This also allowed for a uniform distribution of
chlorides throughout the concrete specimen.

3.4 EXPOSURE CONDITIONS

Environmental conditions such as temperature and relative humidity (i.e. moisture
content) have a tremendous influence on the corrosion process of reinforced concrete. In
most instances, the corrosion rate will generally increase with an increase in temperature
and/or relative humidity. As is the case for all chemical reactions, ambient temperature is
an influential factor in the rate at which the chemical reaction is realized. The rate of the
cathodic and anodic chemical reactions is dependent on temperature, among several other
factors. This phenomenon is explained by the Arrhenius equation:

Kk = A.eCERD @)

where k, is the constant rate of the chemical reaction; T, is temperature in Kelvin; E, is
the activation energy; A, is the pre-exponential factor; and R, is the gas constant 2A
general rule of thumb is that an increase of temperature of 10 °C can double the corrosion
rate. This rule of thumb is dependent, however, on the interaction with several other
factors that affect the corrosion rate, such as oxygen diffusion and relative humidity 3,
Figure 3-7, shows the general relationship between temperature and corrosion rate ,
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Figure 3-7:  Relationship between temperature and corrosion rate **

Relative humidity is also a crucial factor affecting the rate of corrosion in reinforced
concrete. In general, high relative humidity in atmospheric conditions will lead to high
moisture content within the concrete. When conditions in the concrete are dry, corrosion
rates decreases, and vice versa. The reason being that in dry concrete, the resistivity
increases, hampering the flow of electrons, thus reducing the corrosion rate. Unlike the
somewhat linear relationship between the temperature and corrosion rate seen in

Figure 3-7, corrosion rates are nearly non-existent when relative humidity is less than
85% and increase drastically between 85-95% relative humidity, as shown by Figure 3-8.
It is for these reasons regarding temperature and relative humidity that coastal regions,
particularly of hot regions, are often considered to be the most detrimental to reinforced
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Two exposure conditions were considered for this project. The first exposure condition
simulated an aggressive environment via an environmental chamber at the University of
Manitoba. The specimens sent to the environmental chamber underwent constant high
temperature and relative humidity, 35 °C and 90 %, respectively, for a period of 172 days.
The second exposure condition involved exposing the specimens to the somewhat
unpredictable Winnipeg outdoor weather, throughout the months of April to October.
Table 3-3, shows the mean maximum temperature; mean minimum temperature and the
total precipitation for Winnipeg during the months of April to October. Natural ponding
was achieved for the specimens exposed to outdoor conditions after periods of
precipitation, by sealing around the edges of the concrete-plastic formwork interface.

It is important to note that the specimens were kept at room temperature (approximately
20 C and 50 % R.H.) for a period of eight months after casting of the slabs was
completed. During this period, all the connections and wiring for the system were
finalized. After the eight-month period, half of the specimens were sent outdoor for
testing. The remaining slabs were kept at room temperature for additional two months,
after which they were sent to the environmental chamber at the University of Manitoba
for testing.  All switches connecting the galvanic system to the bars and mesh were
turned off from the time of casting until the time of the first test readings. This allowed
corrosion activity to commence without the protecting influence offered by the galvanic
systems.

Table 3-3: Monthly Winnipeg data report for 2006 during the
testing period »  (Source: Environment Canada)

Mean Max Mean. Min Total
Temperature, | Temperature, precipitation,
°C °C mm

April 15.8 24 16.5

May 18.5 54 44.5

June 25.2 11.1 29.0

July 29.8 13.2 10.5

August 27.0 12.5 52.0

September | 20.7 6.3 41.5

October 8.7 -1.7 11.5

Winnipeg is located in southern Manitoba, in the center of Canada. It has a cold
continental climate with temperatures reaching well below freezing during its winter
months. Summers are short and very warm 25 Table 3-4, shows the historical climate
conditions in Winnipeg.
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Table 3-4: Historical Winnipeg climate %

Average
Av. Av. Av. Depth

. Wind

Daily Daily Av. hours Av. Days Av. Days of Snow d
spee

Max. Min. Sunshine with with on P
Month (km per
Temp. Temp. (per day) Rainfall Snowfall Ground h)
r
) o) (cm)

Jan. -13 -23 3.9 1 12 18 17
Feb. -9 -19 4.9 1 8 20 17
Mar. -1 -11 5.8 3 7 13 18
Apr. 10 -2 8.0 5 3 3 18
May 19 5 9.2 11 1 0 18
Jun. 23 11 9.4 13 0 0 16
Jul. 26 13 10.2 11 0 0 15
Aug 25 12 9.0 10 0 0 15
Sep. 19 6 6.0 11 0 0 17
Oct. 11 0 47 8 2 0 18
Nov. -1 -10 3.1 2 9 5 17
Dec. -10 -19 3.2 1 11 10 17

3.5 TESTING METHODS

Testing consisted of a half-cell test for control specimens, and open-circuit potential,
potential decay, and current output readings for the specimens embedded with the
galvanic systems. On-going testing was conducted for a pertod of approximately 5
months for the specimens housed in the environmental chamber and outdoor conditions.
A long-term reading was also taken on the specimens housed in the chamber after
approximately 500 days. The different testing methods are discussed in more detail next.

3.5.1 Corrosion Potential: Half-Cell Test

Half-cell tests are perhaps the most commonly used non-destructive method in
determining the probability of rebar corrosion in concrete due in large part to simplicity
and cost-effectiveness. The basis behind this method, measures potential differences
between a reference electrode with a known potential (datum) and the steel rebar under
investigation. Generally, a copper/copper sulphate is used for the reference electrode.
The method is standardized in ASTM C-876 and determines weather the rebar is in an
active state or in a passive state " *®, Rebar in the active state will have a potential
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difference of -350 mV or less, whereas the rebar in the passive state will have a potential
difference of -200 mV or greater. It is important to note that the half-cell method only
determines the probability of corrosion activity present and does not measure the
corrosion rate of the steel since no information regarding the kinetics is provided %%,
Table 3-5, shows the interpretation of half-cell potential readings for the copper/copper
sulphate reference electrode.

The general rule of thumb is: the more negative the potential, the higher the risk of
corrosion activity. This may not always be the case since many factors such as oxygen,
chloride concentration, and concrete resistance can influence the potential readings. For
instance, a decrease in oxygen at the steel-concrete interface can significantly affect the
results of potential readings. This can occur in dense, low permeability concrete or in
reinforced concrete submerged in water. It is also important to note, when taking half-
cell readings of galvanically protected reinforced concrete, the current flow for should be
interrupted for a minimum time period of 24 hours to allow the steel to fully

depolarize > %,

Table 3-5: Half-cell potential interpretations for a copper-copper
sulphate reference electrode »

> 200 mV Passive 10 % (low risk)
-200 to - 350 mV Unknown Intermediate risk
<-350 mV Active 90 % (high risk)

Half-cell tests were conducted on the control specimens for both exposure conditions
(outdoors and environmental chamber) to determine the probability of corrosion activity.
A copper/copper sulphate (Cu/CuSO,) reference electrode was used to conduct the half-
cell and potential decay tests. For both types of tests, the readings were taken on the
concrete surface directly overtop and to the center of each bar under investigation, as
shown schematically in Figure 3-9. The reference electrode was connected to the positive
terminal of the voltmeter and the steel was connected to the negative terminal. Mesh
measurements for the half-cell and potential decay tests were taken at the center of the
slab specimen. A wet sponge soaked in soapsuds was placed between the concrete
surface and the reference electrode in order to decrease resistance. It is important to note
that direct corrosion potential cannot be taken for specimens embedded with anodes since
the steel is polarized due to continuous current being provided by the anodes. Therefore,
half-cell tests conducted for specimens with anodes required a minimum of 24 hours of
depolarization to record the native or open-circuit corrosion potentials. This procedure is
further explained in section 3.5.3.
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Figure 3-9:  Half-cell testing setup 2

3.5.2 Current Output

As previously mentioned, sacrificial anodes function on the principal of converting the
steel into a cathode by connecting dissimilar metals in which the metal with the highest
potential (typically zinc) will naturally corrode, thereby releasing electrons to the steel.
This release in electron flow or current is in essence the protecting mechanism against
corrosion. In a paper published by Whitmore', there exists a correlation between current
density and three basic levels of protection against corrosion. The first level, corrosion
prevention is defined as preventing the initiation of corrosion activity in contaminated
reinforced concrete. This method is often helpful in preventing ring-anode effect in patch
repairs of chloride-contaminated concrete. The amount of current density required to
prevent corrosion from occurring generally ranges between 0.25 to 2 mA/m?®. The second
level of corrosion protection is called corrosion control. Corrosion control is associated
with the capability of significantly reducing the rate of corrosion activity in reinforced
concrete. Corrosion control may not necessarily eliminate or stop all corrosion activity
but it will slow down the process, thereby, prolonging the life expectancy of a structure.
The current density required for corrosion control generally ranges between 1 to 7
mA/m”. Although polarization of steel does occur within the current density range of
corrosion control, it often falls significantly short of reaching the 100 mV criteria
specified by NACE. The last level of protection is referred to as cathodic protection.
Cathodic protection is deemed to be the upper level of protection against corrosion. At
this stage, corrosion activity is completely or almost completely eliminated. Current
density generally required to reach cathodic protection varies between 2 to 20 mA/m? .
Cathodic protection is associated with a minimum of 100 mV polarization of the steel in
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the negative direction. Table 3-6, illustrates a summary of the three basic levels of
protection against corrosion.

Table 3-6: Current density range for the three basic levels of protection against
corrosion '
Corrosion Prevention | Corrosion Control Cathodic Protection
Prevention of Significantly Stopping or virtually
Objective corrosion activity reducing on going stopping all corrosion
corrosion activity activity
Current 0.25 to 2 mA/m?2 1 to 7 mA/m2 2 t0 20 mA/m2
required per
steel surface
area
Protection Good Better Best
level

A current reading was taken by attaching a multi-meter to the switch corresponding to the
bar or mesh under investigation. The switch was turned off only for the bar in
consideration once the multi-meter was connected and was immediately turned back on
once the current reading was obtained. Bars 1 and 2 were connected to a single switch.
This allowed the average current to be taken for these bars, which were spaced at equal
distance to the anode. Bars 3, 4 and the mesh were each connected to an individual
switch. Figure 3-10, illustrates the typical procedure to measure current output readings.
Bar 4 was arbitrarily selected as depicted in Figure 3-10.

plan
Multi-meter
X-section
Mesh
Figure 3-10:  Ilustration of typical current output reading
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3.5.3 Potential Decay

According to NACE International, cathodic protection is the highest level of protection
against corrosion in which virtually all corrosion activity is halted. When a current (ie.,
the flow of electrons) is transmitted to the steel, the potential of the steel shifts negatively
towards the potential of the connecting anode. A polarization shift of at least 100 mV is
the most fundamentally sound criteria in confirming whether cathodic protection is
reached. There are two methods, which can prove the 100 mV polarization criteria. The
first method “formation” involves taking a “native” (i.e., initial or free-corroding)
potential prior to any application of current to the steel. Potential readings thereafter are
taken immediately after all current to the system is interrupted. This second readings is
called “instant off”, and the difference between the “instant off” and the native potential
determines the amount of polarization that has occurred. For cathodic protection to have
occurred, the difference must be greater than or equal to 100 mV %3!. The second
method “decay” requires the “instant off” reading to be measured first. The current is left
off for a minimum period of 24 hours to allow the steel to depolarize. A second potential
reading is then taken once the steel is completely depolarized in which case the potential
will be stabilized as shown in Figure 3-11. The difference between the two readings
determines the amount of polarization undergone by the steel due to the applied current.
If the difference is greater than or equal to 100 mV the cathodic protection is

achieved ***'.  The “decay” method enables readings of the corrosion potential of the
steel at the time of testing. In other words, once completely depolarized, this represents
the state of corrosion of the steel. Therefore, the second reading of the “decay” method is
equivalent to the half-cell potential discussed previously. The “formation” method only
uses the initial “native” potential as a reference point to the corrosion potential of the
steel. Under perfect and homogenous conditions, in theory, the “native” potential should
be equal to the corrosion potential (depolarized); however, the corrosion potential is
influenced by several factors such as: temperature, relative humidity, and applied current.
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Figure 3-11:  Cathodic protection based on the potential decay criterion 30

Another criterion adopted by NACE International to determine the presence of cathodic
protection is referred to simply as “instant off”. This method simply requires the “instant
off” reading to be equal to or more negative than -850 mV when using a Cu/CuSO,
electrode. It is important to note that the “instant off”” reading does not need to be equal
to or more negative than -850 mV as long as the potential difference using the two
previous methods are at least 100 mV 0,

Cathodic protection measured throughout this project was done by means of the “decay”
criterion. The switches were left of for a minimum of 24 hours in order to allow the steel
to depolarize. The potential readings were recorded with a Cu/CuSO, electrode and were
conducted in accordance to the ASTM C-876 standard. The same procedure was used in
the “decay” method that was used in the half-cell tests.

3.6 RESISTIVITY

It is well documented that a correlation exists between the rate of chloride ingress and the
resistivity of concrete. Viewed with the naked eye, concrete seems to be an impermeable,
solid material; however, viewed under a microscope, concrete is seen to be a web of
interconnecting pores and capillaries, voids woven between the cement paste and the
aggregates. The degree of permeability is dependant on the density and quality of
concrete. It is due to the porosity of concrete that water and other contaminates such as
chloride ions are able to penetrate into the concrete, eventually reaching the level of
reinforcement. The rate of ingress of chloride ions is dependant on the chloride diffusion
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coefficient and can be expressed by Fick’s Law for a one-dimensional model. Fick’s Law
for a one-dimensional model is given by Eq. (3), and the Figure 3-12, gives an illustrated
version of Fick’s Law. Chloride diffusion coefficient is, in general, inversely
proportional to the resistivity of concrete. Thus, concrete with low resistivity will
translate into a higher chloride diffusion coefficient and therefore greater penetration.
Studying Figure 3-12, it is apparent that chloride concentration is greatest at the surface
and reduces with depth. However, with time the chloride concentration with depth will
increase to the same level of concentration at the surface > **. In order to accelerate the
corrosion process the diffusion was overlooked by adding chlorides in the form of table
salt (NaCl) to the concrete constituents at the time of mixing.

Cp, 9 = Col1-erf(x/(2(D:)"0.5))] 3)
Where, C g = chloride concentration at time t and depth x
C, = chloride concentration at surface (kg/m3)
D. = chloride diffusion coefficient (cmZ/yr)
erf = error function (standard mathematical tables)
A

Progress of time

Chloride

Depth into Concrete

Figure 3-12: Fick’s Law illustration g

Resistivity of concrete also directly affects the corrosion rate of steel reinforcements after
depassivation has occurred. This is because the current is transported through the
capillaries by the ions in the pore liquid. Thus, an increase in pore saturation and the
number of larger capillaries will decrease the resistivity of concrete. In other terms, by
increasing the water-cement ratio, electrons are more readily transported and therefore the
corrosion rate is increased. Concrete resistivity ranges from the order of 10" to 10° Qm
depending on the quality concrete and moisture availability 3,

Resistivity can also affect the ability of the galvanic system to generate current to the
corresponding steel reinforcement. Therefore, 10% of silica fume per weight of cement
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was added to the same constituents as shown in Table 3-1, in order to increase the
resistivity of the concrete. Test were taken to demonstrate the affects of resistivity on
concrete and on the current distribution provided by the sacrificial anode.

3.7 CONTROL SPECIMEN

Four control specimens identical in geometry to the other specimens were cast using the
same constituents as the original batch specified in Table 1. The control specimens did
not have any anodes installed in them and the bars were not connected to one another.
One control specimen was exposed to each condition. Therefore, two control specimens
containing 1.2% and 3.9% chloride by weight of cement, respectively, were exposed to
the environmental chamber, whereas the other two were exposed to outdoor conditions.

3.8 TEST MATRIX

In total 76 concrete slab specimens were cast for this research project. A summary of the
specimens is given in Table 3-7.

Table 3-7:

Puck anodes: Yes
A B, C,D,E |(x2)

Strip anodes: | Yes

S,M, L (x2)
Control No

Resistivity: Yes
Anode A (x2)

Test matrix summary

e Environmental

chamber
(constant 35C and
90% humidity)

e Outdoor
conditions
(Winnipeg’s
climate)

e High levels
(3.9% by weight of
cement)

¢ Low levels
(1.2% by weight of
cement)

5x2x2x2
= 40 specimens

3x2x2x2
= 24 specimens

IxIx2x2
= 4 specimens

Ix2x2x2
= 8 specimens
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40 THEORETICAL ANALYSIS

4.1 BASIC PRINCIPLES

The corrosion process consists of two separate reactions (anodic and cathodic), which
occur simultaneously. The anodic reaction, which measures the rate of oxidation, is
represented by the curve A in the Evan’s Diagram, shown below in Figures 4-1 a) and b).
The anodic reaction can follow two distinct paths depending on the environment in which
it is initiated. For corrosion initiated in soils or carbonated concrete, the anodic reaction
behaves in the “active” form. This behavior is illustrated in Figure 4-1(a). The behavior
of anodic reaction differs in alkaline environments such as concrete. Oxidation under
these circumstances follows a more complex ‘active-passive’ behavior, as shown in
figure 4-1(b). The anodic reaction in concrete very rarely enters into the trans-passive
region. The cathodic reaction, which measures the rate of oxygen reduction, is
represented by curve C. The corrosion rate (Icor) and corrosion potential (Ecor) of the

steel in question, is taken by the intercept of the anodic and cathodic reactions curves 32
34

E A C trans-passive
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2 32,34

Figure 4-1(a): ‘active’ condition 3 Figure 4-1(b): ‘active-passive’ condition
In high alkaline concrete, oxidation of the steel creates a protective, dense, ferric oxide
film, which drastically decreases the corrosion rate (Ior). The passive region of the
Evan’s Diagram is where this protective film is known to exist. Generally, the anodic and
cathodic reactions intercept in the passive zone, in which case the steel is stable. The
corrosion rate is insignificant when the steel is in the passive state. As the corrosion
potential (E) becomes increasingly negative, the intercepts will eventually exit the passive
region and enter into the active region, in which point the passive film will deteriorate. A
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break down in the passive film will lead to a substantial increase in corrosion rate, as
illustrated by the log scale of Figure 4-1 (b) > *.

4.2 EFFECTS OF OXYGEN AND CHLORIDE

Variations in the surrounding concrete environment may cause electrochemical potential
imbalances between the adjacent zones (i.e. existing concrete versus repair substrate).
The greater the electrochemical potential imbalance between adjacent zones the greater
the driving force becomes. The driving force is simply the potential difference between
the anodic and cathodic sites, and it is the measure of the tendency for each reaction to
occur spontaneously. Electrochemical potential imbalances can stem from a wide range
of factors such as the difference in the physical or chemical properties of the steel or the
surrounding concrete itself. For instance, the difference in steel homogeneity at the
surface, grain boundaries, difference in concrete density and permeability, can all lead to
electrochemical imbalances.

To illustrate further, repair substrate can have a different degree of porosity and hence
would contain a different amount of oxygen concentration. This can lead to
establishment of an anodic site at the location of lower oxygen level. This phenomenon
1s known as differential aeration corrosion and can occur even in a chloride free
environment. When oxygen levels diminish, the cathodic reaction also decreases, thereby
lowering the tendency of the cathodic reaction to occur. As a result, the corrosion
potential (Ecorr) becomes increasingly negative. This process is demonstrated graphically
by the Evan’s diagram, shown below in Figure 4-2. The corrosion rate will not change
substantially as long as the intercept of the two reactions is within the passive zone. If
the difference in oxygen concentration between the anodic and cathodic sites is extreme,
the corrosion potential (Ecq) will continue to increase negatively and the driving force
will increase. The steel can than enter into the active region of the Evans Diagram, in
which case corrosion rate will increase substantially. Curve Ca to Cd, in Figure 4-2,
represents the decrease in cathodic reaction ****°. Therefore; a variance in oxygen
levels between adjacent sites will affect the cathodic reaction. As long as oxygen is still
readily available at the cathodic site corrosion can still take place.

Chlorides concentration alternatively, effects the anodic reaction. As chloride content
increases, the passive film is consumed and a shift in the anodic reaction occurs. The
greater the chloride content the smaller the passive region becomes. At high chloride
concentrations the passive region disappears, thereby increasing the corrosion rate and
decreasing the corrosion potential. The shift in anodic reaction is illustrated by the anodic
curve Al to A4, shown in Figure 4-3 **34,
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4.3 ELECTROCHEMICAL INCOMPATIBILITY IN PATCH REPAIR

Although extreme precaution is often taken in conducting patch repairs, such as the
removal of neighboring contaminated concrete, it is difficult to completely eliminate the
risk of ring anode effect. The reason being, electrochemical incompatibilities often
develop between the existing and repaired areas. As mentioned previously, one such
incompatibility is linked to the difference in porosity between the repair mortar and the
concrete. For instance, if the existing concrete is of greater porosity than the repair
mortar, a greater amount of oxygen will be present in the existing surrounding concrete
area. Differences in porosity will lead to an uneven oxygen concentration distribution
along the surface of the steel. This, in turn, causes a potential differences which leads to
the formation of a macro-cell along the steel. In the regions of high oxygen (existing
concrete) reduction will occur converting this region into the cathode. Oxidation occurs
in the region of less oxygen. Therefore, the patch region develops into the anode. If the
oxygen difference between the existing and patch region is small, the potential difference
will also be small. In such a case, the intercept may lie within the passive range, in which
case no increase in corrosion rate will occur. However if the difference in oxygen is
great, the intercept may lie outside the passive range, and corrosion rate may increase.
This process is shown by the Evan’s diagram in Figure 4-4(a) and schematically in Figure
4-4(b). Curve C1 represents the cathodic reaction in the existing concrete area. The
oxygen deficient region under the repair patch is shown by cathodic curves C2 and C3.
Keep in mind; this potential difference due to oxygen can take place in chloride free
environment >* **,
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Figure 4-4(a): The effect of oxygen incompatibility on steel corrosion rate in
concrete patch repair
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Figure 4-4(b): Hlustration depicting oxygen incompatibility in patch repair
concrete >*

Another electrochemical incompatibility, which creates a potential difference in patch
repair, is due to unbalanced amounts of chlorides. Generally, all contaminated chloride
concrete is removed in patch repair, but chlorides often remain in the existing concrete.
This creates a potential difference causes the formation of a chloride induced macro-cell.
The process is described by the Evan’s diagram in figure 4-5(a) and figure 4-5(b). If the
existing concrete is contaminated even slightly with chlorides, the anodic reaction will be
influenced. The greater the potential difference between the two regions, the greater the
anodic shift and the smaller the passivity region becomes. This is shown by curves Al
and A2 in figure 4-5(a). It is important to point out that chloride induced corrosion is
much more aggressive than oxygen induced corrosion. The reason being chloride macro-
cell acts as an autocatalyst and therefore the corrosion rate is increased. This occurs
because oxidation creates positive ferrous ions (Fe++). A build up of positive 1ons attract
the negative chlorides ions, and thus chloride concentrations increase in the anodic
region. In addition, the build up in chlorides lowers the pH of the concrete. Both of these
actions further deteriorates the passive film, expanding the anodic region and increasing
the corrosion rate >*>*,
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4.4 EFFECTS OF POLARIZATION

Current applied to the steel reinforcement by sacrificial anodes (or other electrochemical
methods) has two principal modes of protecting steel against corrosion. The first and
most common understanding of how this is done is known as the primary effect or
cathodic polarization. However, in certain instances, a secondary effect is achievable and
it is often overlooked. The secondary effect or anodic polarization may be as important,
if not more important than its counterpart. These two principals are discussed below.
Negative effects of steel polarization will also be addressed >,

4.4.1 Primary Effect

The driving force that causes the flow of electrons between the anode and the cathode are
attributed the potential differences between these two regions. Potential is the measure of
tendency for oxidation and reduction reactions to occur spontaneously. In essence, the
driving force is simply the difference in the steel potential in an aggressive environment
and the equilibrium potential. When the oxidation reaction takes place, the flow of
current is opposed by anodic resistance and therefore the corrosion rate can be expressed
as: 1, = L/ R. The level of resistance is proportional to the amount of passive film
encasing the steel. Therefore, if there 1s a substantial amount of passive film still intact
around the rebar, the degree of resistance will be high.

The primary effect, which is thermodynamic in nature, is achieved by the potential shift
of steel in the negative direction when current is applied. The tendency to oxidize the
iron is reduced when the cathodic reaction is polarized. This negative potential shift
reduces the driving force and corrosion rate. The greater the driving force is minimized
the greater the level of protection the steel will receive. NACE has determined
polarization of 100 mV will virtually stop the corrosion and is the basis for cathodic
protection. Lower levels of polarization will provide corrosion control. Cathodic
polarization also increases the chloride ‘threshold’. In fact, even low levels of
polarization associated with current in the range of 0.2-2 mA/m2, can increase the
chloride ‘threshold’ by the order of one magnitude. This is the basis for corrosion
prevention. It is important to note that the effects of cathodic polarization are immediate
but cease once the protecting current has halted ** 3,

4.4.2 Secondary Effect

Conventional understanding indicates that the principal protection against corrosion is
due to the negative potential shift of the cathode (primary effect). This is the basis for the
“instant off” criterion for determining cathodic protection, as discussed previously.
However, in steel reinforced concrete environment, the cathodic kinetic reactions are
weakly polarized. This indicates that the cathode is constantly resisting the negative
potential shift. As chlorides breakdown the passive film layer, corrosion rate increases,
as does the oxidation reaction. An increase in oxidized iron ions signifies a
depolarization in anodic reaction. The secondary effect focuses on anodic polarization of
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steel and the effect it has on the cathodic region. By introducing current, a positive shift
in open circuit potential is associated with anodic polarization. The polarization of the
anodic reaction results in the migration of chlorides away from the rebar and increase in
pH in the surrounding concrete. This promotes the re-passivity of the film, creating a
much less aggressive environment. When current is applied, the flow travels through the
electrolyte by way of migrating ions. The flow is proportional to the mobility and
magnitude of ion movement. Current flows in the same direction as positive ions (from
anode to cathode). As current flows to the cathode, negative ions travel in the opposite
direction towards the anode. Thus, current flow produces a migration of chloride ions
(CI') away from the cathode. Research shows that the open circuit potentials become
more positive with the formation of the passive film. This reduces the tendency for steel
oxidizing and therefore, reduces or eliminates the corrosion activity. The shift in open
circuit potential also leads to a decrease in the amount of current required to maintain the
same level of protection. Both the primary and secondary effects occur concurrently as a
result of applied current, but the secondary effect is often overlooked.

The theory relating to the beneficial of effects of anodic polarization versus cathodic
polarization is depicted using the Evans diagram, in research papers published by Glass et
al. A specimen subjected to chloride contamination was initially corroding at 30 mA/m’.
By applying a current density to the specimen of 40 mA/m?, and keeping the anodic and
cathodic reaction kinetics unchanged, the corrosion rate decreased to 15 mA/m”. This
represents the effects of a negative potential shift. However, by allowing a positive
increase of 200 mV in open circuit potential, a decrease in corrosion rate to 0.8 mA/m?
was observed. This increase in positive potential is associated with the change in
environment surrounding the concrete and perhaps the re-passivity of the film. In short,
cathodic polarization is related to the negative polarization shift of the cathode, whereas
the anodic polarization is related to the change in environment surrounding the rebar.
Figure 4-6, illustrates the Evans diagram associated to these findings 32,36,
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Figure 4-6:  Effects of anodic polarization on corrosion rate in
reinforced concrete >

4.4.3 Negative Effects

The old cliché: too much of something good is bad; is also applicable to the case of
polarization of steel. At high levels of polarization, hydrogen evolution occurs in the
cathodic areas. This can lead to hydrogen embrittlement of the reinforcing steel, and thus
jeopardizing its strength capability. This is particularly true for applications using high
strength steel (or > 700 MPa). Hydrogen embrittlement cannot occur at potentials more
negative than -900 mV, when exposed to alkaline environments (pH >12). This is true
even for the most susceptible steel reinforcements, such as prestressed strands or
quenched and tempered steel. For lower strength steel (or < 700 MPa), hydrogen
embrittlement is not an issue. >*

Other negative factors associated with polarization of steel to very negative potentials
include: adhesion loss and concrete degradation. The former, can occur at potentials
reaching -1100 mV. Although not much is documented on the cause of this phenomenon,
it generally occurs with ribbed steel reinforcement. The latter, is related to the increase in
alkalinity surrounding the rebar. If alkali-reactive aggregates are present in the concrete
there may be a risk of alkali-silica reaction, only if the current is excessively high in the
short-term or moderately high (>10 mA/m?) in the long-term applications. Alkali-silica
reaction causes premature deterioration of concrete. 2
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5.0 RESULTS AND INTERPRETATION

5.1 SACRIFICIAL PUCK ANODE ANALYSIS

The results for the performance of the new galvanic system A and the other commercially
available galvanic systems, which have been labeled: B, C, D, and E, are presented in this
section. The results include half-cell tests (open circuit potential), current density output, and
potential decays. These tests were conducted on a steel reinforced concrete slab specimens
containing 1.2% and 3.9% chlorides by weight of cement. Half of these specimens were further
subjected to continuous high temperature and high humidity (35 C, 90% R.H.) via an
environmental chamber, or exposed to Winnipeg’s outdoor conditions from the months of April
to October. Duplicates of each slab specimens were also tested under the same conditions to
achieve greater accuracy of the results (average of the two specimens). Control specimens
containing no galvanic system were also subjected to the same conditions. No duplicates were
tested for the control specimens. To compare the performance of the sacrificial anodes, the
results were plotted for one particular bar (or the mesh) subjected to the same conditions. For
instance, result from current output delivered to Bar 3 for the different specimens and subjected
to the 1.2% chloride by weight cement in the environmental chamber were plotted together.
This facilitated the comparison between the different galvanic systems. The plotted results were
the average of the duplicates for each specimen, except for the controls.

5.1.1 Half-Cell Results: Environmental Chamber

Half-cell potential (open circuit) readings were conducted for both the control and galvanically
protected specimens. All specimens (control and galvanic) were cast with the pre-determined
amount of chloride content and were kept at room temperature and humidity for approximately a
10-month period. The specimens were then exposed to the environmental chamber 7 days before
turning on the galvanic systems (i.e. the switch) and recording the initial reading (time zero
days). Prior to this period, the circuit was disconnected and the sacrificial anodes bared no
influence on the Bars and mesh. After the initial connection of the circuit, the sacrificial anodes
were free to electro-chemically interact with the steel. In total, the environmental chamber was
in-operation for a period of 172 days (not including the 7 day period prior to the initial reading).
After this period, the specimens returned to room temperature and humidity, while the sacrificial
system remained operational. A long-term reading was taken at 506 days to see how the
specimens were behaving. The only period in which the sacrificial systems were disconnected
throughout this period was during testing periods. Figures 5-1 to 5-5 show the half-cell potential
results for the control and galvanically protected specimens, subjected to 3.9% chloride by
weight of cement. Figures 5-6 to 5-10 show the half-cell potential results for the control and
galvanically protected specimens, subjected to 1.2% chloride by weight of cement.
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Figure 5-1:  Half-cell potential of the different galvanic systems for Bar 1 subjected to 3.9%
chloride by weight of cement and exposed to the environmental chamber
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Figure 5-2:  Half-cell potential of the different galvanic systems for Bar 2 subjected to 3.9%
chloride by weight of cement and exposed to the environmental chamber
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Figure 5-5:  Half-cell potential of the different galvanic systems for the Mesh subjected to

3.9% chloride by weight of cement and exposed to the environmental chamber
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Figure 5-6:  Half-cell potential of the different galvanic systems for Bar 1 subjected to 1.2%

chloride by weight of cement and exposed to the environmental chamber
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chloride by weight of cement and exposed to the environmental chamber
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Figure 5-9:  Half-cell potential of the different galvanic systems for Bar 4 subjected to 1.2%
chloride by weight of cement and exposed to the environmental chamber
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Figure 5-10: Half-cell potential of the different galvanic systems for the Mesh subjected to
1.2% chloride by weight of cement and exposed to the environmental chamber

Note that, at the moment of the long-term testing severe corrosion occurred on many of the wires
and switches, causing a possible disconnection in the circuit. Unfortunately, for this reason, no

46



Results and Interpretation

readings were available for both duplicates of Sacrificial Anode D subjected to high chlorides. It
is important to also point out that the half-cell corrosion potential for the control specimen
comprised of the average results taken from the four bars. Since the control bars were not
subjected to any sacrificial anode system and since all other conditions are essentially the same
(geometry, properties, chloride content, moisture, etc...) the half-cell potential readings in theory
should also be similar. Thus, the average of the four bars was plotted for each control specimen
so that an accurate datum point could be established. The control half-cell potential obtained for
the mesh, which has a different geometry to the bars, was plotted separately. Control mesh
results were compared to the other mesh potentials obtained by the different specimens.

It is difficult to see any clear trend in the half-cell results for the different systems when
comparing them to one another. There is a lot of fluctuation and overlapping in the Figures 5-1
to 5-10. However, when analyzing the initial reading, half-cell potential for the specimens
exposed to high chlorides ranged in the vicinity of -475 mV to -650 mV. Comparing these initial
readings with the ASTM interpretations (Table 3-5), the potentials are much more negative than
the -350 mV mark, indicating a probability of corrosion of at least 90%. This signifies that at
the moment of time zero, corrosion has most likely initiated and the steel is in an active state.
Specimens subjected to low chlorides, recorded an initial half-cell reading typically ranging from
-350 mV to -450 mV. This was expected since it indicates a less aggressive environment for the
specimens containing 1.2 % chlorides per weight of cement. Despite the less aggressive
environment, the initial half-cell readings still indicate an active state where the probability of
corrosion taking place is still high. These initial half-cell results coincide well with the proposed
objective of testing the level of protection offered by the galvanic systems in a corroding
environment (i.e., corrosion control and not corrosion prevention).

As expected, the initial potential readings were very similar for all bars subjected to same
chloride levels, despite the difference in galvanic systems. Since the circuit was disconnected
prior to the initial reading, no protecting current was present and therefore the galvanic systems
had no effect on the steel. However, with continuous exposure to high temperature and relative
humidity as well as the continual activation of the galvanic systems, the open circuit (half-cell)
potential readings for the different specimens varied with time. Under ideal conditions, the
following trends would be expected:

1. Open-circuit corrosion potential becomes more positive with time relative to the control
half-cell potential due to the protection of the current;

2. The greater the amount of current supplied to the reinforcement the greater the open-
circuit potential shift in the positive direction would become (i.e. open-circuit potential
would vary with galvanic systems, distance to the sacrificial anode, and steel to sacrificial
anode area ratio).

However, this was not always the case. Many galvanic systems showed corrosion potential more
negative than the control corrosion potential. For instance, the open-circuit potential for

Sacrificial Anode A, exposed to high chlorides for Bars 1 to 4 (Figure 5-1 and 5-4) behaved in an
almost identical manner. The initial readings for the bars saw a half-cell reading slightly greater
than the control. At a time of 56 days, the open-circuit potential peaked in the negative direction
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reaching potential near —700 mV, roughly 150 mV more negative than the control potential. The
open-circuit potential then became more positive than the control potential thereafter. Sacrificial
Anode D on the other hand, started with an initial half-cell potential more positive than the
control; it continuously recorded increasingly more negative potentials thereafter. Although
more negative half-cell readings are associated with higher corrosion probability, it gives no
indication on the corrosion rate. Therefore, despite the fact that corrosion potentials may indicate
high corrosion probability, it is important to analyze all the various tests to conclude whether
corrosion is taking place and to what extent.

The open-circuit potential for Sacrificial Anode A specimens containing low chloride levels
behaved much more as expected. The initial half-cell readings were in proximity to the control
potential, signifying an approximately equal risk of corrosion. After activation, the open-circuit
potential for Sacrificial Anode A increasingly became more positive than the potential for the
control specimens. This was the trend in particular for Bars 1 and 2 (Figures 5-6 and 5-7). As
discussed in the theoretical analysis section, when current is supplied to the reinforcement, the
surrounding within the concrete changes, thus rendering the environment less aggressive. This
improvement in environment leads to a decrease in corrosion potential. Corrosion potential also
appears to be increasing negatively with distance from the anode as seen in Sacrificial Anode A
for Bars 3 and 4 (Figures 5-8 and 5-9). Recall, from Section 3.1., that Bars 1 and 2 are spaced at
equal distance from the anode, whereas Bars 3 and 4 are increasingly further away in distance,
respectively. In theory, relatively less current should be delivered to these further bars. The
result for mesh open-circuit potential also shows more negative values. This is again expected
since the steel mesh covers a much larger area.

When the environmental chamber was turned “off” after 172 days, the corrosion potential shifted
significantly for each case towards the passive region. In fact, the half-cell readings at 506 days
indicate corrosion potential typically between —100 mV to —300 mV for specimens exposed to
low chlorides. Therefore, the corrosion potential shifted from active corrosion activity to a range
of uncertain corrosion activity or passive activity (less than 10% probability of corrosion). This
was expected since temperature and relative humidity greatly influence corrosion, as illustrated
previously by Figures 3-7 and 3-8, in Section 3.4. Most galvanic system specimens exposed to
high chloride levels also showed an open-circuit potential more positive than the control
potential at readings at 506 days. Again, this is due to the environment becoming less
aggressive, combined with the continual protection offered by the sacrificial throughout this
period.

Since it is difficult to analyze the results because of the fluctuation and overlapping of the
corrosion potential curves, a weighted-average of the potential was tabulated. This weighted-
average is representative of the mean corrosion potential throughout the testing period. Table 5-
1, shows the weighted-average of the half-cell readings for the galvanic systems exposed to high
chlorides. In the interest of comparing the specimens exposed to high temperature and relative
humidity (35 C and 90%, respectively), only the readings taken when the environmental chamber
was functional (first 172 days) will be analyzed. Table 5-2, shows the weighted average of the
half-cell readings for the galvanic system exposed to low chlorides. Again only the first 172 days
were taken into consideration for this table.
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Table 5-1: Average weighted corrosion potential for specimens subjected to 3.9% chlorides
by weight of cement and exposed to 35 C and 90% relative humidity for 172 days.
Galvanic Average - Average - Average - Average - Average -
system weighted weighted weighted weighted weighted
corrosion corrosion corrosion corrosion corrosion
potential for | potential for | potential for | potential for | potential for
Bar 1, mV Bar2, mV Bar 3, mV Bar 4, mV Mesh, mV
A -580 -567 -571 -573 -640
B -539 -552 -549 -570 -572
C -557 -561 -579 -594 -656
D -574 -572 -555 -554 -610
E -487 -500 -552 -557 -627
Control -537 -537 -537 -537 -577
Table 5-2: Average weighted corrosion potential for specimens subjected to 1.2% chlorides
by weight of cement and exposed to 35 C and 90% relative humidity for 172 days.
Galvanic Average Average Average Average Average
system weighted weighted weighted weighted weighted
corrosion corrosion corrosion corrosion corrosion
potential for | potential for | potential for | potential for | potential for
Bar 1, mV Bar 2, mV Bar3, mV Bar 4, mV Mesh, mV
A -342 -337 -384 -405 -398
B -365 -355 -447 -429 -428
C -408 -406 -432 -465 -455
D -431 -396 -345 -365 -478
E -368 -362 -357 -382 -443
Control -412 -412 -412 -412 -425

When comparing the two tables, it is easy to realize the specimens contaminated with higher
chlorides (Table 5-1) are in fact exposed to a much more aggressive environment than their
counterparts, as shown by the higher negative half-cell values. Sacrificial Anode B, C, and E
have similar trends to what is expected, as shown in Table 5-1; the closer the bar is to the
sacrificial anode the less negative (i.e. or more positive) the half-cell readings, thus signifying a
less aggressive environment. The mesh readings in each of these cases also show a higher
corrosion potential. This was expected since the steel surface area of the mesh is much greater
than that of the bars. For the most part in Table 5-1, the corrosion potentials for the bars
protected by the galvanic systems was more negative than the control specimens.

The specimens in Table 5-2 for the most part (except Sacrificial Anode D) behaved as expected.
The half-cell potential increased negatively as distance from the anode increased. Mesh readings
generally also indicated a more aggressive environment as compared to bars for a particular
specimen. Corrosion potential readings for the bars relating to the galvanic systems were
virtually all more positive than the bars in the control specimen indicating a less aggressive
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environment when the current was being delivered to the reinforcement. However, almost the
opposite effect was seen when comparing the mesh corrosion potential. By analysis of the half-
cell readings only, this implies that the possibility for corrosion activity in the mesh is higher
when it 1s galvanically protected under the present wiring system. The most logical explanation
for this anomaly is the result of a macro-cell between the mesh and the Bars. This will be
discussed in greater detail in the following sections.

In theory, it would be expected that the galvanic systems that generates a longer sustained current
over a certain period of time would provide the most protection to the steel. It would render the
environment within the concrete less aggressive, thus lowering the risk of corrosion and
ultimately shifting the open-circuit potential by greater values towards the positive direction. So,
a galvanic system with greater current capacity should in theory have values of open-circuit
potential more positive than a galvanic system that produces less current. However, this is not
always the case as many different factors affect the overall performance of a system. Assuming
that all environmental conditions are the same for each slab under investigation (i.e. exact
chlorides, resistance, moisture, etc...), it is still vital to consider the current distribution and
potential decay or “instant off” readings, in order to make a educated conclusion of the results.

In other words, corrosion potential can only tell you part of the story. Corrosion potential defines
the risk (or tendency) of corrosion due to the state of the environment within concrete, but it does
not necessarily give any information on the performance of a system (i.e., the decrease in
corrosion rate). Therefore, it is important to analyze each of these conditions prior to making any
conclusion about a particular sacrificial anode.

5.1.2 Half-Cell Results: Outdoor Conditions

Half-cell and open circuit results for the specimens exposed to outdoor conditions are shown in
Tables 5-11 to 5-20. The outdoor specimens were cast with the same batch as the specimens
exposed to the environmental chamber. The specimens were contaminated with the two levels of
chlorides: 3.9% per weight of cement and 1.2% per weight of cement. The specimens were then
kept in room conditions for approximately only 8-months, after which they were sent outdoors
prior to initial testing. Half-cell (i.e. open circuit) results for the specimens exposed to outdoor
conditions are shown for high chloride contaminate levels and low chloride contaminate levels,
in Figures 5-11 to 5-15, and 5-16 to 5-20, respectively.
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Figure 5-11:  Half-cell potential of the different galvanic systems for Bar 1 subjected to 3.9%

chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-12: Half-cell potential of the different galvanic systems for Bar 2 subjected to 3.9%

chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-13:  Half-cell potential of the different galvanic systems for Bar 3 subjected to 3.9%

chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-14:  Half-cell potential of the different galvanic systems for Bar 4 subjected to 3.9%

chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-15: Half-cell potential of the different galvanic systems for the Mesh subjected to

3.9% chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-16: Half-cell potential of the different galvanic systems for Bar 1 subjected to 1.2%

chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-17: Half-cell potential of the different galvanic systems for Bar 2 subjected to 1.2%
chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-18: Half-cell potential of the different galvanic systems for Bar 3 subjected to 1.2%

chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-19: Half-cell potential of the different galvanic systems for Bar 4 subjected to 1.2%
chloride by weight of cement and exposed to Winnipeg’s climate
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Figure 5-20: Half-cell potential of the different galvanic systems for the Mesh subjected to
1.2% chloride by weight of cement and exposed to Winnipeg’s climate

Due to time constrictions and inexperience in taking initial half-cell readings, only Galvanic
Systems B and C for high chloride contents and the control specimen contaminated with low
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chlorides were tested first in late April 2006. The remainder of the specimens began its first
round of testing in mid May 2006.

The general trends for the specimens containing galvanic systems for both cases of contaminate
levels are similar. The initial half-cells reading are relatively very negative; after the activation
of the galvanic anode, the open circuit potential begins shifting towards the positive direction;
between early July and mid August there is a peak in potential in the positive direction; finally,
the open circuit potential shifts towards the negative direction. The trend of the open circuit
potential increasing positively with respect to the initial half-cell readings coincides well with the
original presumptions. Prior to the initial reading, the specimens were contaminated with a
designated amount of chloride and were subjected to no external current (i.e., switches were not
turned “on”). After activation, the most simplistic assumption is that the open circuit potential
will become increasingly positive due to the protecting current.

One major difference between the specimens housed in the environmental chamber as opposed to
the specimens kept outdoors 1s that, unlike the chamber environment, the outdoor conditions are
not constant. Temperature fluctuates outdoors on an almost hourly basis. The temperature
between night and day, week-to-week, and month-to-month, all vary. Relative humidity also
varies continuously, with precipitation occurring sporadically throughout the testing period
months. A complete daily report of the Winnipeg’s climate throughout the months under
investigation is attached in Appendix B. Recalling Table 3-3, July was the hottest and driest
month, averaging a mean high temperature of 29.8 C and total precipitation of 10.5 mm. Dry
conditions result in an increase in concrete resistivity since the water particles used to conduct
the flow of electrons across the electrolyte are scarce. Thus, corrosion activity is diminished.
This explains the shift of potential in the positive direction seen in early July for almost every
galvanic specimen. August on the other hand was a hot and humid month, with the average high
temperature and total precipitation reaching 27 C and 52.0 mm, respectively. The end of the
month of August saw the corrosion potential number of galvanic specimen shift back towards the
negative direction, indicating a more aggressive environment. Other specimens had their
potential continue to peak in the positive direction or simply remain the same. Basic theory
would imply that, as temperature and relative humidity increase, so should the corrosion activity
and thus the corrosion potential. However, as moisture increases, concrete resistivity drops; and
the ability for the sacrificial anode to distribute current increases. There are several factors that
may affect the overall performance of the sacrificial anode. It is also important to note that the
outdoor specimens were kept in their plastic formwork to allow for natural ponding. The edge of
the concrete-plastic interface was initially sealed with caulking so that ponding would only occur
from the top surface of the slab. Unfortunately, the caulking deteriorated on many specimens
allowing water to penetrate to the bottom of the formwork. Eventually all caulking was removed
in an attempt to maintain equal conditions. Ponding in this case was still possible, but it would
encase the entire slab. The plastic formwork also proved to be a nuisance in many instances
because it was easily damaged. This allowed for water to drain out of some specimens whereas
as others remained submerged. Repairs were attempted, but this proved to be an ongoing
struggle.
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Tables 5-3 and 5-4 show the average-weighted corrosion potential for the outdoor specimens
containing 3.9% and 1.2% chloride by weight of cement, respectively.

Table 5-3: Average weighted corrosion potential for specimens subjected to 3.9%
chlorides by weight of cement and exposed to Winnipeg’s climate from the
months of April to October, 2006
Galvanic Average - Average - Average - Average - Average -
system weighted weighted weighted weighted weighted
corrosion corrosion corrosion corrosion corrosion
potential for | potential for | potential for | potential for | potential for
Bar 1, mV Bar 2, mV Bar 3, mV Bar4, mV Mesh, mV
A -427 -410 -437 -468 -537
B -488 -471 -526 -551 -556
C -488 -507 -477 -516 -565
D -496 -500 -453 -480 -601
E -546 -522 -521 -522 -621
Control -611 -611 -611 -611 -630
Table 5-4: Average weighted corrosion potential for specimens subjected to 1.2%
chlorides by weight of cement and exposed to Winnipeg’s climate from the
months of April to October, 2006
Galvanic Average - Average - Average - Average - Average -
system weighted weighted weighted weighted weighted
corrosion corrosion corrosion corrosion corrosion
potential for | potential for | potential for | potential for | potential for
Bar 1, mV Bar 2, mV Bar 3, mV Bar 4, mV Mesh, mV
A -415 -410 -371 -407 -443
B -362 -323 -296 -358 -369
C -307 -293 -288 -323 -378
D -374 -333 -325 -337 -362
E -405 -370 -359 -399 -363
Control -418 -418 -418 -418 -479

Analyzing Table 5-3, the corrosion potential for each case indicates an active state with a
probability of corrosion well above 90%. The control specimen subjected to high chloride levels
shows an average corrosion potential of —611 mV for the bars and —630 mV for the mesh. From
Table 5-3, it 1s clear that corrosion potential for the control is more negative than specimens.
This indicates a higher probability of a more active corrosion activity within the control
specimen. This is what is expected since the control specimen is not protected by any sacrificial
anodes. Comparing the results from Table 5-3 to Table 5-1, the opposite trend takes place in
many instances. In the environmental chamber, many specimens containing sacrificial anodes
recorded a more negative corrosion potential than its control specimen counterpart. By analyzing
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the half-cell potential results alone, this trend of specimens protected by sacrificial anodes
recording more negative corrosion potential than the control (unprotected) specimen, is counter-
intuitive. At this stage it is difficult to formulate any conclusive reason for this trend based
solely on the results obtained from the half-cell tests. Further investigation based on the other
results is needed to come up with an educated hypothesis.

Analyzing Table 5-4, the trends are similar to the trends seen for the outdoor specimens exposed
to high chlonide levels. Throughout the testing period, the average-weighted corrosion potential
for the protected specimens are generally significantly more positive than the corrosion potential
displayed by the corresponding control specimen. Again, this trend is opposite to the results
from the specimens housed in the chamber (when active) subjected to the same chloride levels,
and suggests that outdoor conditions are less aggressive. Comparing the corrosion potential
between Tables 5-3 and 5-4, it is clear that Table 5-4 is the less aggressive environment. In fact,
many specimens exhibit corrosion potential more positive than —350 mV. This correlates with a
corrosion activity in the uncertain range, where the probability of corrosion is greater than 10%
but less than 90%.

In terms of distance of bar from the anode, the trend for both Tables 5-3 and 5-4 are not always
so clear. In theory, the bars located at a further distance from the anode should receive less
current due to the increase in concrete resistivity. Consequently, the surrounding environment
should be more aggressive at the further bars; and thus, a higher corrosion potential should be
observed. This is not the case for a majority of the galvanic specimens subjected to the two
levels of chloride contaminates exposed to outdoor conditions. Possible macro-cell corrosion
between the mesh and the furthest bars is the most logical explanation, and this phenomenon will
be discussed latter sections. Mesh corrosion potentials are generally expected to be more
aggressive than the bars due to the larger surface area required to be protected. This was
generally the trend in both conditions as shown in Tables 5-3 and 5-4.

5.1.3 Current Output: Environmental Chamber

The amount of current delivered to the reinforcement plays an important role in determining the
level of protection offered by the galvanic system. The transfer of electrons from the higher
potential sacrificial anode to the lower potential steel causes the protective current. The amount
of current delivered is a function of the surrounding environment and the capacity of the
sacrificial anode to deliver the current. Other factors include distance from anode and steel to
anode surface area ratio. Current output was measured by connecting a multi-meter to the switch
connecting the anode and reinforcement wires. Figures 5-21 to 5-24 and Figures 5-25 to 5-28
represent the current density for specimens exposed to the environmental chamber and subjected
to 3.9% and 1.2% chlorides by weight of cement, respectively.
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Figure 5-21:  Average current density recorded for Bar 1 and Bar 2, subjected to 3.9% chloride

by weight of cement and exposed to the environmental chamber
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Figure 5-22:

Current density recorded for Bar 3 subjected to 3.9% chloride by weight of
cement and exposed to the environmental chamber
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Figure 5-23:  Current density recorded for Bar 4 subjected to 3.9% chloride by weight of
cement and exposed to the environmental chamber
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Figure 5-24: Current density recorded for the Mesh subjected to
cement and exposed to the environmental chamber
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Figure 5-25:  Average current density recorded for Bar 1 and Bar 2, subjected to 1.2% chloride
by weight of cement and exposed to the environmental chamber
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Figure 5-26:  Current density recorded for Bar 3 subjected to 1.2% chloride by weight of

cement and exposed to the environmental chamber
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Figure 5-27:  Current density recorded for Bar 4 subjected to 1.2% chloride by weight of
cement and exposed to the environmental chamber
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Figure 5-28:  Current density recorded for the Mesh subjected to 1.2% chloride by weight of
cement and exposed to the environmental chamber

The sacrificial anode was strategically placed in between Bars 1 and 2 for two reasons. The first
reason, since sacrificial anodes are generally used for local protection (or prevention), an accurate
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reading of the sacrificial anode’s capacity to generate current at close proximity to the
reinforcement was desired. The average of Bars 1 and 2 could be taken by connecting the
exterior of the bars with a wire (Figure 3-1). The bars are placed at an equal distance from the
sacrificial anode and so the current distribution to Bars 1 and 2 should be similar. The second
reason for placing the sacrificial anode between Bars 1 and 2 is that it skewed the sacrificial
anode’s position to one side of the slab. This allowed current distribution to be measured to
reinforcement located at a further distance (Bar 4). This helps determine the “throwing” power
of each sacrificial anode.

At time zero, a surge in initial current output was generally observed. This surge was recorded
instantaneously when the system was immediately activated (i.e. switch initially turned “on”), but
quickly dissipated. The average initial current density readings for Bars 1 and 2 only, are
recorded in Tables 5-5 and 5-6 for the specimens exposed to 3.9% and 1.2% chlorides by weight
of cement, respectively. For reasons yet to be discussed, data recorded prior to day 38 for Bars 3,
4 and mesh were not accurate and thus will not be presented. The initial current readings for
Bars 1 and 2 were also not included in the Figures 5-21 to 5-28, due to scaling issues. The first
reading in Figures 5-21 to 5-28 was taken at 4 hours after the system was activated. The final
current output reading taken while the environmental chamber was still functional was recorded
at 156 days. The chamber was turned “off” shortly thereafter. A long-term current output
reading was taken 499 days after the initial current reading.

Current data prior to day 38 were taken with the assumption that each switch individually
controlled the flow of current to its respective bar or mesh. Prior to day 38, the testing sequence
was as follows: a multimeter was connected to Switch A (Figure 3-1); the switch was then turned
“off”, and the current output was recorded. The multimeter was then connected to Switch B; the
switch was turned “off”, and the current output was recorded. The measurements continued until
all readings were taken and then all the switches were turned back “on”, until the next set of
readings at a later date. This methodology proved to be incorrect since the system is actually a
parallel circuit connected by the sacrificial anode; and thereby interrupting the current flow to a
particular bar or mesh shifted the current distribution to the remaining connected reinforcements.
The first readings taken from Switch A, was not affected because all other circuits were
uninterrupted at the time of recording, since Switch A was always the first to be measured.
However, as the readings continued on the adjacent switches, current was interrupted since
Switch A and possibly other switches were turned “off”, depending on which reading was being
taken. The testing methodology was corrected immediately upon realization of this problem.
The correct methodology is simply to perform the readings one at a time (i.e., connected the
multimeter to one particular switch, turn the switch “off”, record the output, turn the switch back
“on”, and move on to the next switch). This ensures that the readings are representative of the
current distribution when the system is uninterrupted. Unfortunately, this error proved to be
costly in collecting data for the “throwing” power of the sacrificial anodes, in particular affecting
the results of the outdoor specimens, as will be discussed later.
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Table 5-5: Average initial current density for Bars 1 and 2 subjected to 3.9% chlorides
by weight of cement and exposed to environmental chamber conditions

Sacrificial anode Average 1nitial current density at time zero for bars 1 and 2,
2
mA/m

50.0
12.3
47.4
1.1
46.3

el lwil@iivsh i 2

Table 5-6: Average initial current density for Bars 1 and 2 subjected to 1.2% chlorides
by weight of cement and exposed to environmental chamber conditions

Sacrificial anode Average initial current density at time zero for bars 1 and 2,
mA/m’
A 38.9
B 10.7
C 1.3
D 0.2
E 6.25

Prior to activation of the switch, corrosion is free to initiate, with the transfer of electrons
occurring from a more negative potential region to a less negative potential region. A very
intense, but short burst of current output is generally observed upon activation of the switch (i.e.,
switch turned “on”). The cause of the burst is primarily due to the difference in potential, which
1s the driving force of the current. The initial surge in current can be viewed as water building
behind a dam that suddenly bursts. The initial surge of water will be very intense. The result
would be a sudden surge of water, like a title wave, which would quickly dissipate once it has
passed. Afterwards a steady flow of water would flow dictated by the difference in normal water
levels upstream and downstream of the dam. However, there are a lot more factors influencing
the flow of current in the case of a sacrificial anode system embedded in concrete. One major
factor influencing the sacrificial anode’s driving force is the presence and properties of the
encapsulating mortar, which encases the galvanic metal. This mortar is often used in sacrificial
anode designs and is generally composed of a lithanium-based compound. The mortar helps to
activate the sacrificial anode and encourages greater, and longer current output. Depending on
the mix and design, the mortars can help activate the sacrificial anode and it can generate greater
and longer current output. Details regarding the science behind the mortar are not part of the
scope of this report.

As shown in Tables 5-5 and 5-6, the initial surge of current density is quite high for certain

sacrificial anodes. However, this was not the case throughout. Explanations for this may vary
from extremely high resistance between the sacrificial anode and the bar to an initial weak-
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driving force due the nature of the sacrificial anode. Another possibility may be due to human
error. The initial surge occurs literally instantaneously and the result is merely flashed on the
screen of the multi-meter. Unfortunately, only one chance exists to record the initial current
surge. On average, the surge was more intense for the specimens containing high chloride levels,
as expected. This reflects a greater need for protection of these highly contaminated specimens.
In theory, chloride lowers the level of resistivity of concrete, thus permitting an increased flow of
current.

Analyzing Figures 5-21 to 5-28, the general trend shows the majority of the current is distributed
to the nearest bars. This coincides well with the theoretical analysis, which states current
distribution is a function of concrete resistance. Therefore, in general the closest bars should
receive the most current and greater protection. This was not always the case, as shown when
considering specimens subjected to high levels of chlorides. In the case of Bar 3 for high
chloride levels, sacrificial anodes B, C, D, and E all recorded current densities greater than Bar 1
for a sustained period of time. In each case except for specimen E, this was also accompanied by
negative current densities recorded at the mesh, as shown in Figure 5-24. This hints at a possible
corrosion macro-cell developed between the mesh and Bar 3. The positive and negative symbols
in front of the current densities are a conventional sign used to represent the direction of flow. In
this context, a positive sign indicates the current is flowing towards the bars or mesh. A negative
sign indicates the current is flowing away from the bars or mesh. It is hard to conceive that the
current can flow in the opposite direction, but it may be possible if the difference in potential
between neighboring bars (or the mesh) becomes so extreme that it overcomes the sacrificial
anode’s tendency to polarize the steel. This can occur despite of the fact that the sacrificial anode
continues to provide current to the bar (or the mesh). Recall, that corrosion rate is proportionally
related to the difference in potential (driving force) and inversely related to the surrounding
resistivity. Therefore, if the potential difference between two adjacent locations (i.e. bar and the
mesh) is sufficiently high, electron transfer may be easier to accomplish due to the low
resistance. Although the difference in potential between the sacrificial anode and the steel will
almost certainly be higher, the further the steel is to the sacrificial anode, the greater the
resistance becomes. If the amount of electrons lost by the steel to a neighboring bar (or the
mesh) is greater than the amount of electrons received by the steel from the sacrificial anode,
than the net current will be negative. It is important to realize that the corrosion potential and
corrosion rates may be different at different locations on the same bar or the mesh. Therefore, it
is plausible that certain regions on a bar or mesh are actively receiving electrons, whilst other
regions may be corroding. This is the most likely explanation for the negative current densities
observed for the mesh for Specimens B, C, and D. If the net current is traveling away from the
mesh, this signifies the mesh is losing electrons and in essence the mesh has become an anode.
Likewise, this entails that a region of more positive potential must be accepting electrons from
the mesh (i.e, a cathode). Since current follows the path of least resistance, the cathode will most
likely be in a location near an extreme corrosion cell on the mesh. In all likelihood, the grand
majority of these areas of extreme corrosion cells will most likely develop at locations further
from the sacrificial anode; reason being, the further away from the sacrificial anode the least
amount of protection against corrosion there should be. Therefore, it is very plausible that the
electrons from the mesh are being delivered to Bars 3 and 4.
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In other words a macro-cell may have developed feeding additional current into these bars. This
theory goes well with the result obtained in Table 5-1. The open-circuit potential of the mesh for
specimens B, C, and D are all more negative than the corresponding potential for Bar 3,
signifying an increased likelihood of corrosion activity in the mesh. It is also interesting to note
that the drop in current flow to Bar 3 for Specimen D subjected to high chlorides at time 105
days (Figure 5-22) correlates with a positive jump in current delivered to the mesh (Figure 5-24).
Unfortunately, due to extreme corrosion activity on the external wire connecting the anode to the
remainder of the bars, testing of the sacrificial System D was not possible at the time of long-
term testing (499 days after switch activation).

The general trend for long term testing did not see any great change in current density. For the
most part, current density seemed to level off or slightly decrease or slightly increase in intensity.
According to basic theory, as current is continuously delivered to the reinforcement, corrosion
activity should be minimized and the conditions around the reinforcement should be less
aggressive. For example, chlorides should be retracted and the protective film should be re-
generated, causing an increase in resistivity. This in turn should lead to a reduction in current
density being delivered by the sacrificial anode. In this case, the environmental chamber was
turned off shortly after day 156 after initial activation; and therefore, it is expected current
distribution would be further reduced, since the demand for current would become less due to
improved environment.

In the case of the mesh, all specimens in both chloride level conditions recorded negative current
density in the long-term test taken at day 499 (Figure 5-24 and 5-28). These negative currents
indicate the net flow of electrons to the mesh is traveling away from the mesh. As discussed
previously, this indicates corrosion activity occurring in the mesh, which leads to macro-cell
corrosion between the mesh and the other bars. This may explain the slight increase in current
density seen for some bars at the time 499 days, despite contradictory common theory.

When comparing the results of the different sacrificial systems by means of a graph, it can often
become very difficult to accurately determine the dominant system. This is because of the
continuous overlapping in the results. To get a better picture of the performance of the different
sacrificial anodes, the average-weighted current density was calculated and presented in tabular
form. This enabled the results to be analyzed by a single value representing the average current
density generated by each sacrificial anode for a given time frame. The average-weighted current
density was calculated for the time period during which the chamber was activated (i.e. initial
reading to time day 156). By analyzing the results in tabular form, a simple rating system was
also implemented to facilitate the comparison of the performance of the different sacrificial
anode systems. The rating of each sacrificial anode is based on a point system, where the
maximum amount of points is given to the sacrificial anode that delivers the maximum current
density for the particular condition being investigated. For example, the systems with the
greatest current density would receive 5 points; the second highest current density would receive
4 points, and so on. By tallying the score for each case, a clear comparison on the overall
performance of the different sacrificial anodes can be made. In other words, the sacrificial anode
that continuously delivered the highest average-weighted current density for the different
conditions would receive the most points and therefore be ranked the better system. Visa versa,
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the sacrificial anode that continuously produced the lowest average-weighted current density,
would receive the least points and therefore would be deemed the least effective system. The
average-weighted current density for high and low chlorides exposed to environmental chamber
conditions are presented in Tables 5-7 and 5-8.

Table 5-7: Average-weighted current density subjected to 3.9% chlorides by weight of
cement and exposed to 35 C and 95% relative humidity for 156 days
Sacrificial anode | Average — Average — Average — Average — Total score,
system weighted weighted weighted weighted points
current current current current
density for density for density for density for
Bars 1 and Bar 3, Bar 4, Mesh,
2, mA/m> mA/m? mA/m? mA/m?>
A 6.24 V 14093 1 14.72 IV | 1.57 \4 17
B 4.44 oI 1059 |V 626 VvV 1-0.90 111 16
C 2.55 I 13.51 o 1214 o ]-1.35 I 8
D 5.14 IV | 6.57 IV |2.46 I | -1.85 I 12
E 2.16 I 1440 I 1.68 I 1057 v 7

Rating system: V — 5 pts; IV — 4 pts; III - 3 pts; Il - 2 pts; I - 1 pt

Table 5-8: Average-weighted current density subjected to 1.2% chlorides by weight of
cement and exposed to 35 C and 95% relative humidity for 156 days

Sacrificial anode | Average — Average — Average — Average — Total score,
system weighted weighted weighted weighted points

current current current current

density for density for density for density for

Bars 1 and Bar 3, Bar 4, Mesh,

2, mA/m? mA/m® mA/m? mA/m>
A 9.87 V |3.42 vV 123 ol | 3.34 \ 18
B 3.38 oI | 1.45 I ]0.66 o |1.19 v 11
C 1.41 1 1.27 I -1.42 I 1046 I 6
D 2.21 I |1.95 I | 1.26 IV 1-0.59 il 11
E 4.10 IV | 2.43 IV | 175 VvV 1-0.90 1 14

Rating system: V — 5 pts; IV —4 pts; T -3 pts; -2 pts; I — 1 pt

Comparing the results, Sacrificial Anode System A received the highest score under both levels
of chloride contamination when exposed to the environmental chamber conditions. Sacrificial
Anode System A was also the only system to achieve a positive average-weighted current density
for each reinforcement subjected to both levels of chlorides. Various systems recorded negative
average-weighted current densities in particular for the mesh. As discussed previously, this is
most likely due to a corrosion macro-cell where the mesh releases electrons, and leads to a
surplus in current to the neighboring bars. This explains why Systems B, C, and D subjected to
high chloride levels experienced higher average-weighted current densities to Bar 3 instead of the
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expected Bars 1 and 2. This occurred despite the fact that Bar 3 is located further from the
sacrificial anode; and thus should have a greater resistance, which in turn should lead to less
current distribution. The results obtained under low chloride conditions follow closely the
expected trend that shows a greater current distribution to nearer bars. The chloride levels mixed
with the aggressive environment offered by the chamber and the vast area of the mesh, may have
caused unforeseen factors such as the development of macro-cells which produced some
unexpected results.

Analyzing Table 5-7, in the case of Bar 1 and Bar 2, the range of average-weighted current
density varied from 2.16 to 6.24 mA/m” for the different sacrificial systems. According to
previous research, corrosion control protection occurs between 1 to 7 mA/m?* and cathodic
protection occurs between 2 to 20 mA/m®. Therefore, the average-weighted current density
recorded in Table 5-7 falls in the level of protection of corrosion control or the lower scale of
cathodic protection. The most probable level of protection is corrosion control, which signifies
that the corrosion rate is slowed but not stopped. It 1s difficult to determine the exact level of
protection the sacrificial anodes were able to obtain without analyzing the potential decay results.
However, the data does indicates the relative “strength” or intensity the sacrificial anodes were
able to generate under the given conditions. It is clear however that the average-weighted current
density is well above the level of protection given by corrosion prevention. The different levels
of protection and the associated range of current densities are given in Table 3-6. Sacrificial
anodes are generally used for corrosion prevention or small-scale corrosion control. The only
case to clearly register cathodic protection status under high chloride levels according to current
density criteria is the Sacrificial Anode System B, which recorded an average-weighted current
density of 10.59 mA/m? for Bar 3. This is most likely associated with a corrosion macro-cell
formation located near Bar 3 as previously discussed, and therefore is misleading.

The lower level chloride contamination specimens behaved more like to the anticipated trends.
In all instances, the bars closer to the anode received a higher current distribution than the bars
located at further distances. The highest recorded average-weighted current density was recorded
for Bar 1 and 2, with a current density of 9.87 mA/m? associated with Sacrificial Anode A, as
shown in Table 5-8. This was the only current density to clearly fall in the range of cathodic
protection. All the other systems generally fell in the lower range of corrosion control.

5.1.4 Current Output: Winnipeg Climate
Specimens left outdoors were exposed to Winnipeg’s outdoor conditions throughout the months
of April to October. A complete resume of the outdoor conditions can be found in Section 3.4.

Figures 5-29 to 5-32 and Figures 5-33 to 5-36 give the current densities recorded by the different
specimens throughout the test period, for high chloride and low chloride levels, respectively.
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Figure 5-29: Average current density recorded for Bar 1 and Bar 2, subjected to 3.9% chloride

by weight of cement and exposed to Winnipeg’s climate
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Figure 5-30: Current density recorded for Bar 3, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-31:  Current density recorded for Bar 4, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-32:  Current density recorded for the Mesh, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-35:  Current density recorded for Bar 4, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-36:  Current density recorded for the Mesh, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate

The first readings taken in Figures 5-29 and 5-33 provide the average current density recorded
one day after initial activation of the system. The initial surge in current output recorded at time
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zero was not plotted in Figures 5-29 and 5-33, due to its great magnitude in comparison with
current densities recorded at other dates. By implementing the initial current reading at time
zero, it would have been difficult to read the remaining data due to scaling constraints.
Therefore, the initial current density reading at time zero for specimens subjected to 3.9%
chlorides and 1.2% chlorides and exposed to Winnipeg summer climate are tabulated in the
Appendix C, in Tables C-1 and C-2, respectively. Unfortunately, data recorded prior to mid-July
for current density relating to Bars 3, 4 and the mesh were conducted improperly and as a result
were not presented in the above figures. The reason for this improper testing methodology was
discussed in the previous section and is due to involuntarily diverting current readings after
turning off the switches during testing.

Analyzing Figure 5-29, it is clear that both Sacrificial Anodes A and B clearly outperformed the
remaining sacrificial anodes in terms of current density distributed to Bars 1 and 2. Sacrificial
Anodes C, D, and E, all distributed approximately the same current output to Bars 1 and 2
throughout the testing period. Despite the difference in current density magnitude when
comparing the performance of each sacrificial anode, a clear trend can be observed when
analyzing the current output with time. The first few readings are typically high in magnitude
and then drop to lower levels during the month of July. In all cases, current output increases in
the month of August, peaking at the reading taken at the end of the month. Current output then
decreases once again, as is evident in the final readings taken in October. These fluctuations in
current output are directly effected by the continuously changing climate. Unlike the specimens
housed in the environmental chambers, which were subjected to constant high temperature and
high humidity, the specimens housed outdoors were subjected to changing climate on an almost
daily basis. If current data was taken daily, Figure 5-29 would still follow the same trend but
there would be much more ‘noise’ in the data. Despite the changing climate on a daily basis, the
climate still follows the traditional patterns historically experienced in Winnipeg’s summer
months. The sacrificial anode systems were first activated in late April and the beginning of
May. Since the specimens were cast 8-months prior with the designated levels of chlorides
mixed in with the constituents, corrosion activity was most likely already initiated. As a result,
the initial current upon activating the sacrificial systems was high. In addition to the initial surge
of current, the months of May and June are generally warm and humid. This climate provides
favorable conditions for corrosion activity; and thus, it is expected the sacrificial anodes would
generate a high volume of current output. July is traditionally hot and dry, leading to high
resistivity in the concrete and therefore low corrosion activity. Low sacrificial current output, as
shown in Figure 5-29, are associated with hot and dry conditions. The relatively hot
temperatures combined with the high precipitation levels experienced in August is favorable
once again for an extremely corrosive environment, and thus greater sacrificial current output 1s
generated.

For comparison purposes, the average-weighted current densities for the different sacrificial
systems were tabulated. Using the same rating system as Section 5.1.3. comparisons are
facilitated. Tables 5-9 and 5-10 show the average-weighted current densities for the sacrificial
systems exposed to an outdoor climate and subjected to 3.9% and 1.2% chlorides per weight of
cement, respectively.
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Table 5-9: Average-weighted current density subjected to 3.9% chlorides by weight of
cement and exposed to Winnipeg’s climate

Sacrificial anode | Average — Average - Average ~ Average — Total score,
system weighted weighted weighted weighted points

current current current current

density for density for density for density for

Bars 1 and Bar 3, Bar 4, Mesh,

2, mA/m? mA/m? mA/m? mA/m*
A 9.71 V | 3.46 vV 1327 VvV 1040 v 19
B 8.96 IV | 2.53 IV | 1.71 v | -0.84 I 13
C 3.69 I ] 1.82 a1 10.92 I 10.03 1 10
D 3.35 I |1.54 I 0.97 o |0.00 I 7
E 2.76 I 1.78 O 140 ar | 0.47 \Y 11

Rating system: V-5 pts; IV —4 pts; I -3 pts; I - 2 pts; I - 1 pt

Table 5-10:  Average-weighted current density subjected to 1.2% chlorides by weight of
cement and exposed to Winnipeg’s climate

Sacrificial Average — Average — Average — Average — Total score,
anode system weighted weighted weighted weighted points

current current current current

density for density for density for density for

Bars 1 and Bar 3, Bar 4, Mesh,

2, mA/m? mA/m? mA/m” mA/m?
A 6.02 vV [2.04 IV | 2.46 V 1283 \Y4 19
B 3.02 I | 3.29 vV 1118 ar | 0.37 I 13
C 2.17 I |1.63 o ;0.73 I |0.50 I 8
D 3.62 IV | 1.85 oI | 1.37 IV 10.35 I 12
E 2.01 I 10.73 I 1.11 I ]0.95 v 8

Rating system: V — 5 pts; IV —4 pts; Il - 3 pts; II - 2 pts; I — 1 pt

Analyzing Table 5-9, the new Sacrificial Anode System A nearly tripled all of the other
sacrificial systems except for sacrificial system B, in terms of average current output delivered to
Bar 1 and Bar 2. Sacrificial Anode A performed similarly in Table 5-10 when analyzing the
average current output to Bar 1 and Bar 2. The fact that the new System A was able to generate
so much current should in theory translate into more protection for Bars 1 and 2, under the same
conditions. In fact, the average current density of 9.71 mA/m? delivered to Bars 1 and 2
subjected to high chlorides (Table 5-9), indicates cathodic protection has been reached in these
bars. In Table 5-10, the average current density of 6.02 mA/m? for the same bars indicates either
corrosion control or cathodic protection has been achieved. Recalling from Table 3-6, corrosion
control protection occurs between the range of 1 to 7 mA/m?, whereas cathodic protection falls
within the range of 2 to 20 mA/m®. It is not as straight forward as stating cathodic protection has
or has not been reached simply because the current density is 6.02 mA/m?. Remember, cathodic
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protection is considered to occur only if the steel is polarized at least 100 mV. The amount of
current required for this will ultimately depend on the conditions surrounding the steel in
question. The amount of current generated specifically by Sacrificial Anode A would definitely
be beneficial in a real-life application. Implemented in a new patch repair, the Sacrificial System
A would certainly prevent any further corrosion activity on nearby reinforcement spaced directly
adjacent to the new repair. If used in an already corroding structure, reinforcement located near
the anode (as replicated in Bars 1 and 2) would, at the very least, have its corrosion rate slowed
down significantly, if not completely.

It is also noted that, on average, more current is generated in the specimens containing higher
chloride content, as shown in Table 5-9 compared to Table 5-10. This is expected since a higher
chloride content signifies a harsher environment for corrosion activity and therefore should
translate into greater current output from the sacrificial anodes. Although it may appear that the
mesh receives the least amount of current with respect to the bars, this is not necessarily the case
since current output is being measured as current density. Since the mesh has a much larger area
than each of the individual bars, the current density is generally much lower. Negative average-
weighted current densities occurred only once in the outdoor conditions as shown by Table 5-9.
This is in great contrast to the results obtained for the mesh densities housed in the
environmental chamber (Tables 5-7 and 5-8) that saw 50% of the cases recording negative
values. This indicates the chamber condition was probably more aggressive in terms of
corrosion, since the net flow of current was away from the mesh (negative values). As discussed
previously, the current being delivered to the mesh by the sacrificial anode was not enough to
prevent extreme corrosion conditions and the formation of macro-cells with neighboring bars.

It is also interesting to note that comparing the performance for the different exposure conditions
(environmental chamber and outdoor climate), Sacrificial Anode A was clearly the dominant
system achieving the highest score under all conditions. Sacrificial System B performed second
best, while the sacrificial System C consistently performed poorly.

5.1.5 Potential Decay: Environmental Chamber

As previously discussed, there exist three principle levels of protection against corrosion:
corrosion prevention, corrosion control and cathodic protection. Cathodic protection is deemed
the highest level of protection. Under certain conditions, cathodic protection has been known to
completely halt corrosion activity. The most common and accepted indicator for achieving
cathodic protection is the 100 mV criteria. The 100 mV states that if steel is polarized by a
minimum of 100 mV in reference to its corrosion potential (open circuit), cathodic protection is
achieved. There are two main methods for determining this phenomenon: potential decay or
formation. The potential decay method was used in determining cathodic protection in this
project. Figures 5-37 to 5-41 and Figures 5-42 to 5-46 show the potential decay recorded for the
specimens housed in the environmental chamber and subjected to 3.9% and 1.2% chlorides by
weight of cement respectively. Please note, the figures simply show the amount by which the
potential decayed to a stable value. In other words, the results are the potential difference
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between the polarized steel at its “instant off” potential and its corrosion potential. The time
allowed for depolarization once the system was interrupted (i.e., switches turned off) was at least

24 hours.
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Figure 5-37:  Average potential decay for Bar 1, subjected to 3.9% chloride by weight of

cement and exposed to the environmental chamber conditions
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Figure 5-38: Average potential decay for Bar 2, subjected to 3.9% chloride by weight of
cement and exposed to the environmental chamber conditions
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Figure 5-42: Average potential decay for Bar 1, subjected to 1.2% chloride by weight of
cement and exposed to the environmental chamber conditions

-600
——A
-550 -
_ﬂ—B
-500 —+—C |
A L
450 D
400 % E —
350
> -
E 900 ot
% -250 5
g //,>—<
S -200
8 .50 < : g
=
=S [ S e e =
5 L
o s f—= —
0
50
N
100
150
200 . . . . . . ) . . . .
40 80 120 160 200 240 280 320 360 400 440 480 520

Time, Days

Figure 5-43: Average potential decay for Bar 2, subjected to 1.2% chloride by weight of
cement and exposed to the environmental chamber conditions
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Figure 5-44:  Average potential decay for Bar 3, subjected to 1.2% chloride by weight of
cement and exposed to the environmental chamber conditions
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cement and exposed to the environmental chamber conditions
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Figure 5-46:  Average potential decay for the Mesh, subjected to 1.2% chloride by weight of
cement and exposed to the environmental chamber conditions

Before discussion can take place on the results, it is important to point out that due to severe
corrosion on the switches and more critically on the wire connecting the sacrificial anode to the
other switches, readings after day 172 were not available for Sacrificial System D subjected to
high chlorides. Also recall that the environmental chamber was disconnected after day 172;
therefore the temperature and relative humidity returned to standard room temperature
(approximately 20 C and 70% R.H.). It is also important to understand the sign conventions
presented in these figures, keeping in mind that the potential decay is the difference between
“instant off” readings and the stabilized potential. Negative potential decay is taken as the
amount by which the reinforcement has depolarized once the system is turned “off” from its
polarized position. Recall that the potential decay is simply a method of measuring how much
the steel has polarized from its half-cell or corrosion potential state. Any polarization of the steel
signifies that the distributed current is over-coming the net tendency of the steel to corrode; and
so at the very least, minimal protection is provided. Keep in mind, however, polarization of steel
does not mean corrosion has halted; it simply refers to a decrease in corrosion rate. A positive
potential decay on the other hand is not really “decaying” at all. In fact, it is the opposite. This
signifies that the “instant off” potential is less negative than the “corrosion potential”’; and
therefore, the steel has not polarized. This may occur when the current supply generated from
the sacrificial anode is not overcoming the tendency of the steel to corrode. This would suggest
that when the system is turned “on”, the steel is, in fact, corroding at a faster rate. This is a
strange phenomenon and can possibly be explained by the formation of local corrosion macro-
cells.
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The first potential decay reading was taken at day 56. Time zero is taken from the time the
sacrificial systems were first activated (i.e., switches initially turned on). Also, the specimens
have been cast with chlorides at least 8 months prior and have already been subjected to the
environmental chamber conditions one week prior to activation. This was done in an attempt to
ensure corrosion initiation prior to testing. The probability of corrosion activity was confirmed
by the potential of the high half-cells taken from the specimens.

Analyzing the results obtained from the specimens subjected to high chlorides (Tables 5-37 to 5-
41), Sacrificial Anode E recorded almost consistently the greatest potential decay on all bars and
mesh, while the environmental chamber was active (time 0 to 172 days). Sacrificial Anode A
recorded the second greatest potential decay throughout the time period the chamber was
activated and recorded the greatest potential decay for all bars and mesh for the long-term
reading (time 506 days). For the most part the potential decay increased in the long-term reading.
This was expected since the harsh humid and hot conditions no longer existed and potential
restoration of the protective film may have occurred in some instances. Its interesting to note
that Sacrificial Anodes A and E were the only two systems, which had increasing potential decay
for Bars 1 and Bars 2 while the chamber was still activated; this is in contrast to the others. This
was not so much true for Bars 4 and the mesh. This trend of increasing potential decay with time
indicates the level of protection for those individual bars increased. In other words, an adequate
current supply is enabling an increase in polarization, thus minimizing the corrosion rate. The
reason is most likely due to the current rendering the local environment to less aggression. This
is not the case for Sacrificial Anodes C and D, in all cases (Bars 1 to 4 and the mesh). A
decrease in potential decay was observed for these two sacrificial systems for the time period in
which the environmental chamber was activated. In fact, the first potential decay readings for
both of these sacrificial anodes were recorded near —50 mV. At this instance, the current was
polarizing the steel, and the corrosion rate would have therefore been decreased. Recognize that
the polarized-steel falls short of the minimum -100 mV potential decay required for cathodic
protection. The second and third reading revealed a dramatic decrease in the ability for potential
decay and even showed potential decay recorded high into the positive values. This, of course,
signified that the steel was not polarized; and in fact, an increased corrosion rate while the system
was activated may have been occurring.

Analyzing Figure 5-41, which depicts the results for the mesh subjected to high chlorides, it is
observed that Sacrificial Anodes B, C and D, all enter into the positive potential “decay” range.
Sacrificial Anodes C and D commence in the low positive range and increase in positive
potential until day 172. This shows that the current being delivered from the sacrificial anode
was not enough to polarize the steel. It should be stated that the potential decay simply records
the average net potential difference between the instant off and the depolarized potential (i.e.
open-circuit potential). In other words, portions of the mesh may have been polarized, but the
net potential of the mesh demonstrates that overall no polarization occurred. This coincides well
with the results obtained previously for the mesh subjected to the same conditions (Figure 5-24),
which shows that the current densities for Sacrificial Anodes B, C and D were all negative during
the time frame of chamber activation. Recall that a negative current density signifies the net flow
of current is away from the steel; thus rendering the steel in question into an anode. This means
that the current being supplied to the steel from the sacrificial anode was not sufficient to
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overcome the anodic state of the steel. A corrosion macro-cell with a nearby bar must have
therefore been the cause of the negative current flow.

Analyzing and describing the circumstance of the results for each condition is not
straightforward. Despite the fact that all attempts were made to have identical conditions for
specimens subjected to the same environment and chloride levels, achieving this was not
completely realistic. Although it can safely be assumed that in most cases conditions are
relatively the same, there were certainly areas within specimens that had different conditions.
There was no way of knowing specifically the conditions surrounding each bar and mesh unless
these sites were continuously monitored for influencing factors such as: pH, chloride, moisture,
resistivity, corrosion rate, corrosion potential, influencing current from mirco and macro-cell
formation and so on. The number of factors able to influence the end result was substantial,
despite the special care taken to maintain equal conditions. A perfect example of how different
conditions effect the end result was observed when analyzing the average current density and
potential decay for Sacrificial Anode E, subjected to high chlorides for Bar 1 shown in Figure 5-
21 and 5-37, respectively. In Figure 5-21, Sacrificial Anode E continuously recorded the lowest
current density delivered to Bar 1. Despite this low current density, Sacrificial Anode E was able
to polarize Bar 1 well above the 100 mV required for cathodic protection. Analyzing Table 5-7
for the average-weighted current density for Bar 1, Sacrificial Anode E recorded 2.16 mA/m”.
This theoretically still falls within the proposed range of 2 to 20 mA/m? required to achieve
cathodic protection. On the other hand, Sacrificial Anode D, for the same conditions, recorded
an average-weighted current density of 5.14 mA/m? and was only initially able to slightly to
polarize Bar 1 at best. Analyzing Table 5-1, the average-weighted corrosion potential for Bar 1
subjected to the same conditions, Sacrificial Anode D and E, recorded —574 mV and —487 mV,
respectively. Although both these corrosion potentials are well within the active corrosion range
or 90% corrosion probability, the specimen with Sacrificial Anode D recorded corrosion
potential —-87 mV more negative than its counterpart. This falls in accordance with the
contradicting results. This —87 mV greater corrosion potential would most likely result in an
increased current output from the sacrificial anode. Depending on the severity of the corrosion,
the increased current output may or may not be able to overcome the corrosion tendency. The
corrosion potential recorded for the specimen with Sacrificial Anode E was the lowest for all
specimens. This would explain why such a small current density was able to polarize the steel to
such an extent. Reasons for these differences in corrosion potential are directly related to a
difference in the conditions surrounding Bar 1. Several factors such as higher chlorides,
resistivity, or various other factors or a combination of factors can be attributed to this difference.
This 1s why it 1s not so simple as saying cathodic protection will be reached if a certain current
density is met. This also explains the reason why the different levels of protection are
categorized by such a wide range in current density, as shown in Table 3-6.

Sacrificial Anode A clearly was able to protect Bars 1 and 2 far more than the other sacrificial
anodes subjected to low chlorides and exposed to the environmental chamber as shown in
Figures 5-42 and 5-43, respectively. Sacrificial Anode A was able to polarize Bars 1 and 2
upwards of =200 mV throughout the entire testing period and even reached potential decay
nearing ~500 mV. This extremely high potential decay has clearly reached cathodic protection
and it is virtually certain corrosion activity has completely halted. A decrease in potential decay
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was visible for Sacrificial Anode A when viewing the results for Bars 3 and 4. When analyzing
Figure 5-45 (Bar 4), it is difficult to establish how the sacrificial anodes are performing with
respect to one another. Sacrificial Anodes A, B, D and E, are all obtaining potential decays well
below the —~100 mV criteria needed for cathodic protection during the first 172 days. Sacrificial
Anode C on the other hand was the only system that recorded positive “decays” throughout the
first 172 days. The results obtained in Figure 5-45 correlate with the results obtained for current
densities for the same bar under the same conditions (Figure 5-27). The current density results
show all sacrificial anodes recording a positive density of less than 3 mA/m?, except for
Sacrificial Anode C that recorded consistently negative values for the 172-day time frame.

It is important to keep in mind that there are many variables affecting the outcome of the results,
some of which cannot be fully controlled. To fully understand each and every result would
require continuous monitoring of the influencing factors. This was not within the scope of the
project and only a hypothesis based on the results can be made. With that said, it is difficult to
explain why the Sacrificial Anodes D and E both recorded negative current density delivered to
the mesh subjected to low chlorides in the environmental chamber conditions (Figure 5-28); yet
both were able to obtain potential decays (Figure 5-46). This means that despite the fact that the
net current was away from the mesh (by definition this is an anode), it was still able to slightly
polarize the steel. This is contradictory to theory since it is the current being delivered to steel
which would cause polarization and not visa-versa. One possible explanation could be that since
potential decays are measured using the half-cell reference electrode, the positioning of where the
measurements are taken can perhaps influence the final outcome. The half-cell is intended to be
placed directly over the region in which the potential is to be known. This reduces the resistance
due to the concrete between the mesh and the reference rod. Although, potential along a steel bar
may vary from positions along the bar, the reference electrode reads the corrosion potential of the
entire bar. The final reading is no doubt influenced much more by the potential along the steel
nearest to the reference electrode. The same can be true for the mesh. The mesh readings were
taken directly at the center surface of the slab for each specimen. This was done so as not to
have biased results on one side or the other. For example, potential taken near the sacrificial
anode would certainly be different from potential taken from the other end of the slab. Since
mesh covered the entire area of the slab, corrosion potential would have varied throughout.
Therefore, although negative current readings were taken from the mesh for specimens
containing Sacrificial Anodes D and E, polarization still may have occurred in certain areas of
the mesh; and as a result, a potential decay still may have still possible within these areas. These
uncertainties in the results are unfortunate, and it seems the addition of the mesh to the
specimens may be the lead cause for all these unexpected and difficult to explain events.

Tables 5-11 and Tables 5-12 show the average-weighted potential decay for the specimens
containing the different sacrificial anodes exposed to environmental chamber conditions and
subjected to 3.9% and 1.2% chlorides by weight of cement, respectively. The same rating-system
was implemented in these tables for comparison purposes. Keep in mind a negative potential
decay signifies polarization occurred, whereas a positive value signifies an increase in corrosion
activity. Also, the average-weighted potential decays were only calculated until day 172 (i.e. the
time period of the chamber activation).
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Table 5-11:  Average-weighted potential decay subjected to 3.9% chlorides by weight of
cement and exposed to the environmental chamber

Galvanic Average - | Average - | Average- | Average- | Average- | Total score,

system weighted | weighted | weighted | weighted | weighted | points
potential potential potential potential potential
decay for | decay for | decay for |decayfor | decay for
Bar 1, mV | Bar2, mV |Bar3,mV |Bar4, mV | Mesh, mV

A -178 |IV | -165 IV | -85 |IV| -67 |IV| -28 |IV 20

B 73 (| 40 (| -4 |m| 59 I 11 111 13

C -41 | I | 21 | II -4 I -1 1I 68 II 11

D 1 I 53 I 30 oj| -16 || 34 I 8

E 281 |V | 2236 |V | -131 IV | -113 | V| -51 |V 25

Rating system: V — 5 pts; IV — 4 pts; III — 3 pts; [T - 2 pts; I - 1 pt

Table 5-12:  Average-weighted potential decay subjected to 1.2% chlorides by weight of
cement and exposed to the environmental chamber
Galvanic Average - | Average - | Average - | Average - | Average - | Total
System weighted | weighted | weighted weighted | weighted | score,
potential potential potential potential potential points
decay for | decay for | decay for decay for | decay for
Bar 1, mV | Bar2,mV |Bar3, mV |Bar4, mV | Mesh, mV
A -387 | V| -340 | V| -111 | V | -39 |1V | 242 | V 24
B 79 (o) <70 o] -21 o] -28 | II| -60 |IV 12
C -79 | I | -67 I 33 I 81 I 13 I 6
D -84 I -80 | HOI] -103 IV | -65 |V -3 I 17
E -132 IV | -105 |IV | -57 |0l | -36 |II| -33 |IO 17

Rating system: V — 5 pts; IV -4 pts; I - 3 pts; T - 2 pts; I - 1 pt

Sacrificial Anodes A and E were the only systems able to reach cathodic protection on average
for Bars 1 and 2 for specimens with high chloride contents exposed the environmental chamber
(Table 5-11). Sacrificial Anode E clearly outperformed all others reaching cathodic protection
for all bars and the highest level of protection for the mesh; this in spite of the fact that Sacrificial
Anode E recorded very low current density readings. Sacrificial Anode A was able to polarize
the steel for the remaining bars and the mesh. One factor that may have slightly affected the
overall average-weighted results may have been due to the placement of one of the specimens
containing Sacrificial Anode A with high chlorides. Recall that the presented results are the
average of two duplicates for every slab under a specific condition. One of these duplicates was
placed near the water spray in the environmental chamber, which caused ponding-like conditions.
The potential decay for this specimen was well short of the -100 mV mark, and as a result
lowered the overall average of the two duplicate specimens. A photograph of the impeding spray
on the specimen is shown in Figure 5-47. The specimen with Sacrificial Anode A is labeled “GT
#16 High C1-” in the picture. Ponding is also visible at the far top corner of the slab. The
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remaining sacrificial anodes systems did not fair so well, with many of them reaching positive
“decay”. The positive “decay” hints at extreme corrosion activity and more than likely,
formation of corrosion macro-cells throughout this period.

Specimens with Sacrificial Anodes A subjected to low chlorides again did very well in terms of
protection offered (Table 5-12). Cathodic protection was achieved for Bars 1, 2, 3 and mesh.
Sacrificial Anodes D and E performed equally well, in terms of ranking, followed by System B
then C. Itis clear that the number of positive potential “decay” seen in the specimens exposed to
low chlorides is much less than for the specimens exposed to higher chlorides.

Wi

Figure 5-47:  Picture of spray mist in the environmental chamber

5.1.6 Potential Decay: Outdoor Climate

Potential decay for the specimens exposed to Winnipeg’s outdoor climate and subjected to 3.9%
chlorides and 1.2% chlorides is shown in Figures 5-48 to 5-52 and Figures 5-53 to 5-57,
respectively. The potential decay was taken between the months of June to October 2006.
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Figure 5-48:  Average potential decay for Bar 1, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-49:  Average potential decay for Bar 2, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-50: Average potential decay for Bar 3, subjected to 3.9% chloride by weight of cement
and exposed to Winnipeg’s climate
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Figure 5-51:  Average potential decay for Bar 4, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-52:

Average potential decay for the Mesh, subjected to 3.9% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-53:

Average potential decay for Bar 1, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-54:  Average potential decay for Bar 2, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-55:  Average potential decay for Bar 3, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-56:  Average potential decay for Bar 4, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate
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Figure 5-57:  Average potential decay for the Mesh, subjected to 1.2% chloride by weight of
cement and exposed to Winnipeg’s climate

Analyzing the potential decay results for Bar 1 and bar 2 in the specimens containing high
chloride content (Figure 5-48 and 5-49) demonstrates that, in most instances, cathodic protection
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was achieved. The month of August saw the best results with every sacrificial system achieving
cathodic protection for Bars 1 and 2. Sacrificial Anode A recorded the highest potential decay,
reaching values near -400 mV. This is four times the required amount required to reach cathodic
protection. Under such high polarization, it is certain that the corrosion rate is zero. By shear
observation, it is quite clear that the constant, high temperature and high humidity (35 C and
90%, respectively) offered by the environmental chamber proved to be a much more aggressive
condition than the outdoor climate. This can be seen by the fact that most specimens reached
high polarization or even cathodic protection throughout the testing period when exposed to
outdoor conditions as opposed to the environmental chamber.

The most ideal month for corrosion activity to occur was August. Late August was also the
period that saw a spike in current density in particular for Bars 1 and 2. This spike corresponded
well with the spike recorded for the same bars for potential decay. The reason for such a high
level of protection in a favorable climate for corrosion activity is simple. As conditions for
corrosion increase, the effectiveness of the sacrificial anode also increases. This is because the
sacrificial anode has higher potential and thereby, corrodes preferably to steel. Theory suggests
that, if the sacrificial anode is corroding, electrons are released; and thus the steel should be
corrosion free. This of course is not always the case. As discussed in a previous section, an
anode will form anywhere that the conditions are favorable and also where a potential difference
exists. This formation of local anodes will result in the formation of micro- or macro-corrosion
cells. Potential differences can arise due to factors as simple as slight variations in chlorides,
moisture, resistivity, or even differences in the material property of the steel itself. As shown in
the environmental chamber, in extreme corrosion conditions, a sacrificial anode with low driving
force (capacity) may have minimal to no effect on the protection of the steel. This is seen by low
polarization. In many instances depolarization occurred while the system was active. This
signifies that while the system was activated, several bars and particularly the mesh, were losing
electrons to other bars due to macro-cell formation. The electron transfer was made possible
thanks to the parallel system setup, which linked all bars and the Mesh together. Therefore,
while the system was activated some bars or the Mesh actually experienced depolarization and
not polarization of the steel. This would render the steel more positive while the system is
activated because of lose of electrons.

The month of June and July saw less polarization than August. Since conditions for June and
July were less favorable for corrosion, it is conceivable that potential decay was considerably
less. This is because the sacrificial anode was corroding at a slower rate and emitted less current.
It is important to understand that it is not always necessary to achieve 100 mV polarization in
order for the steel to be protected. If corrosion is not taking place, due for example to high
resistivity, polarization of the steel is not required. In a dry, desert environment, a sacrificial
anode would likely produce no current; and thus, the steel would not be polarized, but the steel
would most certainly be corrosion free. In a hot, humid environment, or in coastal regions, a
sacrificial anode would be very active, releasing current to the steel. The amount of polarization
would ultimately depend on the capability of the sacrificial anode to generate current and the
conditions surrounding the rebar. Under these conditions, the rebar may or may not be corrosion
free. The effect of the climate can be seen in the trends shown in the results for current density
and potential decay. As temperature increased with precipitation, so did current density and
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potential decay. This is shown clearly with the peaks in current density and potential decay seen
in the month of August.

Analyzing the remaining figures for high chlorides shows that potential decay becomes less with
increasing distance from the sacrificial anode. This is expected since less current is generally
delivered to these bars and therefore, polarization also tends to be less. However, conditions
were such that even in Bar 4, the furthest in distance (located approximately 362 mm from the
sacrificial anode), relatively high polarization was achieved as shown in Figure 5-51. The mesh
results for high chloride contents exposed to outdoor conditions also showed relatively high
potential decay for the most part. All sacrificial systems achieved cathodic protection in the late
August reading, with the Sacrificial Anode A recording the greatest potential decay of
approximately —250 mV. “Positive” decay on some bars was also recorded in the month of June
and October, for some specimens. Recall, “positive decay” is the loss of electrons and thus
anodic conditions are the result.

Potential decay results for the specimens containing low chloride contents and exposed to
outdoors conditions (Figure 5-53 to 5-57) recorded similar results to the specimens with high
chlorides. In the majority of instances for each bar and mesh cathodic protection was achieved.
Peak potential decay was also observed in late August as before.

The average-weighted potential decay for specimens exposed to outdoor conditions and
subjected to 3.9% and 1.2% chloride content by weight of cement is tabulated in Tables 5-13 and
5-14, respectively. The same rating system as before is also used.

Table 5-13:  Average-weighted potential decay subjected to 3.9% chlorides by weight of
cement and exposed to Winnipeg’s climate

Galvanic Average - | Average - | Average - | Average- | Average - | Total score,

system weighted | weighted | weighted | weighted | weighted | points
potential | potential potential potential potential
decay for | decay for |decayfor |decayfor | decay for
Bar1,mV | Bar2,mV | Bar3, mV | Bar4, mV | Mesh, mV

A 317 (V275 | V] -199 IV | -190 | V| -175 | V 24

B -174 | 1] -169 | I | -90 I -68 I -87 I 5

C 207 | I} -174 | T | -157 | O | -105 | T | 91 | I 10

D -210 | II| -201 0@} -212 | V| -167 |I0I| -93 | IO 17

E 254 |IV | -251 | IV | -195 |II | -177 |IV | -110 | IV 19

Rating system: V — 5 pts; IV —~ 4 pts; Il - 3 pts; [I — 2 pts; I - 1 pt
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Table 5-14:  Average-weighted potential decay subjected to 1.2% chlorides by weight of
cement and exposed to Winnipeg’s climate

Galvanic Average - | Average - | Average - | Average - | Average - | Total score,

system weighted | weighted | weighted | weighted | weighted | points
potential potential potential potential potential
decay for | decayfor | decayfor |decayfor | decay for
Bar1,mV |Bar2, mV |Bar3, mV |Bar4, mV | Mesh, mV

A 427 |V | 397 | V| -354 | V| -330 | V| -336 | V 25

B -166 | I | -180 | T | -169 | X | -196 || -175 | I 9

C =249 | I | 242 (IO | -173 (IO | -171 | T | -150 | I 11

D -281 IV | 299 |1V | =273 |IV | -245 |IV | -234 | IV 20

E -258 | DI | -232 |10 | -146 | I | -130 | I | -205 | II 11

Rating system: V — 5 pts; IV — 4 pts; I - 3 pts; L - 2 pts; I — 1 pt

Analyzing Table 5-13 and 5-14, it is clear that Sacrificial Anode A was dominant in terms of
potential decay for the outdoor climate subjected to 3.9% and 1.2% chlorides by weight of
cement, respectively. For high chloride content, Sacrificial Anode A achieved 1.25 greater
potential decay for Bar 1 than the second leading sacrificial anode system (E) and 1.82 greater
potential decay than the lowest sacrificial anode system (B) for the same bar. The amount by
which Sacrificial Anode A outperformed the remainder of the systems increased, when analyzing
specimens exposed to low chlorides (Table 5-14). Sacrificial Anode A recorded a potential
decay 1.52 greater than the second leading sacrificial anode system (D) and 2.58 greater potential
decay than the lowest potential decaying system (B). In fact, the average-weighted potential
decay for Sacrificial Anode A subjected to low chlorides was not less than —330mV for all bars
and the mesh. This high value of potential decay indicates complete protection and a corrosion
rate of nearly zero. The fact that all systems recorded such high potential decay for both chloride
contents indicates that outdoor conditions were a lot less aggressive than those in the
environmental chamber.

5.1.7 Resistivity

Duplicate specimens of Specimen A were created and mixed with 10% of silica fume by weight
of cement at the time of casting. The specimens labeled Silica A, represent the specimens
containing silica fume and subjected to 3.9% and 1.2% chloride by weight of cement. Although,
current output tests were done for Silica A for both the environmental chamber and outdoors
conditions, only the results obtained for the environmental chamber will be addressed. The
purpose of this test was to simply demonstrate the effect increase resistivity has on corrosion.
Table 5-15, shows the resistivity taken by use of a resistivity meter for Specimens A and Silica
A, subjected to both chloride levels and exposed to the environmental chamber. The readings
were taken 28 days after the first current reading was taken.
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Table 5-15:  Resistivity of Specimen A and Silica A, exposed to the environmental chamber

Resistivity of Specimen A, Silica A, Specimen A,
Silica A, average 3.9% average 1.2% average 1.2%
subjected to chloride by chloride by chloride by
3.9% chloride | weight of weight of weight of
by weight of cement cement cement
cement, Ohms

Bar 1/2 25 16 170 36

Bar 3 49 31 300 72

Bar 4 55 33 250 91

Mesh 14 8 73 18

The results from table 5-15, show the resistivity between the anode and the associated bar or the
mesh. As distance increase so does the resistivity as expected. The results also clearly show that
Silica A specimens have greater resistivity due to the added silica fume. Another trend that is
observed 1s that resistivity decreases with an increase in chloride content. With an increase in
resistivity, the current distribution provided by the sacrificial anode will decrease, signifying a
decrease in protection levels. Current output results are shown in Appendix D.

5.1.8 Chloride Content and pH level

Two simple tests were conducted to determine chloride content and pH levels in the control
specimen and Sacrificial Anode A, which was subjected to high chloride content and exposed to
the environmental chamber. These tests were done to compare the effect the sacrificial system
has on the surrounding concrete. The chloride tests were conducted using NDT James
Instrument system, and a complete procedure of the test method is shown in Appendix E. The
concrete specimens were sawed in half by machine, cutting perpendicular to the bars. By drilling
fine holes through the concrete along the bars, concrete dust samples were collected. The dust
samples were used in chloride testing and the excess was used in simple pH testing. The pH
testing was achieved by mixing 3 gm of the concrete dust sample to 125 ml of distilled water in a
beaker. After thoroughly mixing until dissolved, the solution was left to sit covered for 24 hours.
The pH level was then measured by means of a pH meter. It is imperative to realize the focus of
the pH test is to compare the difference in concrete when protected and not protected by means
of a sacrificial anode. The methodology of testing pH was a crude and simple technique and
should therefore be considered by way of example only. Chloride content and pH levels of the
concrete surrounding the mesh were not tested. The results of chloride content and pH for the
control specimens were taken by mixing all the concrete dust extracted from each of the bars.
These tests were conducted immediately after day 506 testing was concluded. Tables 5-16 and 5-
17 show the results of the chloride content and pH levels respectively.
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Table 5-16:  Recorded chloride content for Sacrificial Anode A and control specimens initially
subjected to 3.9% chloride and exposed to environmental chamber conditions
Specimen % chloride % chloride % chloride % chloride
content by content by content by content by
weight of weight of weight of weight of
cement at Bar 1 | cement at Bar 2 | cement at Bar 3 | cement at Bar 4
Anode A 0.26 0.24 0.4 0.51
Control 1.12 1.12 1.12 1.12
Table 5-17:  Recorded pH level for Sacrificial Anode A and control specimens initially
subjected to 3.9% chloride and exposed to environmental chamber conditions
Specimen pH level, at pH level, at pH level, at pH level, at
Bar ] Bar 2 Bar 3 Bar 4
Anode A 12.5 12.4 12.4 12.4
Control 12.2 12.2 12.2 12.2

It is apparent that the use of the galvanic Anode A, has dramatically reduced the levels of
chlorides surrounding the rebar. In fact, there was nearly 5 times less chloride content
surrounding bar 2 when using Anode A, compared to the control specimen. The levels of
chloride content surrounding the rebar increased, as the distance from the anode increased. There
was an average of 0.25% chloride by weight of cement for bars 1 and 2 (which are the nearest to
the anode) as opposed to 0.51% chloride by weight of cement for bar 4 (furthest). This is due to
current distributions being greater at nearer distances. The end result leads to a lower corrosion
rate at the nearer, more protected bars. The same results are obtained when analyzing the pH
levels surrounding the rebar. Bars protected by Anode A had a pH levels greater than those bars
unprotected in the control specimen. Bar 1 in the protected specimen also had the greatest level
of pH measured at 12.5. The pH meter used only had capability to one decimal place.

The results were compatible with what was expected. The lowering of chloride contents and the
increase in alkalinity (pH), results in a less aggressive environment and promotes re-passivity of
the protecting film, and protects the steel on a long-term basis.

5.1.9 Visual Observations

Visual observations were performed on Specimen A and the control specimen, subjected to 3.9%
chloride by weight of cement and exposed to the environmental chamber. After the final set of
testing (506 days), both specimens were sawed opened to view the state of the concrete and the
steel within the slab. Figures 5-58 (a), and (b) show the cross-section cut and Bar 1 of specimen
A, respectively. Figures 5-59 (a), and (b) show a typical bar and the mesh, for the control
specimen, respectively.
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Sacrificial Anode A

embedded Sacrificial Anode A

Slight corrosion by-
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.
Figure 5-58 (b): Bar taken from slab exposed
to high chlorides in environmental

chamber and protected by

Sacrificial Anode A
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Heavy signs of
corrosion on bar, and
corrosion by-product
I propagating through
the concrete

Figure 5 —'59'(a): Typical bar taken from
the control slab

Heavily corroded
mesh

igufe 5—59 (b): Steel Mesh taken frn
the control slab
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5.2 SACRIFICIAL STRIP ANODE ANALYSIS

The objective of the sacrificial “strip” anodes is to provide global protection to structures
subjected to corrosion. For the most part, sacrificial anodes are primarily intended to provide
corrosion prevention or corrosion control at a moderate level to local corrosion sites. Generally,
methods that require external power, such as impressed current systems are used to deal with
global corrosion in structures, since the throwing power and magnitude of current generated by
these systems is a lot greater than the conventional sacrificial anodes. It was just shown in the
results above that the new sacrificial anode system A, was consistently able to reach cathodic
protection under almost every circumstance when dealing with bars located approximately 70
mm from the sacrificial anode (bars 1 and 2). As the distance increased, the magnitude of current
dropped and therefore, the sacrificial anodes capability in protecting the bars also diminished. In
spite of this, the sacrificial anode system A was still able to provide adequate polarization
(corrosion control) to even the furthest bar located 363 mm away, under aggressive
environments. Many of the commercially available sacrificial anodes were unable to polarize
these further bars.

Despite the positive results given by the new sacrificial anode system A, its primary use would
most likely still be protection on a local level. In order to utilize this system in a global level,
many individual sacrificial anode systems may be required at relatively short spacings, rendering
the system impractical for use. Therefore, “strip” anodes were created with the intent of using
sacrificial anodes as an economical, and maintenance free way of providing global protection.

In total, three different types of sacrificial strip anode prototypes were tested. For purposes of
industry confidentiality the strip anodes will simply be referred to as S, M, and L. It is important
to keep in mind that the strip anodes were subjected to all the same conditions as the sacrificial
puck anodes, including: concrete mix, specimen geometry, chloride contamination, and exposure
conditions. A brief summary and discussion of the results are presented in the following
sections.

Table 5-18, shows the average-current density provided by the sacrificial strip anodes along with
the sacrificial anode A, subject to 3.9% chloride by weight of cement, and exposed to the
environmental chamber. The average is taken only for the time the period the chamber was
activated (0-172 days). The factor by which the strip current density is greater or smaller than
the Sacrificial Anode A current density is shown in parenthesis.
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Table 5-18:  Average strip current density
Average current | Average Average Average
density, mA/m?, | current density, | current density, | current density,
@ 72.5mm o.c mA/m’, @ mA/mZ, @ mA/mZ, @
(Bar 1) 72.5mm o.c 217.5mm o.c 362.5mm o.c
(Bar 2) (Bar 3) (Bar 4)
Specimen S 12.08 *194) 112.08 (x194) 1 12774 | #2389 17.09 (x1.50)
Specimen M 4.47 (x072) | 4.47 (x099) 1 12774 | (x258) | 822 (x1.74)
Specimen L 9.02 (x143) 19,02 (x233) 1 10.00 | *293 | 537 (x 1.14)
Specimen A 6.24 (x1.00) 1 624 (x1.00) 1 4.93 (x1.00) | 472 (x 1.00)

Table 5-18, show that the sacrificial strip anodes did remarkably well, providing current density
in the cathodic protection region (2-20 mA/mz) to the Bar 4, located at a distance of 362.5 mm
away. Overall, the sacrificial strip anodes where able to provide much greater current to the bars
than sacrificial anode A. These results are promising and encourage the use of strip anodes for
global protection. The results for half-cell corrosion, current density output, and potential decay
are shown in Appendix F.
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6.0 CONCLUSION

6.1 SUMMARY

Corrosion in steel reinforced concrete is a crucial ongoing problem affecting modern day
infrastructure and costing the economy billions of dollars each year. Corrosion effects can be
detrimental to the integrity of a structure and can pose a severe risk to public safety. Corrosion is
an electrochemical process that is initiated by the breakdown of the natural protective film, which
encases the steel in high alkaline concrete (pH > 12). Chloride is a principal agent in the
deterioration of the film and 1s introduced to the concrete in various ways; the most common is
due to deicing salts or structures located in coastal regions.

The objective of this research project was to test a new type of galvanic (sacrificial) anode system
for higher current output aimed at providing cathodic protection in harsh environments.

Cathodic protection is deemed to be the highest level of protection against corrosion set forth by
NACE. Currently, sacrificial anodes available for commercial use only tend to provide minimal
protection by means of corrosion prevention or control. The findings in this project revealed the
current output limits of this new sacrificial anode A, its range of protection, the degree of
protection provided, and its overall comparison to other similar sacrificial anode systems. This
project only focused on chloride-induced corrosion.

Galvanic sacrificial anode systems rely on coupling dissimilar metals together. The metal with
the higher potential in the electromotive series will have a higher tendency to corrode. This
allows the more noble metal (steel) to become the cathode and the less noble metal (i.e. the zinc
inside the sacrificial system) to become the anode. By definition the anode is where oxidation
occurs and thus where corrosion takes place. The by-product of zinc does not occupy as much
volume as the by-product of steel (rust) and therefore, does not cause any serious damage to the
concrete. Sacrificial anodes are an attractive tool for combating corrosion since they are
relatively inexpensive, require virtually no maintenance, and can extend the service life of a
structure by an average of 15 years. The degree of corrosion rate imposed on the steel is
influenced by many factors. Primarily, chloride content, temperature and humidity and concrete
resistivity are the primary factors influencing corrosion.

The test program was set up to test the different sacrificial systems under various conditions.
More specifically, different sacrificial anode was embedded into reinforced concrete slab
specimen, and was then subjected to 3.9% or 1.2% chlorides by weight of cement. Studies have
shown the chloride threshold varies but is typically taken to by near 1.1 —1.2% chlorides by
weight of cement. Half the specimens were tested in the environmental chamber exposed to
constant 35C and 90% humidity, while the other half were tested outdoors exposed to the
seasonal weather of Winnipeg throughout the months of April to October. Three primary tests
were conducted: corrosion potential (or half-cell tests), current output, and potential decay.
Corrosion potential indicate the probability of corrosion occurring and gives an indication of the
state of the steel. For, instance in high chloride and humid environments the probability of

101



Conclusion

corrosion is relatively high. Current output was taken to determine the amount of current
provided by the sacrificial anodes to the steel reinforcement in the specimens. Corrosion
prevention (which is primarily the main use of sacrificial anodes) occurs with current density in
the range of 0.25 to 2 mA/m?>. Corrosion control, which is a higher degree of protection, occurs
with a current density range of 1 to 7 mA/m’. Cathodic protection occurs when current density is
between 2 to 20 mA/m>. The wide ranges of current density envelop accounts for the
aggressiveness of the environment. Potential decay indicates the amount to which the sacrificial
anode was able to polarize the steel from its stable potential. If potential decay reaches 100 mV,
the steel becomes cathodically protected.

Polarizing the steel has two main benefits. The primary benefit involves polarizing the cathodic
reaction, which therefore, reduces the tendency for the steel to oxidize. This provides immediate
protection, but will cease once the flow of current is halted or is insufficient to maintain
polarization. The secondary effect, which is often overlooked involves depolarizing the anodic
reaction and thereby, generating a less aggressive environment surrounding the steel. Anodic
depolarization causes the migration of chlorides away from the anodic region, and raises the
alkalinity of the concrete. This in effect promotes the repassivation of the protective film.

The results of the corrosion potential showed a high degree (> 90%) of corrosion initiation at the
beginning of the testing period. This was observed in both the chamber and outdoor specimens,
subjected to high levels of chlorides. The specimens subjected to low levels of chlorides
demonstrated lower potential levels, but still showed high probability of corrosion activity. After
the activation of the anodes by use of switches, the trend shows a decrease in potential levels
associated with a drop in corrosion probability.

Analysis of the current densities showed Sacrificial Anode A was able to provide almost
unanimously higher current levels with respect to the other commercially available sacrificial
anodes. Sacrificial anode A was able to sustain an average current density of 6.24 mA/m?* and
9.87 mA/m” for the two nearest bars to the anode in specimens housed in the chamber, subjected
to high and low chloride levels, respectively. This current puts the range of protection within the
cathodic region. Current density dropped for the bars located at further distances to the anode.
Despite the drop, sacrificial anode A, was still able to provide modest protection to the furthest
bar located 362 mm off center from the anode, reaching levels as high as 4.72 mA/m’. Results
obtained from the current density for the steel mesh that was placed underneath the bar
reinforcements were unusual. Negative current density readings were reported on many anodes
systems, signifying a reversal in current direction. This indicated the net flow of current was not
to the mesh as would be expected, but instead it was away from the mesh. A possible
explanation for this was the creation of several corrosion macro-cells between the mesh and
neighboring bars or among the mesh itself. This would have skewed the current readings
indicating more current leaving the steel mesh than entering it. Results obtained from the
environmental chamber, were comparable to outdoor results. For comparison purposes, a scoring
system was implemented based on maximum current density delivered to each bar and the mesh.
The system that delivered the highest readings would receive the highest scores. Sacrificial
anode A, received in total the highest scores for all the specimens subjected to the different
environmental conditions.
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Sacrificial anode A was only one of two anode systems capable of sustaining polarization greater
than 100 mV for Bars 1 and 2, subjected to high chlorides and exposed to the environmental
chamber conditions. This signifies cathodic protection was achieved on these bars. Trends
showed protection levels dropped with bars located at further distances as expected. This is due
to the decrease in current distribution to the further bars caused by higher resistivity. Protection
levels also improved with specimens subjected to lower levels of chlorides. In general, cathodic
protection remained elusive for most of the anode systems inside the environmental chamber. In
some cases, particularly associated with high chlorides, the sacrificial anode was unable to
polarize the corresponding steel and even saw a reduction of potential (or depolarization while
the sacrificial was activated). In other terms, while the system was activated (i.e. the circuit was
closed), some bars and the mesh was ultimately giving off electrons rather than receiving
electrons. This goes against initial expectations, but is associated with the negative current.
Once again, the possible explanation for this is the creation of a macro-cell. The bar or the mesh
would therefore convert into an anode with respect to a neighboring bar, despite the current being
delivered to it from the sacrificial anode. Results from the specimens obtained from the outdoor
conditions nearly all achieved cathodic protection. This solidifies the fact that the hot and humid
temperature from the environmental chamber was a much more aggressive environment. A
scoring system was set up for potential decay based on the maximum potential decay results
(polarization), for each condition. The Sacrificial System A scored once again the highest the
majority of times.

The presence of chlorides, besides from attacking the passive film, also reduces the resistivity of
surrounding concrete. This leads to in increase in electron migration and thus, corrosion rate.
Results showed that specimens containing higher levels of chlorides had lower resistivity. If the
resistivity is high, this can also affect the capability for the sacrificial anode to protect the
reinforcements by providing less current distribution. The results shown in Appendix C show
silica fume contaminated concrete slabs (which has a higher resistivity) provided less current to
the reinforcement than the slabs not containing any silica fume.

Crude tests to determine the pH levels and chloride content were conducted on specimens with
the Sacrificial Anode A and control specimens. These tests were only conducted for the
specimens subjected to high chloride levels and exposed the environmental chamber. Findings
showed the pH levels increased, and chloride levels dropped substantially when protected with
sacrificial system A, as opposed to when no protection was provided (control specimen).
Physical observations showed that the bar closest to anode A had very minimal signs of
corrosion, while a typical bar embedded in the control specimen had experienced extreme rusting
of the steel. Rust was also seen in heavily protruding the surrounding concrete in the control
specimen. The steel mesh was also heavily corroded in the control specimen.

Tests were also conducted on a new prototype sacrificial strip anode aimed at providing global
protection. Results indicated that current as high as 12.74 mA/m2, and 8.22 mA/m2, was
provided to Bars at distance of 217. 5 mm o.c. and 362.5 mm o.c., respectively. These levels are
capable of providing cathodic protection at further distances.
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Based on the results conducted in this project, Sacrificial Anode A, showed great overall
improvement with respect to the existing commercially available anodes. Sacrificial Anode A
was able to provide consistently higher levels of current output often reaching levels of cathodic
protection. Sacrificial anode A, would therefore be able to be used for corrosion prevention,
control or cathodic protection on a local scale. Although, there exist many remedial techniques
against corrosion, sacrificial anodes offer a great advantage in localized corrosion problems. It is
important to note that the intent of the project is not to support only one certain type of remedial
technique, but simply to advance research in corrosion protection of steel in concrete. Sacrificial
Anode A and the new strip sacrificial anodes can certainly provide an additional tool for
engineers to use in combating the ongoing-crucial corrosion problem.

6.2. RECOMMENDATIONS

To further the understanding and development of sacrificial anodes, continual research should be
implemented. Recommendations on the following may be considered:

1) A more focused research can refine the limitations of a particular sacrificial anode under
more specific conditions such as: environment, applications, and performance.

2) Frequent monitoring on the environmental conditions, and concrete properties such as pH
and chloride content will improve results and understanding

3) Corrosion rate monitoring of steel should also be considered using special
instrumentations such as GEO-CORR, would give a better understanding of the
performance of the sacrificial anode being tested.

4) Research and development on the mechanics of the sacrificial system and in particular the
interaction with the encapsulating mortar.

5) Special precaution should be taken to avoid the development of macro-cells from forming
in the setup of a system, as was the case with our project (i.e., the mesh).

6) Also special precautions should be taken to avoid any unwanted corrosion on the exterior
connection, such as the switches.
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APPENDIX A
(CONCRETE DESIGN CALCULATIONS)



Concrete Mix Design

e Alr entrainer: Wood-resin type, ASTM C260
o Type 10 Cement: rel. dens. 3.15
e Coarse Agg. 20 mm (rounded gravel): rel. dens. 2.68
e Fine Agg. Natural sand: rel. dens = 2.64; F.M. = 2.80; absorption = 0.7%;
MC = 6%
e Strength: Design for f'c=25 Mpa
= Using Table 9-11 (adjustment for deviations)
= {¢,=25+85=335MPa
e w/cratio
= Using Table 9-3
e For f’c,= 33.5, air-entrained = 0.42 (conservative
assumption)
= Target w/c = 0.48 (from table 9-2), f’¢ =25 MPa
e Air content
* For category 2 (not exposed to freeze thaw)
= Ailrcontentbtw4to7 %
= Use7%
e Slump
»  Use slump of 75 £ 20 mm
o  Water content
= Using Table 9-5
s 75 mm slump, air-entrained, 20 mm:
o 184 kg/m’
e However, reduce by 25 kg/m’ since we are using rounded
gravel so water content = 184-25 = 159 kg/m’
¢ Cement content
= w/ic=0.48;
= Therefore, ¢ = 159/0.48 = 331 kg/m’® > 320 kg/m® min (Table 9-7)
e Coarse Aggregates
=  Bulk density (ovendry) = 1600 kg/m”
= Fineness moduli = 2.80
=  Using table 9-4 (20 mm Coarse Agg. & F.M. =2.8)
e Bulk volume = 0.62
e Coarse Agg. = 0.62x 1600 = 992 kg/m>

¢ Finec Agoregates

Room Temp = 22 C; Density of Water = 997.75 kg/m’
Water = 159/(1 x 997.75) = 0.159 m’

Cement = 331/(3.15 x 997.75)=0.105 m’®
Air=7/100=0.07 m’

Coarse = 992/(2.68 x 997.75) = 0.371 m’

Fine = 1-(0.159 + 0.105 + 0.07 + 0.371) = 0.295 m’

= Mass fine agg. = 0.295 x 2.64 x 997.75 =777 kg/m’




e Moisture Content Adjustment

= Coarse Agg (2 % MC) =992x 1.02 = 1012 kg/m’

=  Fine Agg (6 % MC)=777x 1.06 = 824 kg/m’

= Water to be added = 159 — (992 x 0.015)-(777 x 0.053) =103 kg/m’
e Air-entrainer

*  Manufacture recommends 0.5g of entrainer per 1 kg of cement

s Therefore, 0.5x 331 =165.5 =166 g = 0.166 kg air-entrainer

Final Concrete Mix

o Water 103 kg/m’
o Cement 331 kg/m’
¢ (. agg. 1012 kg/m®
o F.agg. 824 kg/m’
o AirContent 4to7%

» Slump 75 20 mm

-

Air entrainer 0.166 kg/m’
wic 0.48
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Daily Data Report for May 2006

Notes on Daty Oualiry.
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Legend

[empty] = No data available

M =Missing

E = Estimated

A = Accumulated

C = Precipitation occurred, amount unceriain

L = Precipitation may or may not have occurred

F = Accumulated and estimated

N = Temperature missing but known to be >0

Y = Temperature missing but known to be <0

S = More than one gccurrence

T = Trace

* = The value displayed is based on incomplete data

T = Data for this day has undergone only prefiminary quality checking
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Daily Data Report for June 2006

Notes on Dasw Qualiny.
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Duily Dats Report for June 2006
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Legend
{empty] = No data availabl:
M= Missing
E = Estimated
A = Accumulated
C = Precipitation occurred, amount uncerain
L = Precipitation may or may not have occurred
F = Accumulated and estimated
N = Temperature missing kut known to be >3
Y = Temperature missing tut known to be <J
S =More than one occurrence
T= Trace
* = The value displayed is based on incomplete data
7 = Data for this day has undergone only preliminary quality checking
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Daily Data Report for July 2006

Notes or Duta (ualiny,
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Legend
{empty] = No data availablz
M = Missing
L = Estmated
A = Accumulated
C = Precipitation occurred, amount unceriain
L = Precipitation may or may not have occurred
¥ = Accumulated and estimated
‘N = Temperature issing tut known to be>10
Y = Temperature missing but known to be <9
S = More than one ocourrence
T = Trace
* = The value displayed is 2ased on incomplete data
1 = Data for this day has undergone only preliminary quality checking
Navigation Options
Canada Map
Customized Search
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Legend

[empty] = No data available

M = Missing

E = Estimated

A = Accumulated

C = Precipitation occurred, amount uncertair:

L = Precipitation may or may not have occurred

F = Accumulated and estimated

N = Temperature missing but known to be> 0

Y = Temperature missing but known to be <0

S = More than on¢ occurrence

T = Trace

* = The value displayed is based on incomplete data

T = Datz for this day has uaderzone only preliminary quality checking
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Daily Data Report for September 2006

Notes on Datu OQualin.
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Legend

[empty] = No data availablz
M = Missing
E = Estimated
A = Accumulated
C = Precipitation occurred, amount uncertain
L = Precipitation may or may not have occurred
F = Accumulated and estimated
{ = Temperature missing tut known to be >0
Y = Temperature missing tut known to be < 2
S = More than onc occurrence
T = Trace
* = The value displayed is based on incomplete data
1= Data for this day has undergone only preliminary quality ckecking
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Daily Data Report for Qctober 2006

Notes on Duta Qualiry,
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Daily Duts Repoet fur Ostiber 2008
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Legend
fempty] = No data available
M = Missing
E =Estimated
A = Accurnulated
C = Precipitation occurred, amount uncertain
L = Precipimtion may or may not have occurred
T = Accumulated and estimated
N = Temperature missing tut known te be > D
Y = Temperature missing tut known o be <)
S = More than one oceurrence
T = Trace
* = The value displayed is based on incomplete data
1 = Data for this day has undergone only preliminary quality checking
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APPENDIX C
(PUCK ANODES: INITIAL CURRENT DENSITY RESULTS)




Table C-1: Average initial current density for Bars 1 and 2 subjected to 3.9% chlorides by
weight of cement and exposed to Winnipeg climate

Sacrificial anode Average initial current density at time zero for bars 1 and 2,
mA/m”
A 53.
B 53.4
C 67.0
D 58.5
E 41.2

Table C-2: Average initial current density for Bars 1 and 2 subjected to 1.2% chlorides by
weight of cement and exposed to Winnipeg climate

Sacrificial anode Average initial current density at time zero for bars 1 and 2,
mA/m*
A 50.0
B 35.5
C 58.5
D 41.9
E 21.7




APPENDIX D
(RESISTIVITY CURRENT DENSITY RESULTS)
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Current Density, mAfnf

Average Current Output Bar 4 Subjected to 3.8% Chioride by Welght of Cement and Exposed to the Environmental
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Average Current Output Bar 1 & 2 Subjected to 1.2% Chioride by Woeight of Cement and Exposed to the
Environmental Chamber
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APPENDIX E
(NDT JAMES INSTRUMENT METHODOLOGY: CL-2000 CHLORIDE FIELD)




JAMES INSTRUMENTS INC.
NON DESTRUCTIVE TESTING SYSTEMS

CL-2000 Chloride Test System
Operating Instructions

The CL Test System offers a fast, accurate, and in-place determination of the total
content (or more precisely the acid soluble content) of chlorides contained in concrete.

The test is easy to perform and requires only the test equipment contained entirely ina
small briefcase.

Using a masonry drill bit, the concrete is pulverized at the required sample depth and
collected in the dustpan provided. An accurately weighed 3 gram sample is dissolved in
20 ml of extraction liquid consisting of a precise, measured concentration of acid. The
chloride jons react with the acid of the liquid in an electrochemical reaction.

An elecrode, with an integral femperature sensor, is inserted into the liquid and the
electrochemical reaction measured. A uniquely designed instrument converts the voltage
generated by the chloride concentration and automatically applies the temperature
correction. The percentage of chlorides, or Ibs. of chloride per cu yd, is displayed
directly on an LCD readout.

Conducted on site, the test gives immediate and direct information regarding the chloride
content in critical Jocations prior to surface repair. In the laboratory the test may be used
to measure chloride content of materials which have been pulverized to a fineness equal
to that of concrete powder obtained with a masonry drill on a concrete member.

The test may be used on fresh, wet concrete.
Measurement

From main menu: Select Function:
CAL MEAS

Move biinking cursor via the t (plus arrow key) or 1— (minus arrow
key) in front of the item +
marked MEAS.

Press d (enter key)

Page 1 of 8



The CL-2020 will now display: Units
% Lb/cu. yd.

key) in front of the unit you +
wish to display chloride ion

concentrations in, either percentage by weight or pounds per cubic yard.

Move blinking cursor via the I (plus arrow key) or 1_ (minus arrow

The meter will now display: Value  zz.z°C
yyyy

Where zz.z is the temperature display, and y.yyy is the value of the chloride ion content
expressed In either percentage by weight or Ibs. per cubic yard.

Note: Low battery on the display at any time indicates a battery charge is in order.

SAMPLING

Locate the position and depth of the reinforcement bars with the James Rebar Locator.
Set the dust collecting pan over the test area and place clamping pliers in position. Mark
the location of the bolt-hole in the base of the clamping pliers. Insert the 3/8 inch
masonry bit supplied, into a masonry drill. A rechargeable battery powered masonry drill
is available from James — making the whole process independent of an external power
source. Drill hole 17 (min.) at the location (fig. 1,1). Place a drop-in anchor and tap
anchor flush (fig.1,2). Expand and secure anchor using the set tool supplied (fig. 1,3).
Reposition clamping pliers. Prepare clamp bolt by placing on a nut, then a washer; insert
bolt into anchor. Drive bolt completely inio the anchor using the wrench supplied. The
clamping pliers is set to the surface by tightening the hex nut (fig. 2).

J

/L

1
D(i!l hole 1. inc‘hes deep Insert anchor, tap fiush Place set-tool in top hole
using masonry bit of anchor, tap sharply
Figure 1
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Serew bolt into anchor

O

Set clamp to surface by
=¥~ fightening hex nut

o s Oot\\{
b,

0 °

Set anchor

o Q0%

o=
Setting of clamping pliers

Figure 2

Concrete dust is drilled out to the required depth with the large % inch bit mounted in the
masonry drill. The drilling friction removes excessive water from the concrete dust,
which should be protected immediately by placing in plastic bags.

It is advisable to select three test locations and drill % inch of concrete for each sample.
This will produce approximately 20 grams of dust, which is a common standard sample
size. To produce a chloride profile through a concrete slab it is advisable to drill at three
levels, e.g., near the top surface, close to the rebar position and 1-1/2 inches below the

rebars.
Mix the dust sample on the pan and quarter carefully to ensure the sample’s

homogeneity, then weigh two separate 3-gram samples, using the scales provided. Keep
one sample in a sealed plastic bag with location marked and the other sample for the field

test.
Add the 3 gram sample to one of the 12 plastic jars containing 20 ml of chloride
extraction liquid. Add the sample dust in stages to avoid excessive fizzing from the

limestone present in the dust sample.

Note: Avoid contamination of samples during testing.

Preparation of Electrode for Calibration

The electrode is shipped without filling solution in the reference chamber. To fill the
chamber, use the flip-spout bottle marked “electrode wetting agent,” proceed as follows:

1. Lift the spout to a vertical position.
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(W)

Insert the spout into the filling hole in the outer sleeve and add a small amount of
filling solution to the chamber. Tip the electrode to moisten the O-ring and return it
to a vertical position.

Holding the electrode by the barrel with one hand, push down on the white electrode
cap, allowing the filling solution to wet the inner cone. If needed, the black cover cap
may be removed one millimeter to allow sufficient travel of the electrode cones.

Release the white electrode cap. If it does not return to its original position
immediately, check to see if the O-ring is moist enough; repeat steps 2 through 4 until
the white cap has returned to original position. Add filling solution to the chamber,
up to the filling hole. To ensure a proper flow rate—add to avoid erratic electrode
potentials, this level should be maintained during all testing.

Remove the black cover cap and rinse the electrode thoroughly with distilled water and
blot.

Note: The black cover cap should be on when electrode is not in use. If the electrode

is not in use for periods of more than 2 to 3 days, the electrode should be
drained, rinsed in distilled water, dried off, polished and protected with the cap.
If this is not done, the wetting agent will evaporate leaving crystals. This will
render the electrode useless, necessitating its replacement.
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The CL-2000 Laboratory in a briefcase components:
CL-3700 Chloride combination electrode with externally mounted temperature
sensor, cable, and connectors.

C1.-2020 Special battery powered, high impedance, electronic meter—with
temperature compensation circuits and microprocessor for direct
conversion to percentage of chlorides.

CL-2012 Replaceable pack containing 12 plastic bottles, each with 20 ml of
extraction liquid and five plastic jars of different colored calibration
liquids.

CL-1030 Spray bottle of electrode wetting agent.

Bottle of distilled water

Dust collecting pan and blower for sampling.

Clamping pliers, drill bit, anchors, wrench, and screwdriver. Scales for
weighing 3 gm samples.

Weight of CL-2000 Laboratory, complete in briefcase is 10 Ibs.
B-124 A rechargeable battery powered electric drill, complete with battery
charger in a metal carrying case (use with CL-2000 Laboratory in a

briefcase)

Note: The CL-2000 test correlates to water soluble titration method.

For the most accurate results the first sample in any test area should be checked every 15
minutes until the last three readings are within about 10 percent of each other. This is
because, for safety reasons, a mild acid solution is used and it may take a longer time to
completely dissolve chlorides from certain aggregates.

Legend

1. On-Off Switch

2. Escape

3. Enter

4. Plus Arrow

5. Minus Arrow

&. Temp, Sensor Connedior (RCA)
7. Hectrode Connector (BNC)
8. Display

3. Battery Comp,

Figure 4
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CHLORIDE ASHTO T-260 TEST PROCEDURE

Changing Meter Mode of Operation:

1. From meter main menu press and hold the ¢<> (escape key) simultaneously

press and hold the <}l (enter key).

2. Meter will now display: RESET
3. Then the alternative menu will be displayed:

Select Function
Cal Meas mV

Measurement Procedure:

1. Use arrow keys to move blinking cursor in front of Meas display.

. Press d (enter).

. The meter will now display:

N

(U]

Value 2z.2°C
Y.yyy

Where zz.z is the temperature reading and y.yyy is the chloride percent concentration.

4. Place 3.0 +/.01g concrete sample in the 125 ml battle with digestive solution. Shake
vigorously to suspend the powder in the solution. Let powder digest for 3 minutes.
The bottle may be opened after shaking to relieve pressure from effervescence due to
the reaction; then close immediately.

wh

Carefully remove the bottle cap and add 80 ml of stabilizing solution.
6. Replace cap and shake vigorously for one minute.

7. Remove bottle cap and place the electrode to a depth of mid-height in the extraction
fluid.

8. Wait 3 minutes and record the measurement obtained.

9. After each measurement the electrode should be rinsed in distilled water.
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ASHTO Calibration Method

The conversion of the sensors output to a specific chloride ion concentration is normally
accomplished via comparison with standardized solutions. ASHTO specifically
recommends that the standardized concentrations of 1.25%, 0.60%, 0.30%, 0.03% and
0.01% be used for calibration. It is further specified that this be accomplished by taking
millivolt readings from 10 calibration runs, each consisting of the five calibration
solutions. Thus, the mV function of the meter (see below for further details of this
function). From this procedure a chloride concentration is obtained of the sample. This
chloride concentration is further linearly correlated to a standard titration procedure. The
values which are recommended by ASHTO for these correlations are currently
programmed in the CL-2020. They have been made available to the user if further
refinement of the test method is required.

Calibration Menu

1. Using the arrow keys, move the blinking cursor in front of the Cal.

. Press d (enter key)

(3]

The meter should now display:  Select Constant
A B C D

L

These constants correspond to the following formula,
%Cl = A + By,
where y = [(10°(C+DmV))-3](0.00333)

4. Using the arrow keys, move the cursor in front of the constant you wish to change.

tn

. Press d (enter key)

6. Use arrow keys to change the values of the constant to that which you desire.

7. Press d (enter key)

8. The meter will now display: saving value

If you wish to return constants to their original values press and hold the

‘_@ (escape key) while simultaneously pressing the l_ (down arrow

key)
mV Display
1. From the main menu use the arrow keys to move the blinking cursor in front of the

mY display.
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]

. Press d enter key)

. The meter will now display: mVolts 2z2.2°C
Yyy-y

R

Tips for successful chloride testing

Excrt only moderate pressure on the drill when drilling out the sample dust. This keeps
the dust particles fine and they dissolve easily in the extraction liquid.

Do not test wet dust because the weight of the water will be included in the calculations.
If the dust is wet, it should be dried. One way of doing this is to place it on blotting

paper.

When collecting dust samples at different depths, make sure that the drill bit is always
perpendicular to the surface. This ensures that the dust is collected from the bottom of
the hole and not from the side of the drilled hole.

Do not drill only ore hole to collect the sample, since you may drill through a course
aggregate particle and the dust will not be representative of the entire concrete. Drill
three holes about four inches apart and mix the dust together.

Make sure the electrode membrane is not scratched or etched. Lower electrode gently,
keeping it tilted to keep the electrode tip from touching the dust at the bottom of the
extraction liquid bottle. Also, the electrode will suffer etching if the electrode is stored a
long time without removing the extraction liquid from the membrane. To avoid this,
clean the electrode membrane carefully with distilled water—or place it in distilled water
when not in use.

The calibration liquids may become contaminated, especially the weaker ones. This can
change tae calibration. Always discard the calibration liquid after 12 tests.

Note: Iftemperature changes occur, meter and electrodes should be recalibrated. The
electrode can be used at temperatures from 0 - 60 °C, provided that iemperature
equilibrium has occurred. For use at the temperatures substantially different
Jrom room temperature, equilibrium times of up to one hour are recommended.
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APPENDIX F
(STRIP ANODES: HALF-CELL RESULTS)
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Corroslon Potential, mV
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Corrosion Potential, mv

Half-Cell Potential for Bar 4 Subjected to 1.2% Chloride by Weight of Cement and Exposed to the Environmental
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APPENDIX G
(STRIP ANODES: CURRENT DENSITY RESULTS)
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Current Density, masm®

Average Current Cutput Bar 1 & 2 Subjected to 1.2% Chloride by Weight of Cement and Exposed to the
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APPENDIX H
(STRIP ANODES: POTENTIAL DECAY RESULTS)
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