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ABSTRACT

Corrosion of reinforcing steel in concrete is a problem because
of the presence of chloride ions at the steel-concrete interface. The
chloride ion may be introduced into the concrete in two ways: (1) as a
contaminant in the mix and (2) from external sources such as deicing
salts or sea water. Therefore, for better protection of steel in con-
crete, an understanding of the eiectrochemistry of steel in concrete is
of prime importance.

In this study, the anodic and cathodic polarization curves were
obtained for steel in concrete samples of Types I and V Portland cement
with various salt contents, exposed to the dry conditions of the labora-
tory and also to distilled water for 90 to 170 days. Significant dif-
ferences were found in the electrochemical behavior of steel in Types 1
and V Portland cement. Type V Portland cement concrete provides better
protection for the embedded steel, compared to Type I, when the samples
were exposed to corrosive conditions, as in salt solutions.

The change in the moisture content of the concrete also had a
significant effect on potential and current requirements.

The anodic and ca;hodic polarization of steel in Typesll and V
Portland cement concrete samples with no salt content, exposed to solutions
with various salt concentrations, were also performed. It was found that

the diffusionof chloride ions into concrete increased as the salt con-
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centration of the solutions increased. The penetration of salt also
increased as exposure time to the salt solution increased.

A solid Mo/Mo04 electrode embedded adjacent to steel was used in
all concrete slabs. The potential measurement was made with respect to
this e1ectrodé, in order to reduce the IR drop associated with concrete.

It was also found that the high Tafel slope for the polarization
curves in concrete was not mainly due to.the IR drop but rather to the
diffusion problem.

Most off-shore pipelines are cathodically protected. These 1ines
have a Portland cement concrete layer on the outside to provide negative
buoyancy. This concrete layer contains a steel wire reinforcing mesh.

In this study, the effect of a wire mesh on current and potential
measurement was also investigated in two different environments: (1) in
a saturated Ca(OH)2 solution and (2) the concrete slabs. Wire meshes
with different hole sizes were used. It was found that the wire mesh had
no effect on current and potential distribution. However, the potential
of the wire mesh was shifted by the passage of current resulting from the
potential gradient caused by the IR drop in the electric field between

anode and cathode.
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CHAPTER 1
INTRODUCTION

Concrete normally provides a high degree protection against
corrosion to embedded steel, because steel in concrete is polarized
anodically and a thin protective film of gamma iron oxide (y - Fe,03) is
formed on the steel surface. This passive film will be maintained on the
steel surface when the pH in the environment around the steel remains in
the range of 12.5-12.8 [1]. However, chloride ions can disrupt this
passive film and the steel will corrode. The corrosion products formed
have a volume twice that of the parent metal, which causes the concrete
to crack because of low tensile strength. The corrosive chemicals can
then find easy access to the steel surface through these cracks and
intensify corrosion. Thus, in order to reduce this corrosion, many
investigators have considered the influence of variables such as cement
type [2], concrete mix design [3.4], and chloride concentration [3,5,6].

Little work has been done on the electrochemistry of the steel in
concrete. The problem of steel corrosion in concrete has received more
attention in recent years bgcause of its impact on bridge deck deteriora-
tion. The corrosion of steel in bridge decks has intensified because of
a drastic increase in the use of deicing salt. It has been reported that
the cost of reparing bridge decks in the U.S. in 1925 was $200 million [7].

As mentioned, one of the important variables affecting the cor-
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rosion of steel in concrete is chloride. Chloride may be introduced into
the concrete-steel interface by the intrusion of sea water or the use of
deicing salts, or it may be included in the concrete mix.

The intrusion of chloride ions through the concrete cover is an
important parameter affecting the time it takes for the reinforcing steel
to corrode. These chloride ions can penetrate through the mass of con-
crete and build up to levels sufficient to induce corrosion.

The present investigation was an initial attempt to determine the
impact of factors such as salt (mixed or diffused in cured concrete), type
of cement, and moisture on the corrosion of steel in concrete. The effects
of these factors were evaluated by electrochemical techniques, such as
anodic and cathodic polarization.

Most off-shore pipelines are cathodically protected. These pipe-
lines are coated with a layer of Portland cement concrete on the outside
to provide a negative buoyancy. This concrete layer contains a steel wire
reinforcing mesh and the pipeline potential is controlled by an external
Cu/CuSO4 electrode. Therefore, the existance of the wire mesh may shield
the current and cause a problem on current and potential distribution. A
series of experiments were conducted to determine the extent of this prob-
Tem when the wire mesh is connected and disconnected to the steel plate.

The magnitude and the possibility of the IR drop in the potential

measurements were also evaluated.



CHAPTER II

THEORETICAL BACKGROUND

Concrete Properties

2.1 Physical Properties

In order to investigate the corrosion of steel in concrete pro-
perly, engineers should know some factors about concrete's properties.

Concrete consists of sand, gravel or an aggregate, mixed with
cement and water. Cement is a mixture of complex calcium silicates and
aluminates (this will be fully discussed in the next section: Chemistry
of Concrete) which hydrate with water to form a solid mass. The physical
properties of this mass have been the subject of many studies, Scott's
[8] and Power and Brownyard's [4] being two of the most complete.

One of the most important properties of concrete is the void
created in paste hydration. These voids will be filled with air and water,
which contain elements capable of attacking the reinforcing.

2.1.1 Aggregate. Aggregate is one of the factors which influ-

ences the physical properties of concrete. Aggregate is not fully inert

and its physical, thermal, and sometimes its chemical properties influence
the performance of concrete. A1l aggregate particles originally formed a
part of a larger mass, which may have been fragmented by a natural process

of weathering and abrasion or by crushing. Many of the aggregate's



properties depend entirely on those of the parent rock: chemistry;
mineral composition; specific gravity; strength; petrographic descrip-
tion; hardness; physical and chemical solubility of pore structure. On
the other hand, some properties are associated with the aggregate but
absent in the parent rock: particle shape and size; absorption; surface
texture. A1l of these properties may have a considerable influence on
the quality of the concrete, either in a fresh or hardened state.

2.1.2 Hydration and Capillary Pores. Hydration is another

factor which affects physical properties of concrete, therefore, knowledge
of cement gel is important.

Hydrates of various compounds in the hardened paste are referred
to as gel. Crystals of Ca(OH)z; unhydrated cement, some minor compounds,
and the water-filled spaces in the fresh paste are in the hardened paste.
The voids in the paste are called gel pores.

The capillary pores are that region of the gross volume not
filled by hydration products during hydration. The capillary porosity of
the hardened paste is dependent on both the water-cement ratio of the
mix and the degree of hydration.

The volume of this capillary system decreases with the progress
of hydration, because the hydration products occupy 2 volume twice that
of the original phase (cement).

It is believed that at water/cement ratio greater than 0.38,
the volume of gel is not enough to fill all the capillary pore spaces.
Therefore, some remain empty even after the completion of the hydration
process. The shapes and sizes of these capillary pores are different,

and it is thought that there is an interconnected system randomly



distributed throughout the cement paste [10]. The permeability of the
hardened concrete is affected by these interconnected capillary pores.

A suitable water/cement ratio and a long period of moist curing reduce
the continuous capillaries significantly. For water/cement ratios above
0.7, even complete hydration would not produce enough gel to block all
the capaillaries. Eliminating the continuous capillaries is so important
that it is one condition of a "good" concrete.

2.1.3 Cement Gel. Cement gel is defined as the cohesive mass

of hydrated cement in its densest paste, including the gel pores. Gel
pores are porous because of the large quantities of evaporable water they
can hold. These gel pores are much smaller than the capillary pores.

The source of the gel's strength is not completely understood,
but it may come from two kinds of cohesive bonds [11]. The first type
is a physical attraction between surfaces which are separated by small
gel pores (15 to 20°A). This attraction is usually referred to as van
Der Waal's forces. The second type of cohesion is a chemical bond.

The relative importance of these physical and chemicai bonds
cannot be estimated, but both undoubtedly contribute to the very consi-
derable strength of the hardened paste.

2.1.4 Resistivity. Porous nature of concrete and the work of

Hausman [12] and British paper [13], indicates that concrete is highly
resistant to the passage of current. The work of Hammon and Robson [14]
shows that the electrical rgsistivity of concrete is highly dependent on
moisture content. They found that moist concrete is an electrolyte

4

having a resistivity of the order of 10" ohm-cm, a value which is in

the range of semi-conductors. On the other hand, another investigation



[15] has shown that oven-dried concrete at 105°C has a resistivity of

0]1 ohm-cm.

the order of 1

The significant increase in the resistivity of concrete because
of a reduction of water probably indicates that the current is conducted
through moist concrete by ions in the evaporable water. Therefore, the
resistivity of moist concrete will drop significantly because of the
increase in water and ions present.

Other studies indicate that the electrical resistivity of con-
crete increases with age and with a reduction in the water/cement ratio
[16].

Locke and Dauda [17] and Hsu [18] found that the resistivity of

concrete increased to 10]0

ohm-cm after 24 hours of drying in the oven.
They also found that the resistivity dropped to 104 ohm-cm after the
concrete was soaked in water for 24 days (moisture content 6.1%). The

resistivity rose to 10° - 107

ohm-cm, however, when the concrete slabs
were stored in the laboratory at room temperature (moisture content 1.1%).

Similar results have been found by the other investigators [19,20].

2.2 Chemistry

2.2.1 Chemical Composition of Portland Cement. Knowledge of

the common chemical constituents of cement is important to understanding
its nature and behavior. Portland cement is mainly composed of 1ime,
silica, alumina and iron oxide. These compounds interact in the kiln
to form a series of more complex products. These are listed in Table 1,

with their symbols.



Table 1

Main Compounds in Portland Cement

Name_of Compound Oxide Composition Abbreviation
Tricalcium Silicate 3 Cao'S'iO2 C3S
Dicalcium Silicate 2 CaO'SiO2 C25
Tricalcium Aluminate 3 CaO-A1203 C3A
Tetracalcium Aluminoferrite 4 CaO-A1203-Fe203 C4AF

In addition to these main compounds, minor compounds, such as
Mg0, TiOz, Mn203, K20, and Nazo,also exist. These usually amount to no
more than a few percent of the cement's weight. However, two of these
minor compounds are of interest: the oxides of sodium and potassium,
Na,0 and KZO’ also known as alkalies. (Note: Other alkalies also exist
in cement.) These oxides react with some aggregates, and the products
cause disintegration of the concrete, as well as affecting the rate of
gain of cement strength [21]. Therefore, the term "minor compounds"
refers simply to their quantity and not necessarily to their importance.

The actual quantities of the compounds vary considerably from
cement to cement. In fact, different types of cement are obtained by
suitable proportioning of the materials.

Table 2 gives the oxide composition of a typical cement [22].



Table 2
Oxide Composition of a Typical Type I Portland Cement

Name of Oxide Typical Oxide Composition Percent

Ca0 63
SiO2
A1203
Fe203
Mg0 1.
803
K20
NaZO
Others
Loss of Ignition
Insoluble Residue

n
O NN — — = N 0T W O O

o

2.2.2 Influence of Composition on the Characteristics of

Portland Cement. Some characteristics of the principal compounds of

Portland cement are given in Table 3. Knowing these characteristics
allows for controlling the properties of the cement by altering the
proportions of the compounds. Consider the following examples. For a
cement of low heat generation, a relatively high CZS content and low C3S
and C3A cements are desirable. In general, the early strength of a
Portland cement will be higher with higher percentages of CZS’ and if
moist curing is continuous, the later age strengths, after about 6 months,
will also be greater with the higher percentages of CZS‘ A Tow C3A
cement generates less heat, develops higher ultimate strength, and

exhibits greater resistance to destructive elements than a cement



containing larger amounts of this compound [23,24]. Portland cements
with a high C3A, such as type I Portland cement are used because C3A con-
tributes to strength developed during the first day after wetting. Thus,
type I is usually suitable in general concrete construction where there

is no exposure to sulphates in soils or in ground water.

Table 3

Characteristics of the Major Compounds in Portland Cement

Relative Behavjorof'Each Compound

Properties
C3S CZS ~ C3A C4AF
Rate of Reaction Medium  Slow Fast Slow
Heat Liberated, per unit of Compound Medium Small Large Small
Cementing Value, per unit of Compound in
Early Days of Hydration Good Poor Good Poor
Ultimate Days of Hydration Good Good Poor Poor

2.2.3 Heat of Hydration of Cement. Hydration of cement compounds

is exothermic, up to 120 calories per gram of cement liberated. This heat
of hydration, as measured, consists of the chemical heat of the reactions
of hydration and the heat of adsorption of water on the surface of the gel
formed by the process of hydration [25].

For the usual range of Portland cements, Borgue [26] observed that
about one-half the total heat is liberated in one to three days, about
three-quarters in seven days, and 83 to 91 percent in six months. Because
heat depends on the chemical composition of the cement, reducing the pro-

portions of the compounds that hydrate most rapidly (C3A and C3S), checks
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the high rate of heat liberation in the early 1ife of concrete.

2.2.4 The Effect of Accelerators. The accelerator is a sub-

stance added to concrete to increase the rate at which strength develops.
Usually, an accelerator is used when the concrete is to be placed at low
temperatures (30 to 40°F) or when urgent repair work is to be done.
Calcium chéride is a basic and well-tried accelerator.

Calcium chloride increases the rate of heat liberation during
the first few hours after mixing. CaC]2 is probably a catalyst in the
reaction of CBS and CZS' The hydration of C3A is delayed sometimes, but
the normal process of hydration of the cement is not changed.

Addition of CaCl, does decrease the resistance of cement to
sulfate attack and increases the risk of an alkali-aggregate reaction
when the aggregate is reactive. On the other hand, CaC]2 has been found
to increase the resistance of concrete to errosion and abrasion [17].

The action of sodium chloride is similar to that of calcium
chloride but of Tower intensity. The effects of NaCl are also more vari-
able and a depression in the heat of hydration with a consequent loss of

strength at 7 days and later has been observed.

Corrosion of Steel in Concrete

2.3 General View of Corrosion
Knowledge of corrosion has increased rapidly over the past 20
years, but many aspects of the problem are still not completely under-
stood. When the corrosion mechanism is subjected to a single system, the
situation becomes extremely complex. Clearly the factors which influence

various reactions are not independent and it is therefore no surprise to
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find conflicting theories on the nature of corrosion. However, certain
facts have been found by means of considerable study and investigation.

Corrosion is the deterioration or destruction of a metal by means
of a chemical interaction with its environment. The reaction is electro-
chemical in nature. According to Evans [28], corrosion may be thought of
as a transformation of the metal from the elementary to the combined
condition.

The corrosion mechanism of reinforcing steel in concrete is
similar to that in a basic galvanic cell but much more complicated.
Therefore, a more detailed discussion of the general electrochemical
mechanism is necessary.

The electrochemical mechanism is the only way a chemical
reaction can take place on the surface of the reinforcing steel. For
this reaction to happen, three conditions must be met: (1) a potential
difference between twometallic areas must exist; (2) a conductive path
must exist; (3) proper electrode reactions must takeplace [29]. If

these conditions exist, then the steel will corrode.

2.4 Chemical Reactions
Metals high in the electromotive force series will have a
greater tendency to corrode. Iron is one metal relatively high in this
series and therefore, will have a substantial tendency to enter into
electrolyte (solution or concrete). The area where the metal ions go
into electrolyte becomes an anodic region. This ionization of the metal
at the anode is usually called the first or primary stage of the cor-

rosion reaction and may be written as the following equation [29,30]:
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Anodic reaction Fe + Fe'' + 26 (1)

The anodic area of the metal contains an excess of electrons, as shown
by equation (1).
In order to keep an equilibrium of electric charges, a cathodic

reaction must take piace. The cathodic reaction can be presented as

(cathodic reaction) 1/2 02+-H204-2é > 20H (2a)
2H' + 28 > H, (2b)

These cathodic reactions, usually called secondary reactions, control
the rate of corrosion for iron or structural steels. Therefore, any
environmental condition affecting these reactions will likewise influence
the corrosion rate.

0f these corrosion processes, the cathodic depolarization by
oxygen (reaction 2a) is most important [31]. Since this reaction depends
on the concentration of dissolved oxygen next to the metal, the reaction
is affected by the degree of salt concentration, aeration, temperature
and other factors [30]. Reaction (2b) is generally not characteristic
of the corrosion of steel in concrete. However, such reactions will
occur in either acid solutions or concentrated alkaline solutions.

The secondary reactions allow the primary reaction to proceed,
with the accumulation of ferrous ions, Fe+t in the electrolyte which,
in the presence of water and oxygen, are oxidized and precipitated as
rust. Two stages of oxidation may exist, depending on the availability
of oxygen [28,30,32]. The first state is ferrous hydroxide, which is
more soluble than the second, hydrated ferric oxide. The first is

usually formed at the metal surface and is converted tohydrated ferric
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oxide a 1ittle distance away from the surface where the ferric
hydroxide is in contact with more oxygen. The green product of hydrated
magnetite or black anhydrous magnetite may also be formed if the supply
of oxygen is restricted, but these products are not common.

The structure and composition of the rust changes considerably
witih the conditions during its formation. This structure plays an
important role in the subsequent corrosion process [30,32]. Corrosion
could be retarded by the formation of a rust layer if the layer is hard,
dry, and fairly adherent to the metal surface. On the other hand, if
the layer is spongy and easily detachable, it will absorb oxygen and
moisture from the surrounding media and therefore, will aid further activity.

Many factors influence the rate of reaction. If a process is
composed of two or more reactions, as in electrochemical corrosion, the
rate of the process is obtained by the rate of the slowest reactions in
the special conditions [30]. Usually, the primary reaction is much
faster than the secondary reactions. In addition, since the oxygen con-
centration of the media is the dominant influence on the secondary
reactions, it is also the dominant factor in the overall corrosion rate.
However, other variables are also important. If the cathode is large
and consequently exposed to a greater amount of oxygen, the cell current
may be strong in relation to anode size [30]. This increases the risk
of attack and causes a greater penetration rate at the anode area.

The tendency of the reaction to proceed is determined by the
magnitude of the electrochemical potential. Three conditions must exist
to resist continued reaction [2]: (1) the supply of electrons at the

metal surface must occur at a faster rate than the supply of reducibie
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particles from the media; (2) the corrosion product must behave as a
protective coating and retard corrosion rate; and (3) the reduction
reaction must be slowed down, even though adequate electrons and electro-
lyte particles are available at the metal-electrolyte interface. The
third condition is related to electrode kinetics, a subject still not
fully understood. If any of the above conditions exist, the electrode
potential changes and the electrodes are said to be polarized. The
increase in the slope of either the cathode or anode polarization curve
reduces the local cell current and consequently the corrosion rate.

On the other hand, the reduction of the's1ope increases the corrosion
rate. This reduction in slope of the polarization curve is brought on
by increasing the electrode area or introducing chemicals which aid the

electrode reaction.

Variables Affecting the Corrosion of Steel in Concrete

2.5 Variables Associated with Concrete

2.5.1 Chloride and its Sources. In normal Portland cement,

chloride exists in three forms [33]: (1) the free.chloride“ion;(Z)
chloride which is more or less strongly bonded with calcium silicate
hydrates; (3) chloride which is combined in certain types of compounds
such as the calcium aluminate chlorides, calcium ferrite chlorides, and
calcium oxychloride. It is generally believed that the third type

of chloride (the combined) does not further corrosion of the reinforcing
process and bonded chlorides may or may not be available to cause cor-
rosion, depending on the strength of the bonds and other factors. The

free chloride ion does not attack steel in concrete. However, this ion
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does provide a suitable environment for the natural conversion of qiron
to iron oxide [34,35].

Reinforcing steel does not corrode in uncontaminated (no
chloride) Portland cement concrete because of the high pH(12 to 13)
caused by soluble calcium hydroxide originally existing in the cement
[36]. This high pH initially causes the formation of ferric oxide on
the surface of steel, which protects it from corrosion.

However, when soluble chlorides are introduced into the con-
crete, this protective, high pH environment is neutralized. When suf-
ficient chloride is present to destroy the necessary alkalinity (pH less
than 10) and the normal passivity of iron [12,34,37], the natural con-
version of iron to rust will occur. An increase in volume will also
occur because the volume of the rust is greater than that of the parent
iron.

A conflicting theory states that C1~ attacks the passive film
on the metal's surface. T. Tokuda and M.B. Ives [38] presented two
mechanisms for C1~ on the passive film. In the case of a thin film
(nickel), the passive state of the film is sufficient to block any dis-
solution, a]though the metal reactivity is unchanged. However, when C1~
is incorporated in or absorbed on the passive film, inhibition is reduced
and dissolution is permitted. These findings are supported by the fact
that the anodic current is increased by the addition of C17, even when
no pitting occurs at those regions of the surface where dissolution is
permitted first.

The absorbing or penetrating ability of the aggressive cl” ions

is dependent on the nature of the passive film. When the film is thick
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or stable, only the dissolution (reactivity) of the metal itself, and
the inhibitive action of the passive film are in fact relevant to a
discussion of the case of pitting.

Okamoto [39] has proposed that a penetration of C1~ in the
passive film may take place during anodic polarization, resulting in a
“contaminated film". It has been assumed that the passive film (without
€17) is a hydrated oxide film with a gel-like structure. There is no
doubt that chloride ions added into solution absorb on the film surface
and replace water molecules as part of the H20--M0H2 structure. This
action may shift the structure of the film from one type to another.
Okamoto also concluded that the resistance of the passive film to cor-
rosion is almost completely controlled by the nature of the passive film
itself, in which the bound water in the film plays an important role.
This bound water may react to give various species or be replaced by the
other ions from the surroundings, resulting in a disruption of the film.
On the other hand, the bound water may also behave as the effective
species for capturing the dissolving ions and forming resistance in the
new film.

Chloride may be present in fresh concrete but it also permeates
into hardened concrete from environments containing chloride.
2.5.1.1 Chloride Present in Fresh Conerete

One source of chloride in fresh concrete is calcium, which is
frequently used as an accelerator for strength. Another source is sea-
water which is used as concrete mixing water in certain coastal areas
where fresh water is not available. Salt can also be introduced by a

salt-contaminated aggregate in the concrete mix.
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2.5.1.2 Diffusion of Chloride into Concretzs

Diffusion of chloride ions through the concrete cover is an
jmportant parameter affecting the corrosion time of reinforcing steel.
Even in concrete with a low water-cement ratio, chloride jons could dif-
fuse through the mass of concrete and build up to a level sufficient to
induce corrosion.

Intrusion of chloride into concrete is a relatively slow pro-
cess. These chloride ions can intrude by two basic mechanisms: capil-
lary flow of bulk solution into under-saturated concrete and diffusion
jons across a concentration gradient in saturated capillaries. What
each mechanism contributes to the total amount of chloride penetrating
under actual field conditions is not known. However, it seems likely
that capillary forces pull the bulk solution into the surface layers,
and the diffusional forces behave actively in relatively saturated con-
crete. Investigators [40,41] who have measured the diffusion coefficient
for chloride ions in cement and concrete have found it to be in order
of 107 cm?/sec.

2.5.2 Oxygen. Oxygen is not only essential in corrosion but

js primarily responsible for its progress and rate [30,32,42,43]. Oxygen
behaves as a depolarizor at the cathode and consequently tends to increase
the corrosion rate. Thus, this rate, in an active metal such as steel,

is directly proportional to the amount of dissolved oxygen [35,44]. In
fact, in aerated solutions, the effect of oxygen tends to overshadow
everything else [44].

Stratfull [45] even believes that oxygen can depolarize or
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reduce the effectiveness of cathodic protection by the formation of
hydroxides. Therefore, less protection of steel will be made.

An unequal distribution of oxygen over the surface of the steel
will set up anodic and cathodic areas [28,30,31]. Anodic areas are those
with less access to oxygen and cathodic regions. Thus, a cell is set up
along the steel. Therefore, the presence of oxygen in varying concentra-
tions along the reinforcement will tend to increase the possibility of
corrosion.

2.5.3 Effect of Different Types of Portland Cement. Knowledge

of the compound composition of different types of Portland cement is
important in understanding the effect of various types of cement on the
corrosion of steel in concrete. Table 4 shows the typical compound
composition.

Some investigators think that the tricalcium aluminate present
in Portland cement is effective for chloride removal and can therefore,
provide protection against steel corrosion. Conflicting theories are
found in the Tliterature with regard to the minimum tricalcium aluminate
content necessary to prevent corrosion of reinforcing steel in concretes
exposed to chlorides [47,48].

Another unanswered question concerns the protective influence of
Portland cement. That is, certain Portland cement compounds or their
hydration products can reduce the deleterious éffects of chloride by
removing it from the liquid phase which contains a considerable pro-
portion of chloride.

However, there is evidence that differences in the composition

of Portland cements do play an important role in steel corrosion
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Table 4

Compound Composition, Percent

Cement Value Free Ignition Number of
€35 Cp5 Cgh C AF CasO, "¢ MI0 "1oss  samples
Type Max. 67 31 14 12 3.4 1.5 3.8 2.3
I Min. 42 8 5 6 2.6 0 0.7 0.6 21
Mean 49 25 12 8 2.9 0.8 2.4 1.2
Type Max. 55 39 8 16 3.4 1.8 4.4 2.0
11 Min. 37 19 4 6 2.1 0.1 1.5 0.5 28
Mean 46 29 6 12 2.8 0.6 3.0 1.0
Type Max. 70 38 17 10 4.6 4.2 4.8 2.7
11 Min. 34 0 7 6 2.2 0.1 1.0 1.1 5
Mean 56 15 12 8 3.9 1.3 2.6 1.9
Type Max. 44 57 7 18 3.5 0.9 4.1 1.9
IV Min. 21 34 3 6 2.6 0 1.0 0.6 16
Mean 30 46 5 13 2.9 0.3 2.7 1.0
Type Max. 54 49 5 15 3.9 0.6 2.3 1.2
V Min. 35 24 1 6 2.4 0.1 0.7 0.8 22
Mean 43 36 4 12 2.7 0.4 1.6 1.0

associated with chlorides.

Baumel [49] has found that cements with low

A1203 contents (v 4%) exhibit more active electrochemical behavior at

Tower CaC]2 concentrations than cements containing a higher proportion of

aluminates (v 7%).

The remaining influences on the corrosion process which can be

tied to cement compositional variables are mostly indirect in nature.
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For example, a very fine cement may exhibit larger drying shrinkage than
one which is not fine. This shrinkage increases the probability of
cracking in the hardened concrete and allows aggressive agents, such as
deicer salts, to penetrate more rapidly to the steel. The same effect
may be seen in cements low in gypsum [50]. An increase in cement fine-
ness may also increase the water demand of a concrete mix, thus increasing
the net water-to-cement ratio (w/c) and consequently the permeability of
the concrete. Blaine [51] et al. have found a similar relationship
between A1203, C3A, and the water demand.

It is believed that the C3A of Portland cement may react with a
chloride solution and take much of the chloride out of the solution by
forming an insoluble compound, C3A-CaC12- 10 H,0 [52,53]. Roberts [54]
found very Tittle corrosion for type I Portland cement (9 percent C3A)
when 1.4 percent CaC12 by weight of cement was present, while considerable
corrosion took place for the type V Portland cement (1 percent C3A) con-
taining the same amount of CaC]z.

However, under some conditions even high C3A Portland cements
may not be effective chloride-removing agents depending on the type of
crystallographic form. A review of both published experimental data and
theoretical considerations shows that the type of tricalcium aluminate
present and the source of the chloride,as well as the amount, are
necessary factors in predicting the corrosion behavior of steel in
reinforced concrete.

Regourd [55] has done work on this chrystallographic form. He
reported that the formation and the stability of the chloroaluminate

hydrate in Portland cement pastes exposed to sea water may be related
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to the crystallographic form of C3A present in cement. C3A can exist
in commercial Portland cements in three crystallographic forms: cubic;
orthorhombic; or tetragonal. In hydrated cement pastes exposed to sea
water, Regourd found that ettringite rather than the chloroaluminate
hydrate was the preferred phase in cement containing cubic C3A, but
significant proportions of the chloroaluminate hydrated co-existed with
ettringite in cements containing orthorhombic or tetragonal C3A.

2.5.4 Effect of pH. The pH of a corroding solution has a

noticeable effect on the corrosion rate of metals. Large cracks in
reinforced concrete allow the salt-containing solutions easy access to
the interior. Furthermore, the solutions may be flowing into and out of
the crack. This condition makes it difficult to maintain the normal PH
of about 12.5 from saturation by Ca(OH)Z, which would exist in a crack
if there were no flow. Several investigations have considered the
influence of this chloride ion migration into concrete on pore water

pH [56,57], and a decrease in pH from a value near that of water-
saturated concrete (pH=12.35) has been observed.

Shalon and Raphael [36] have investigated the effect of pH in
general and have found that the minimum pH for inhibition of steel varies
from 11.5 to 12.75 depending on the nature of corrodent and the degree
of aeration.

With the use of the Pourbaix diagram, Metzger [58] has indicated
that corrosion would occur in an Fe-H20 system at 25fC for pH values
between 0 and 10 and for pH values greater than 12. These values depend

on the electrical potential of metal.
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Mayne and Menler [59] have pointed out that steel becomes
passive in calcium and sodium hydroxide solutions because of the forma-
tion of an impervious layer of ferric products on the steel surface.
Wleak areas in the initial rust layer are first repaired by the formation
of ferrous hydroxide, which then reacts with oxygen to form Fe304
(magnetite) and Fezo3 (ferric oxide). Direct electrochemical production
of ferric oxide causes later repair. However, the protective film would
be disrupted and corrosion would proceed if, for some reason, the hydroxide
ion concentration were decreased.

2.5.5 The Effect of Moisture. Moisture induces corrosion

reactions. All corrosive variables become ineffective in its absence
[45]. In addition, moisture penetration is the way any external sub-
stances such as chloride, dissolved oxygen and carbon dioxide find access
to the reinforcement. A corrosion cell will be set up along the
reinforcement because of differential moisture content and the areas
having the greatest moisture content will be anodic [12,60]. Thus,

local corrosion occurs by the flow of current from anodic to cathodic
areas. The conduction of electricity through moist concrete is believed
to be the movement of ions in the absorbed water of the paste matrix and
in some cases in the pores of the aggfegate particles, any variables
affecting the amount or properties of water-absorption, or the kind or
number of ions will influence the resistance of concrete and therefore
the current flow. Thus, the moisture content type of corrosion mechanism

can be an important element in the corrosion of steel in concrete.
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2.5.6 The Effect of COZ‘ Calcium hydroxide is converted to

calcium carbonate when carbon dioxide (CQZ) is absorbed into the concrete.
This reaction will reduce the pH and consequently the protective value

of the concrete [42,60,61,62]. A pH lower than 10 may result in the
corrosion of steel in the concrete.

There is sufficient evidence to prove that the possibility of
carbonation is not very great in high quality concrete, and when it does
occur, is in the range of a few millimeters. Therefore, in these con-
cretes, the pH is not affected [36]; however, it is in low quality
concrete.

Carbonation increases the shrinkage of concrete which results in
cracks [61] and an increase in porosity. These allow moisture and cor-
rosive chemicals to penetrate into the concrete and promote corrosion.

2.5.7 Sulfate Attack. Salts in the solid form do not attack

concrete, but when present in solution, they may react with the hardened
cement paste. Sodium, calcium and magnesium sulfates and ground water
are present in some clays, in the form of a sulfate solution. An attack
by these sulfates in solution may then take place because of reactions
with Ca(OH)2 and calcium aluminate hydrate.

The products of the reactions, gypsum and calcium sulphoaluminate,
have a greater volume than the compounds they replace. Therefore, these
reactions with the sulfates lead to expansion and disruption of the con-
crete.

The reaction of sodium sulphate with Ca(OH)2 may be expressed as

follows:
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Ca(OH)24-NaSO4'10H20 > Ca504-2H204-2Na0H4-8H20 (3)

Calcium hydroxide is completely leached out in produced water, but if
NaOH accumulates,equilibrium will be established and only a part of 503
will be deposited as gypsum. Therefore, disruption of the concrete will
be less.
The reaction with calcium aluminate hydrate may be written as
follows [53]:
2(3Ca0-A1203-12 H20)4-3(Na504-10 HZO) -

(4)
3Ca0-A1,053CaS0,+31 Hy0+ 2AT(OH) ; + 6NaOH + 17 H,0.

Calcium sulfate only reacts with calcium aluminate hydrate, form-
ing sulphoaluminate (3Ca0-A1203-3CaSO4-31 HZO)‘ On the other hand,
magnesium sulphate attacks calcium aluminate hydrate, calcium silicate

hydrates and Ca(OH)z. The pattern of the reaction is given as

3Ca0-2$ioz-aq4-MgSO4-7H20 > Ca504-2H20 + Mg(OH)2 + Si02‘aq (5)

An increase in the strength of the solution increases the rate
of the sulfate reaction, although beyond a concentration of 0.5 percent
of MgSO4 or 1 percent Na2504 the intensity of the attack does decrease
[53]. Serious deterioration of concrete occurs in a saturated MgSO4
solution with low water/cement ratio. This situation only occurs after
2 to 3 years [63].

However, it should be noted that CaSO4 is not an important
factor in attacking concrete because of its Tow water solubility.

These sulfate attacks start at the edges and corners of the

concrete, followed by progressive cracking and spalling which reduce the
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the concrete to a friable or even soft state. Low C3A cement reduces the
sulfate attack, and impermeability plays an important role in concrete's
resistance as well.

2.5.8 Concrete Cover. Obviously, the thickness of the cover

over the steel is very important because this cover protects the steel
from factors promoting corrosion.

A thicker concrete cover over the reinforcement means a greater
resistance to the penetration of environmental salts, oxygen, and carbon
dioxide to the steel surface. Therefore, this thickness postpones the
initiation of corrosion. Evans [64] even suggests that thicker covers,
because of their greater strength, are dislodged less easily from intimate
contact with the steel which may produce "rust stifling" and afford
permanent protection.

Kinneman [65] states that a 1/2 inch cover of sound, high-grade
concrete will preserve steel from salt-water corrosion although he also
suggests a 2 to 2-1/2 inch cover for unprestressed concrete. Friedland
[66] reports that a concrete with a maximum aggregate size of 3/8 inch
shows an improvement in corrosion resistance when the cover is increased
from 1/4 to 7/16 inch. It should be noted, however, that the required
thickness is related to the quality of the concrete.

2.5.9 Quality of Concrete. The permeability of the concrete

will determine the degree of penetration for a given thickness of cover
in a given environment. The permeability of concrete depends on several
variables. The most important ones being the water-cement ratio,

aggregate grading, the cement-aggregate ratio and consistency [45]. An

understanding of these factors allows modern concrete technology to
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design a high quality, impermeable concrete which gives high protection
for the life of a structure in a corrosive environment. Shalon and
Raphael [36] have discussed these factors when they describe a high
quality concrete as, "The kind of concrete which can be achieved only
by close attention to every detail in connection with the selection of
materials, proportioning of the mix to produce a truly plastic concrete
having a relatively low water-cement ratio, and thorough consolidation
of the concrete as placed."

Tyler [67] has found that, in general, a low water-cement ratio
(0.4-0.5) concrete will afford better protection than a concrete with a
similar consistency but having a high water-cement ratio (0.6 and higher).
Usually a Tow water-cement ratio concrete also needs higher cement factors
than normally required for strength requirements. Specification of the
best water-cement ratio cannot be made, however, unless the mix consis-
tency is also considered. This consistency has a tremendous effect on
the corrosion rate, not accounted for by the water-cement ratio or the
cement content [66].

Aggregate gradation is another factor which must be considered
for high quality concrete since well-graded aggregate is important for
Tow permeability [66,68]. Data taken by Fiedland [66] indicates that
coarser grading increases the protective quality of concrete; however,
the spread of the data is too great to guarantee the conclusions.

A consideration of these variables indicates that the protec-
tive quality of concrete may be increased by proper proportioning of
the materials. It should be pointed out, however, that no matter how

carefully the mix specifications are prepared, proper supervision and
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site control are required to insure the careful mixing and placing

techniques [45].

2.6 Variables Associated with Steel

Any heterogeneities in the steel's surface produces differences
of effective potential and thus corrosion cells. This nonhomogeneity is
caused by differences in chemical composition over the steel's surface,
differences in texture, and discontinuous surface layers [30]. These
differences in chemical composition may be due to grain boundaries,
impurities, or a change in the corrosion resistance of the microstructure,
and they produce the different potentials which increase the risk of
corrosion, and, in addition, may tend to localize the action [29]. From
the standpoint of total corrosion, however, these variables are not as
important as the external conditions of the concrete [30].

Another factor causing differences in potential is stress,
either static or cyclic, in the reinforcement. Borgmann suggests that
this stress is simply a modification of the bimetalic couple problem:
the crystalline structure in the strained areas has a somewhat different
configuration from that in the unstrained areas [31]. The rearrangement
is such that the strained regions become negative or anodic compared to
the unstrained regions. Consequently, electrochemical couples [16] are
set up. Tension stresses also cause trouble in corrosion. These stresses
produce a force on the grain boundaries, at the steel surface, and in the
cases where corrosion appears along these boundaries, the stresses will
split up the grooves produced between grains. This effect causes further

corrosive attack along the boundaries and simultaneously creates stress
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concentrations which destroy the protective surface films and predispose
the steel to continued attack [28,29].

The corrosion will be intergranular, in the case of static
stresses. In the cases of cyclic stresses, the corrosion is trans-
granular and tends to follow those planes where resolved shear stresses
are maximum. If the range of alternating stresses goes beyond a certain
level, defined as the "fatigue 1imit", any crack starting at the steel
surface will continue through the cross section until a fracture occurs.
Failure never happens below the fatigue limit no matter how many cycles
are applied when corrosive effects are absent. However, the steel struc-
ture becomes unstable when corrosive conditions are present. Conse-
quently, deterioration will occur at the crack boundaries and the crack
will extend no matter how low the stress range [28].

The stresses for reinforcing rebar in concrete are normally
less than required to cause major corrosion.

Another characteristic of metal which reduces its tendency to
corrode is its passivity, the ability to become inactive in a given
environment. In other words, a passivated metal is one with more noble
potential under certain environmental conditions. It should be noted
that although passivity is due to a protective film on the metal's
surface, it is still related to the metal's properties. Passivity, how-
ever, is affected by environmental conditions and can be reduced in a
highly corrosive environmgnt.

The mill scale on the reinforcing steel's surface has a
tremendous effect on the corrosion of steel. Reinforcing rods of the

deformed type are hot-rolled in air and therefore, have various types and
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amounts of mill scale on their surfaces. The mill scale can act as the
cathode of a couple whose anode is the steel base. Since the mill scale
will not form a continuous coating, bare parts are found where the scale
has flaked off. Scaled and bare surfaces combined with aeration or de-

aeration cause cells which in turn cause corrosion.

Passivity and Its Characteristics

Passivity is the loss of chemical reactivity of certain metals
and alloys under particular environmental conditions. Two theories are
more acceptable than the others in explaining passivity: (1) the oxide
film theory; (2) the adsorption film theory. According to the former,

a diffusion layer of reaction products forms a barrier in which metal
oxide or other compounds keep the metal separate from its environment.
Consequently, the reaction rate slows down. According to the latter
theory, the metal is covered by a chemisorbed film--that is, oxygen.
This chemisorbed layer displaces the adsorbed H20 molecules and slows
down the rate of the anodic reaction, or hydration of the metal jon.
Passivity breaks down because of the presence of chloride jons. Accord-
ing to the oxide film theory, the chloride ion either penetrates the
oxide film through the pores or may colloidally separate the oxide film
and thus increase its permeability. According to the adsorption theory,
C1” may adsorb on the meta] surface in competition with dissolved 02 or
OH"[75]. €17, in contact with the metal, increases its dissolution.

A number of investigators, namely Hoar [69], Bianchi, et al.
[70], Kortum and Bockris [71], Seijka, et al. [72], H.H. Uhlig [35],
Vetter [23], Pourbaix [74], Okamoto [39j, and others have done work on
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the subject of passivity. Others have used analytical techniques to
try and discover the nature of passive films. Some of the techniques
used are:

1) auger electron spectroscopy

2) surface studies by electron diffraction

3) the x-ray diffraction method for analyzing the corrosion product
4) electron microscopy of surfaces

5) x-ray photo electron spectroscopy (ESCA)

6) ion-scattering spectrometry

7) nuclear microanalysis

8) ellipsometry techniques

9) 1low energy diffraction technique (LEED)
10) electron probe microanalysis

Greater detail on the experiments relating to passivity is beyond the
scope of this study.

Characteristics of Passivation

Figure 1 is a behavior of an active-passive metal under cor-
rosive environments. This figure indicates three possible cases which
may exist for an active-passive metal in corrosive conditions. 1In
case 1, there is only one stable intersection which is in active region,
and high corrosion rate occurs. This is a characteristic of stainless
steel in sulfuric acid. Typical behavior of such a case is shown in
Figure 2a. In Case 2, there are three possible intersection points like
A, B, and-C at which the total rate of anodic and cathodic reactions are
equal. The system cannot exist at point C because it is not electrically

stable, but points A and B are stable. This system may exist in active
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or passive state. This is a characteristic of steel in fertilizer
solution, and typical behavior of this system is shown in Figure 2b.

In Case 3, there is only one stable point, and the metal
spontaneously passivates and corrosion rate is small. This is a charac-
teristic of steel in concrete, and typical behavior of the system is

shown in Figure 2c.

Molybdenum/Molybdenum Oxide (Mo/Mo0z2) Reference Electrode

Solid molybdenum/molybdenum oxide is a newly developed electrode
[76,77]. It is small and compact, and can be used in any orientation.
Mo/Mo0O3 electrodes can be embedded permanently in concrete adjacent to
the reinforced structures (such as bridge decks and pipelines), which makes
regular measurement and control of the potential of structures possible.
This electrode also reduces the potential measurement error significantly.

The Mo/MoO3 electrode is stable when manufactured to produce
MoO3 on the surface. The electrode's behavior with a variation of OH™

concentration is given as follows:

MoT® + 68 2 Mo (6)
Mo0; 2 M6® + 30 (7)
30 + 3H,0 T 60K (8)
60H™ + 6H™  6H,0 (9)

Table 5 indicates the potential of the Mo/MoO3 electrode com-

pared to an external Cu/CuSO4 electrode invarious salt-contaminated con~

cretes.
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Table 5

Potential of the Mo/MoO3 Electrode in Concrete,
Compared to Cu/CuSOg

Chloride Average Standard
Content, wt % Potential, mv Deviation, mv
0 309 15.6
0.1 262 17.7
0.2 267 10.7
0.5 294 10.6

Table 6 shows the potential of Mo/MoOS, compared to a saturated
calomel electrode in a saturated Ca(OH)2 solution with varying salt

concentration.

Table 6

Potential of the Mo/Mo03 Electrode in a Saturated
Ca(OH)2 Solution, Compared to a Saturated Calomel

Chloride Content, wt % Potential, mv
0 -420
0.25 -420
0.5 -420
-420

2 -420
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Potential Measurement in Electrochemical Cells

2.7 Cathode - Solution Gradient

The work of Stammen and Townsend [78] has shown that differences
in potential are found at various points around a cathode when a current
is introduced from the cathode to a chemical solution.

It was concluded that the potential would increase for a constant
Tevel of current as the distance from the cathode was increased. The
change in the level of current gives essentially the same pattern, with
potential values proportional to the current.

Hoar and Kasper [79,80] also found a gradient in potential in
the solution adjacent to the electrode and a tangential as well as normal

components of current at the electrode surface.

2.8 Cell Design and Potential Distribution

The potential and current distribution inthe cell are of primary
importance. Electrode placement and cell geometry have a great impact on
the potential and current distribution, which consequently influence
analytical and kinetic measurements.

The most basic elements to be taken into account are the dimen-
sions and relative positioning of the cell component, which may create a
local variation«yfelgctrqde potential at the working electrode [81,82,
83,84]. For instance, the positioning of the reference electrode in the
electrochemical cell may create a potential error for the working elec-
trode, because of the IR drop between the working and the reference
electrode.

To an extent, uniform current density indicates a uniform
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potential distribution. This may be required for all controlled poten-
tial methods. However, because the relation between current and poten-
tial distribution over the electrode surface is dependent upon the cur-
rent potential characteristics of individual portions of the surface,
considerab}e change in current density may occur without any variation
in electrode potential and vice versa. For example, an electrode which
operates with virtually a uniform potential distribution may indicate
quite non-uniform current distribution either because of differences in
mass transfer at various parts of an electrode or because all regions of
an electrode are operating at points on the steeply rising portion of
current-potential characteristics. In a controlled-potential method,
neither of these two conditions of non-uniform current distribution can

necessarily be determined.



CHAPTER III

EXPERIMENTAL PROCEDURES

Sample Preparation

3.1 Mix Design

The mix design for the concrete was obtained from the Oklahoma
Department of Transportation. The specifications for one cubic yard of
concrete are given below:

658 1bs cement

1250 1bs dry sand

2000 1bs dry aggregate

276 1bs water

w/c = 0.42

These amounts were lowered proportionaily to the smallest amount
of concrete necessary to make the sample blocks. For example, for making
10 - 1x2x3 inch blocks, the amounts used were as follows:

0.854 1bs cement

1.620 1bs fine sand (dry)

2.590 1bs aggregate (dry)

0.350 1bs water

Because the sand and aggregate were stored outside the mixing

room, weather conditions resulted in a variation in water content.

37
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Therefore, the amount of water specified in the mix design was lowered
by the water content of the sand and aggregate.

The concrete was stirred with a trowel until very well-mixed.
This concrete mix was placed in the mold and rodded with a reinforcing
bar to remove any large air pockets. These blocks were then placed in

a water caBinet for 28 days to be cured.

3.2 Test Specimen

3.2.1. Samples for Electrochemical Studies of Steel in Salt-

Contaminated Concrete. For this test program, sixty concrete blocks of

1x2x3 inch were cast. Each concrete block had a steel plate of 1.5x2
inches placed in the center with a 1/2 inch cover, and one solid moly-
bdenum/molybdenum oxide (Mo/MoO3) reference electrode [76,77] placed
adjacent to the steel to reduce the IR drop in potential measurement.

The steel plates were acid-pickled and cleaned with acetone and distilled
water prior to usage. The chemical analysis of the steel plate used in
these experiments was performed by Midstates Analytical Laboratory, Inc.
The results of this analysis is given in Table 7.

Half these concrete blocks were made of Type I and the other
half of Type V Portland cement. The composition of these two types is
given in Table 8.

Salt (NaC1) was mixed with some of each of these types. The
salt concentration was in the range of 0.1 to 2% by weight of concrete.
The salt was first added to the concrete mixing water in order to dis-
tribute the salt uniformally throughout the concrete.

After the 28 days of curing, a number of samples from both Type

I and V with a salt content from 0 to 2% were placed in water and in dry
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Table 7

Chemical Analysis of the Steel Used
in This Study

Element Concentration %
Carbon 0.06
Sulfur 0.017
Phosphorous 0.009
Silicon 0.03
Maganese 0.28
Chromium 0.02
Molybdenum 0.01
Copper 0.02
Aluminum 0.01
Table 8

Cement Composition of Type I and V Portland
Cement Used in This Study

Type of

Cement Compounds
otal Alkalies
S C,S CA  C,AF INaZO)
v 60.83 19.10 4.51 8.60 0.37

51 25 9 8
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conditions, in the laboratory. Some of the slabs with no salt content,
from both Type I and V, were placed in a salt solution (NaCl) with con-
centrations ranging from 0.1 up to 2% salt. The time of exposure of
these samples to the above environments will be discussed in the
Exposure Section.

In addition, three more 1 x 2 x 3 inch concrete blocks of Type I
Portland cement with 0.5, 1, and 2% salt content by weight of concrete
were cast. Each of the three had a 1/2 x 2 inch platinum plate (thickness,
0.002 inch) placed in the center with a 1/2 inch cover. One Mo/MoO3
solid electrode was placed adjacent to the platinum plate in each block.

3.2.2 Samples for the Effect of Wire Mesh on Current and

Potential. For this study, a series of test specimens were made.

Initially, five 3 x 3 x 3 inch concrete slabs of Type I Portland
cement were cast. Each block had one 1.5 x 2 inch steel plate and one
solid Mo/MoO3 reference electrode adjacent to the plate. Four of these
concrete slabs had a reinforcing wire mesh and one had none. Two of the
slabs had a screen wire mesh. On one, this was lying on the plate and
on the other was 2 inches away from the plate, with no connection. The
screen wire mesh was degalvanized in acid prior to usage. The other two
slabs had an expanded wire mesh with the same locations as the screen
wire mesh. In addition, another Mo/Mo0, electrode was mounted adjacent
to each wire mesh. The arrangement of the plate and wire mesh in these
concrete stabs is shown in Figures 3A and 4.

One 3 x 6 x 3 inch concrete block having one steel plate and
four screen wire meshes were cast in order to study the effect of potential

gradient in the concrete. The screen wire meshes were mounted in the
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concrete at distances of 3, 6, 9, and 12 centimeters from the plate. In
this concrete sample, one Mo/MoO3 reference electrode was placed adjacent
to the steel plate and each mesh. The arrangement of the screen wire
meshes, the steel plate, and the reference electrodes in this concrete
sample is shown in Figure 5.

Finally, another 3 x 6 x 2 inch concrete slab with five 1/2 x 1
inch platinum plates (thickness, 0.002 inch) was cast. The platinum
plates were 2 inches apart. In this concrete sample, each plate had one

Mo/MoO3 electrode adjacent to it, as shown in Figure 6.

3.3 EXxposure Time

After 28 days of curing, some of the 1 x 2 x 3 inch concrete
blocks were placed in distilled water, some in salt solutions, and some
in a dry condition in the laboratory. These concrete blocks were kept
under these conditions for six to seven months and periodically, the
polarization test was conducted on them.

After 28 days of curing, the concrete blocks used for the wire

mesh study were placed in a dry condition in the laboratory.

Electrochemical Measurements

In this study, the Potentiostat/Galvonostat Model 173, combined
with a logarithmic current converter Model 376 and Universal Programer
Model 175 purchased from Princeton Applied Research were used for obtain-
ing the polarization data. The data were recorded by a Varian Recorder
Model F100. Potentiostat Model PEC-1B from Floyd Bell Associates, Inc.
and a volt-ohm microammeter Model 269 from Simpson Electric Company were

also used. The potential measurements were made by a digital voltmeter
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Model 3460A and 3440A from Hewlett, Packard.

3.4 Electrochemical Study of Steel in Salt-
Contaminated Concrete

The anodic and cathodic potentiostatic polarization curves were
obtained périodically for all 1 x 2 x 3 inch concrete slabs. In these
polarizations, the potential of the steel plates was compared by an
embeddable solid Mo/MoO3 reference electrode adjacent to the plate and
the potential shifted by 50 mv every three minutes. A graphite anode was
used in this study. A sponge wetted with saturated KC1 was used to conduct
the current through the concrete. A diagram of this assembly is shown in
Figure 3B.

A potentiodynamic anodic polarization test was also carried out
on these samples. In this test, the potential of the steel plate was
kept at -1300 mv, in comparison to the Mo/MoO3 electrode, for ten minutes.
Then the potential was scanned towards the more positive, up to +2000 mv.

A slow sweep rate was used (0.28 mv/sec).

3.5 Effect of Wire Mesh and Potential Measurement
Error on Current and Potential

The experiments for this study were divided into two parts:
solution and those concerning concrete environments.

3.5.1 Solution. A series of tests was conducted in a saturated

calcium hydroxide [Ca(OH)z] solution, used to simulate the concrete
environment. In these tests, a saturated calomel electrode was used as
a reference electrode and a platinum electrode as an anode.

Different cell arrangements with various wire mesh sizes were
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used in order to investigate fully the effect of wire mesh on current
and potential measurements.
3.5.1.1 Polariaation of the Steel Plate

3.5.1.2.1 Wire Mesh was Between the Anode and the Cathode with

no Conneetion. Initially, an experimental set up as shown in Figure 7

was used. The wire mesh was placed between the anode (platinum plate)

and cathode (steel plate). Anodic and cathodic polarization of the steel
plate was obtained. The wire mesh potential was determined simultaneously
with a separate Luggin probe.

3.5.1.1.2 The Wire Mesh was Lying on the Steel Plate. Another

test was conducted while the wire mesh was lying on the steel plate. A
cell assembly for this experiment is shown in Figure 8. The anodic and
cathodic polarization curves were obtained for the steel plate.

3.5.1.1.3 The Wire Mesh was Connected to the Top and Bottom of

the Steel Plate and Raised in an Are about 1 Inch. In a third experiment,

the wire mesh was connected at the top and bottom of the steel plate and
raised in an arc about one inch in the center. A cell set-up for this
test is shown in Figure 9. The anodic and cathodic polarization curves
for the steel plate were obtained. Note: the wire mesh was degalvanized
in nitric acid prior to use in all the above experiments.
3.5.1.2 Potential Shift of the Platinum Electrode as a Function of
Distance, Because of the Passage of Current. (Platinum Plates were
Between the Anode and the Cathode with no Comnection).

The experimental set-up shown in Figure 10 was used, to deter-
mine the potential gradient between anode and cathode. In this experiment,

five platinum electrodes were placed in 3% salt solution one inch apart.
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STEEL PLATE WHEN STEEL WIRE MESH IS ATTACHED TO TOP AND
BOTTOM OF STEEL PLATE IN SATURATED CA(OH), SOLUTION.
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One of these platinum electrodes was used as an anode and another as a
cathode. The potential of the three platinum electrodes between the
anode and the cathode was measured simultaneously by three separate
Luggin probes.

3.5.2 Concrete Environments.

3.5.2.1 Polarization of the Steel Plate at the Presence of the Wire
Mesh.

Anodic and cathodic polarization curves were obtained for the
steel plate in the concrete samples with the screen and expanded wire
mesh connected and disconnected to the steel plate. The potential of
the steel plate and wire mesh was measured by the two separate solid
Mo/MoO3 electrodes placed adjacent to the plate and wire mesh. A
typical concrete sample with wire mesh disconnected from the plate is
shown in Figure 3B.

The anodic and cathodic polarization curves of the sample
having the platinum plate and wire mesh were obtained. The potential of
the wire mesh was measured with respect to the Mo/MoO3 electrode placed
adjacent to it. This test was performed to check the potential variation
of the wire mesh in the presence of platinum plate instead of the steel
plate.
3.5.2.2 Potential Shift of the Wire Mesh as a Function of Distance from
the Cathode Because of the Passage of Current. (Wire Meshes were Between
the Anode and the Cathode with no Connection).

Two different test series were conducted in order to determine
the potential gradient in concrete. (1) The polarization test was

carried out on the sample with four wire meshes placed at the distances
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of 3, 6, 9, and 12 centimeters from the steel plate. The potential of
each mesh was measured simultaneously by the solid Mo/MoO3 electrodes
mounted adjacent to them. The schematic diagram of this sample is
shown in Figure 5. (2) The polarization test was conducted on the
sample with five platinum plates placed at distances of 2 inches from
one another. One of these platinum plates was chosen as cathode and
the potential of the other four platinum plates between the anode and
cathode was measured with the Mo/MoO3 electrodes placed close to them
(see Figure 6). For all of these tests, a sponge wetted with saturated

KC1 solutionwas used between the anode (graphite) and the concrete.



CHAPTER 1V

RESULTS

The Electrochemical Behavior of Steel in a Salt-Contaminated Concrete

The results presented here consist of anodic and cathodic polar-
jzation curves for steel in concrete.

These results represent a qualitative assessment of these curves
rather than a quantitative determination of corrosion current densities.
The shape and position of the curves provide a reasonably good indication
of the corrosiveness of the environment with regard to steel. The relation-
ship between this corrosivity of an environment and polarization curves
will be explained below.

Note: In this study, the word "salt" refers to sodium chloride.

4.1 Samples in Dry Condition

Figure 11 presents the anodic and cathodic potentiostatic
polarization curves for Type 1 Portland cement concrete. (The samples
were in a dry condition in the laboratory for 200 days.) The results
indicate that the current density requirements for the sample with no
salt are much higher than for the samples containing up to 2% salt. This
result was repeated in the potentiodynamic anodic polarization (see
Figure 12). The cathodic polarization in Figure 11 also indicates that

current density increases as the salt content of the concrete increases

54
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from 0.1 to 2%.

The potentiodynamic anodic polarization curves in Figure 12
show that the anodic current requirements decrease as the salt content
of the concrete increases. The cathodic parts of these polarization
curves show that at -1300 mv with respect to the Mo/MoO3 electrode the
current requirements for the samples are different.

Figure 13 gives the anodic and cathodic potentiostatic polari-
zation curves for the Type V Portland cement concrete samples with
various salt contents which had been exposed to dry conditions for 200
days. The data indicates that the cathodic current density requirements
for the concrete sample with no salt is higher than for the samples with
salt content, but the anodic current density for the sample with no salt
is about the same as for the sample with 0.5% salt, but higher than for
the rest of samples with various salt contents. The potentiodynamic
anodic polarization indicates that the current density requirements for
the sample with no salt is almost the same as for the samples with various
salt contents (see Figure 14).

The cathodic polarization curves in Figure 13 indicate that the
current density requirements decrease as the salt content increases. The
anodic polarization curves also show approximately the same trend.

A comparison of Figures 11 and 13 indicates that the anodic and
cathodic polarization of steel in Type I and V Portland cement are not
alike. The shape and the position of the anodic and cathodic curves are
different for these two types of cement. Figure 11 shows that the cur-
rent density requirements for steel in Type I Portland cement increase

as the salt content increases except for the sample with no salt. The
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opposite trend was seen for Type V Portland cement containing various
percentages of salt. The anodic current density requirements for Type
I Portland cement were about the same, but some differences were found
for Type V Portland cement.

In general, the current density requirements for the anodic and
cathodic polarization of steel in Type I Portland cement are higher than
in Type V Portland cement with and without salt content.

Figure 15 is a plot of the steel plate potential compared to
Cu/CuSO4 in Type I and V Portland cement samples versus the salt concen-
tration obtained after the samples were exposed to the dry conditions of
the laboratory for 200 days. The potentials of steel in Type I Portland
cement were approximately constant for salt concentrations up to 1%
(potentials in the range of -530 mv), but the potential shifted toward a
more positive value (-470 mv) for a 2% salt concentration. In Type V
Portland cement, the steel potential for the samples with zero and 0.1%
salt content were the same (-500 mv), and the potential shifted toward
a more negative value (-590 mv) for 0.5% salt content. The potential

then shifted toward a more positive value for 1 and 2% salt content.

4.2 Samples in Distilled Water
Figure 16 presents the anodic and cathodic potentiostatic
polarization curves for steel in Type I Portland cement concrete con-
taining various salt contents. (The samples had been in distilled water
for 90 days.) The results indicate that the current density requirements
jncrease as the salt content increases. Passivity was observed for the

steel in the zero and 0.1% salt content samples. The anodic polarization
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curves presented in Figure 16 indicate that the current density require-
ments for the 0.5 to 2% salt content samples were much higher than for the
sample with zero and 0.1% salt.

Figure 17 shows the anodic and cathodic polarization of steel
in the Type V Portland cement samples containing various percentages of
salt (NaCl1). (The samples had been in distilled water for 90 days.)
The data indicates the same trend as found for Type I Portland cement.
That is, the current density increases as the salt content increases.
The anodic polarization indicates the existence of passivity for the
samples with zero, 0.1, and 0.5% salt content. The anodic current
density for the samples with zero, 0.1, and 0.5% salt content was approxi-
mately the same, but this density was much higher for the samples with 1
and 2% salt content.

A break at the potentials about -500 to -600 mv compared to the
Mo/MoO3 electrode for the cathodic polarization curves and about 500 to
600 mv for the anodic polarization curves for the samples of Type I and
V Portland cement containing various salt contents was observed.

A comparison of Figures 16 and 17 indicates that the anodic and
cathodic current requirements for steel in the samples with zero, 0.1,
and 0.5% salt content are higher for Type I than for Type V Portland
cement, but the opposite trend was found for the samples of 1 and 2% salt
content.

Figure 18 presents the anodic and cathodic potentiostatic polari-
zation of steel in Type I Portland cement containing various salt con-
tents. (The samples had been in distilled water for 170 days.) The

results in this figure indicate that the current density for the sample
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with 0.1% salt is lower than for the sample with no salt. The anodic
current density of the steel increases as the salt content increases.
The cathodic current density of the steel in the samples with zero,
0.5, and 1% salt content is approximately the same, but this density is
higher than the 0.1% and lower than the 2% salt content samples. The
anodic curves also indicate the existence of a passive region for the
samples with zero and 0.1% salt content. The potentiodynamic anodic
polarization also indicates the same results. The passive region was
smaller for the sampie with 0.1% salt content than for the sample with
no salt. (See Figure 19.)

Figure 20 presents the anodic and cathodic potentiostatic
polarization curves for steel in the Type V Portland cement samples
having various amount of salt. (The samples had been in distilled
water for 170 days.) The data shows that the current density require-
ments increase as the salt content increases. The anodic polarization
indicates the presence of a passive film on the steel surface for the
samples with zero, 0.1, and 0.5% salt content. The same result was
found in the potentiodynamic anodic polarization curves. (See Figure 21.)

A comparison of Figures 18 and 20 indicates that the anodic
and cathodic current density requirements for the samples of Type I
Portland cement with zero, 0.1, and 0.5% salt contents are higher than
for the samples of Type V Portland cement with the same amounts of salt.
However, these current density requirements are about the same for the
samples with 1 and 2% salt content. The anodic and cathodic current
density for the sample of Type I Portland cement with 0.1% salt content

was lower than for the sample with no salt, but higher for the samples
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CEMENT WITH VARIOUS SALT CONTENTS. THE CONCRETE SAMPLES
WERE IN WATER FOR 170 DAYS.
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of Type V Portland cement with zero and 0.1% salt content. The anodic
polarization curves also indicate that the steel will remain in a passive
state for the samples of Type I Portland cement with a salt content up

to 0.1% but up to 0.5% for the samples of Type V Portland cement. These
results were repeated in the potentiodynamic anodic polarization curves.
(See Figures 19 and 21).

Figure 22 represents the potentiodynamic anodic and cathodic
polarization curves for a platinum plate in 0.5, 1, and 2% salt-contamin-
ated concrete of Type I Portland cement. (The samples had been in dis-
tilled water for 45 days.) A break occurred at the potentials about 500
to 750 mv versus the Mo/MoO3 electrode for the anodic and about -500 to
-800 mv for the cathodic polarization curves. This was the same
potential range indicated by the samples with the steel plate.

Figure 23 is a plot of steel potential versus salt content for
the samples of Type I and V Portland cement exposed to distilled water
for 90 to 170 days. The potentials of the steel plate in Type I Portland
cement samples shifted toward a more positive value for 0.1% salt content,
then toward more negative values for higher salt concentrations. The
exposure time to distilled water (from 90 to 170 days) for the samples of
Type I Portland cement caused a 1ittle shift in steel potential for the
samples containing salt content up to 1%, but this shift was higher for
samples with 2% salt content.

The potentials Qf stee] in Type V Portland cement shifted
toward more negative values as the salt concentration increased except
for the sample with 1% salt which has been exposed to distilled water

for 170 days. The exposure time to distilled water had a little effect
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on the potential for the samples of Type V Portland cement up to 1% salt
content, but it had a significant effect for the sample with 2% salt

content.

4.3 Samples in Salt Solutions

No salt was mixed with the samples described in this section.
Figure 24 presents the anodic and cathodic potentiostatic polarization
of steel in Type I Portland cement. (The samples had been exposed to
the various salt solutions for 90 days.) The result indicates that the
anodic and cathodic current density requirements increase as the salt
concentration of the solution increases. A break in the cathodic polari-
zation curves was also observed. There was no break in the anodic and
cathodic polarization curves for the sample exposed to distilled water.

Figure 25 represents the anodic and cathodic potentiostatic
polarization curves for the samples of Type V Portland cement. (The
samples had been exposed to the various salt concentrated solutions for
90 days.) The data indicates that the anodic current density require-
ments increase as the salt concentration of the solution increases. The
cathodic curves show that the samples exposed to the salt solutions
require more current density than the sample exposed to distilled water
but the current density requirements for the samples exposed to the
various salt solutions are approximately the same. A break in the
cathodic polarization curves for the samples placed in the salt solutions
was observed at the same potentials mentioned for the samples with salt
content exposed to distilied water.

A comparison of Figures 24 and 25 indicates that, in general,

the anodic and cathodic current density requirements for the samples of
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Type I Portland cement soaked in the salt solutions are higher than for
the samples of Type V Portland cement exposed to the same salt solutions.

Figure 26 presents the anodic and cathodic potentiostatic
polarization curves for Type I Portland cement. (The samples had been
soaked in various salt-concentrated solutions for 170 days.) These
curves show that the current density requirements increase as the salt
concentration of the solutions increases. Anodic polarization curves
indicated a passivity for the steel only on the sample exposed to zero
salt solution. This result was also found in Figure 27 for the potentio-
dynamic anodic polarization. (The samples had been soaked in salt-concen-
trated solutions for 300 days.) The results also indicate that the region
of passivity was much greater for the sample soaked in distilled water than
for the sample in 0.1% salt solution.

Figure 28 represents the anodic and cathodic potentiostatic
polarization curves of steel in Type V Portland cement. (The samples
had been soaked in various salt-concentrated solutions for 170 days.)
The result indicates that the current density requirements increase as
the salt content of the solution increases. A significant variation
in current density was observed for the samples exposed to salt solu-
tions, compared to the samples exposed to distilled water. The steel
was passivated only in the samples exposed to no salt solutions. Figure
29, which represents thg potentiodynamic polarization curves, indicated
the same result. (Thg samp]gs had begn exposed to salt solution for

300 days.)
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A comparison of Figures 26 and 28 indicates that the anodic and
cathodic current density requirements for the samples exposed to the
salt solutions, compared to the samples soaked in distilled water, are
higher for Type I than for Type V Portland cement.

Figure 27 indicates that the anodic current requirements for
steel in the sample of Type I Portland cement exposed to 3.5% salt
solution for 45 days are about the same as for the samples exposed to
0.5, 1, and 2% salt solutions but higher than for the samples exposed to
zero and 0.1% salt solutions for 300 days. Figure 29 also indicates that
the anodic current requirement for steel in Type V Portland cement
exposed to 3.5% salt solution for the period of 45 days is higher than
for the samples exposed to 0.1 and 0.5% salt solutions but lower than
that for the samples exposed to 1 and 2% salt solutions for 300 days.

Figure 30 indicates that the anodic current density of steel in
Type I and V Portland cement exposed to salt solutions increases as the
salt content and exposure time to salt solution increases.

A comparison of Figures 27 and 29 indicates that the salt pene-
trates at a much faster rate for the samples of Type I Portland cement
exposed to the salt solutions ranging from 0.1 up to 3.5% than for Type
V exposed to the same solutions. (See also Figure 30.)

A comparison of Figures 24 and 26 indicates that the exposure
time to salt solutions has a significant effect on the increase of anodic
and cathodic current dgnsity for Type I Portland cement. (See also
Figure 30.)

No break in the anodic polarization curves was seen for the

samples soaked in 0.5, 1, and 2% salt solutions for 90 days, but a break
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was observed after 170 days of exposure at the same potentials as
mentioned for the samples with salt content exposed to distilled water.

A comparison of Figures 25 and 28 indicates that the exposure
time to the salt solutions (for a period of 90 to 170 days) has a
fairly small effect on the anodic and cathodic current density require-
ments for the samples of Type V Portland cement.

Figure 31 presents the differential anodic current density at
the potential of 800 mv (with respect to a Mo/Mo0O3 electrode) as a func-
tion of the salt-concentrated solution. The differential anodic current
density was determined by subtracting the anodic current density require-
ment at +800 mv for the samples of Types I and V Portland cement concrete
exposed to distilled water from the current density requirement for the
samples of Types I and V exposed to solutions with various salt concentra-
tions at the same potential (+800 mv). Figure 31 also presents the cur-
rent, calculated by the diffusion process equation (see Appendix B). The
result in Figure 31 indicates that the differential anodic current
increases as the salt content of the solution increases. The current
calculated by the diffusion process increases linearly with the increase
of the salt content in the solution.

Figure 32 is a plot of the steel potential in Types I and V
Portland cement samples exposed to various salt-concentrated solutions
for 90 to 170 days. The potentials of steel in Type I Portland cement
shifted toward more negative va]ugs as the salt concentration of the
solutions increased except for the samples exposed to a 0.5% salt
solution. The shift in potentia] for the samples exposed to 0.1, 0.5,

and 1% salt solutions dfter 90 days was constant. There was no significant
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shift in potentials for samples exposed to salt solutions with a salt
concentration lower than 1%, but an appreciable potential shift was
observed for the samples exposed to 1 and 2% salt solutions.

The potentials of steel in Type V Portland cement samples also
shifted toward the negative direction as the salt concentration of the
solutions was increased, except for the sample exposed to 1% salt solu-
tion for 170 days. The exposure time to salt solutions (from 90 to 170
days) for the samples of Type V Portland cement had a significant effect
on the steel potential.

Figure 33 presents the potentiodynamic cathodic polarization of
steel with and without IR drop compensation in 2% salt-contaminated con-
crete of Type V Portland cement. In this test, the potential of the steel
was controlled by the Mo/MoO3 electrode embedded adjacent to the steel
plate. The result indicates no change in the Tafel slope of the polariza-
tion curves and a very small shift in the current requirements (see curves
1 and 2 in Figure 33). Figure 34 also represents the potentiodynamic
polarization of steel with and without IR drop compensation in 2% salt-
contaminated concrete of Type V Portland cement. In this experiment, the
potential of the steel plate was controlled by an external Cu/CuSO4 refer-
ence electrode. The data indicates no significant change in the Tafel
slope, but a small shift in the current requirements (see curves 1 and 2

in Figure 34).
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Effect of Steel Wire Mesh and Potential Measurement

Error on Current and Potential

The results in this section will be divided into two parts,

solution and concrete environments.

4.4 Solution
The potential measurements in the solution were made by saturated
calomel reference electrodes. Luggin probes were used to reduce the IR
drop in potential measurements.

4.4,1 Polarization of the Steel Plate.

4.4.1.1 The Wire Mesh was Between the Anode and Cathode with no Commection.

Figure 35 presents the anodic and cathodic polarization curves
for the steel plate in a saturated calcium hydroxide [Ca(OH)Z] solution
with the presence and the absence of a steel wire mesh. Different sizes
of wire mesh were used to discover the effect of hole size in shielding
the current. The cell assembly for this test is shown in Figure 7. The
results indicate no significant differences in current density require-
ments with the wire mesh compared to those with no wire mesh.
4.4.2.2 The Wire Mesh was Comnected to the Top and Bottom of the Steel
Plate and Raised in an Are About One Inch.

Figure 36 presents the anodic and cathodic polarization of the
steel plate in a saturated Ca(OH)2 so]ution when the wire mesh was con-
nected to the top and bottom of the steel plate. The cell assembly for
this experiment is shown in Figure 9. The results indicate that the
cathodic current density dogs not change significantly with the wire

mesh connected to the steel plate or without any wire mesh. The anodic
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curves show that the passive region is greater for the steel plate with-
out any wire mesh than it is when the wire mesh is connected to the
steel plate. The results also indicate that the anodic current density
requirements for the steel without wire mesh are higher than when the
wire mesh is connected to the plate. In calculating the current density
for the case where the wire mesh was connected to the plates, the cell
current was divided by the sum of the plate and wire mesh surface areas.
4.4.1.3 The Wire Mesh was Lying on the Steel Plate.

Figure 37 presents the anodic and cathodic polarization curves
for the steel plate in a saturated Ca(OH)2 solution when the wire mesh
was lying on the plate. The cell assembly for this test is shown in
Figure 8. The results show no significant differences in the cathodic
current density for the steel plate with and without the wire mesh. The
anodic polarization curves indicate that the passive region for the steel
plate without the wire mesh is greater than when the wire mesh is present.
In this test, the current density was calculated as the cell current
divided by the sum of the plate and wire mesh surface areas (for the case
where wire mesh was connected to the plate).

4.4.2 Shift in Wire Mesh Potential Because of the Passage of

Current (The Wire Mesh was Between the Anode and Cathode.) Figure 38

shows that the potential of the wire mesh shifted with the polarization
of the steel plate. The shift in wire mesh potential was toward the
positive for the cathodic polarization and toward the negative for the

anodic polarization of the steel plate.
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4.4,3 Potential Shift of the Platinum Electrode as a Function

of Distance Because of the Passage of Current (Platinum Plates were

Between the Anode and the Cathode with no Connection.) The experimental

set-up shown in Figure 10 was conducted to determine the potential gra-
dient between anode and cathode. This experiment was conducted in 3% salt
solution with five platinum electrodes. Two of these acted as anode and
cathode and three were between the anode and the cathode. The potential
of the three platinum electrodes between the anode and cathode was
measured simultaneously during cathodic polarization. The results pre-
sented in Figure 39 indicate that the potential of these three platinum
electrodes shifted toward more negative values as the cathodic current
increased. Also, the potential shifted toward less negative values as
the distance of platinum electrode from the cathode was increased (see
also Figure 40). Figure 40 presents the shift in the potential of the
platinum electrode as a function of distance from the cathode at three
constant levels of current. The results indicate that the potential

shift is not linear as a function of distance from the cathode.

4.5 Concrete

4.5.1 Polarization of the Steel Plate in the Presence of a

Wire Mesh. Figure 41 presents the anodic and cathodic polarization of
the steel plate with a wire mesh connected and disconnected to the plate
(a cell assembly for this concrete sample is shown in Figures 3B and 4).
The results indicate that the cathodic current density requirements for
the sample with the wire mesh connectgd to the plate are higher than for

the sample with no wire mesh. The opposite effect was found for samples
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with the wire mesh disconnected from the plate. The anodic polarization
curves indicate that tha anodic current density requirements for the
samples with wire mesh connected and disconnected to the plate are lower
than the sample with no wire mesh.

Figure 42 also presents the anodic and cathodic polarization of
the steel with a wire mesh connected and disconnected to the plate. 1In
this experiment, the samples were exposed to distilled water for four
months. The results indicate that the cathodic current density require-
ments for the sample with no wire and those with wire mesh placed between
the anode and cathode with no connection, are about the same. The cathodic
current density for the samples with wire mesh connected to the plate is
higher than the sample with no wire mesh. The anodic current density
requirements for the samples with wire mesh connected and disconnected
to the plate were a little scattered for the wire meshes with different
hole sizes. In these experiments, the current density for samples with
the wire mesh connected to the plate was calculated as the cell current
divided by the sum of the surface areas of the plate and wire mesh.

Figure 43 presents a potentiodynamic cathodic polarization of
the steel for the samples of Type I Portland cement concrete with the
wire mesh (between the anode and cathode with no connection) and without
the mesh. The potentia] of the steel was first controlled by an
embedded Mo/M003 electrode place adjacent to the steel plate, then by
an externa] Cu/(;uso4 e]ectrng. Thg samples had been exposed to the
dry condition of the laboratory for 300 days. The results indicate that
the cathodic current requirements decreased substantially when the

potential of the steel was controlled by Mo/MoO3 instead of Cu/CuSO4.
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(Compare curves 1 and 3 in Figure 43.) The data also indicates that the
location of wire mesh between the steel plate and Cu/CuSO4 electrode
interferes with the potential and consequently with the current require-
ments. (See curves 2 and 4 in Figure 43.)

4.5.2 Potential Shift of the Wire Mesh Because of the Passage

of Current (The Wire Mesh was Between the Anode and Cathode with no

Connection.) Figures 44 and 45 present the potential shift of the wire
mesh compared to Mo/MoO3 and Cu/CuSO4 reference electrodes as a result

of anodic and cathodic currents for the steel plate. The potential shift
of the wire mesh is toward the more positive directicn as a result of the
cathodic current and toward a more negative value because of the anodic
current required for the steel plate. Figure 45 also indicates that the
potential of the wire mesh will not change because of the cathodic current
required for steel plate if the wire mesh is placed outside the electric
field which exists between anode and cathode. (A cell assembly for a
concrete slab used in this test is shown in Figure 46.)

4.5.3 Potential Shift of the Wire Mesh as a Function of

Distance from the Cathode Because of the Passage of Current (The Wire

Meshes were Between the Anode and Cathode with no Connection.) Figure 47

indicates the shift in potential of the wire mesh as a result of a change
in its distance from the plate during the flow of anodic and cathodic
current. A cell assembly for a concrete slab used in this test is shown
in Figure 5. The data indicates that the shift in wire mesh potential
increases as the distance of wire mesh from the steel plate increases.
Figure 48 shows that the shift in wire mesh potential as a function of

distance from the cathode is not linear. The shift in potential of the
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wire mesh was also observed when an external Cu/CuSO4 electrode was used
(see Figure 49).

In the concrete slab shown in Figure 5, the potential shift of
all wire meshes was compared only to the Mo/MoO3 electrode placed in the
position 4 (Mo/MoO3(4)). In the cathodic polarization of the steel plate,
the potential of the wire meshes placed at the right hand side of the
Mo/MoO3 electrode shifted toward more positive values and toward more
negative values for the wire meshes placed at the left hand side of the
Mo/MoO3 electrode (see Figures 50 and 51). This result was repeated in
the data presented in Figure 52.

The anodic polarization of the steel plate in the concrete
sample shown in Figure 5 indicates that the potential of the wire meshes
varied with anodic current. The potential of the meshes measured
versus the Mo/MoO3 electrodes placed at the left hand side of those
meshes shifted towards more negative values. The opposite effect was
observed when the potential of the meshes was measured versus the
Mo/MoO3 electrodes placed at the right hand side of those meshes (see
Figures 53, 54, 55). The shift in the potential of the wire meshes
decreased as the distance of the mesh from the reference electrodes
decreased. This finding was observed in all the data.

Figure 56 presents the potential variation of the Mo/MoO3
reference electrodes compared to an external Cu/CuSO4 electrode placed
in the position 1 during the cathodic polarization of the steel plate.
The cell assembly and thg electrode positions for this test are shown
in Figure 57. The results indicate that the potential of the Mo/MoO3
electrodes placed at the right hand side of the Cu/CuSO4 electrode
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shifted toward a more positive value while the potential of those placed
at the left hand side shifted toward a more negative value. This result
was similar to those obtained for the wire mesh.

4.5.4 Potential Shift of the Platinum Plate as a Function of

Distance from the Cathode. (Platinum Plates were Between the Anode and

the Cathode with no Connection.) Figure 58 presents the shift in

potential of four platinum plates which had been placed between the
anode and the cathode during anodic current flow. (The cell assembly
and electrode arrangement in this test are shown in Figure 6.) The
potential of each platinum plate was measured with respect to the
Mo/MoO3 electrode placed adjacent to the edge of that platinum plate.
The results indicate that the potential of the platinum plates shifted
toward more positive values because of anodic current flow. The shift
in potential was higher as the platinum plate was moved farther from the

anode.
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CHAPTER V

DISCUSSION OF RESULTS

The Electrochemical Behavior of Steel

in Salt-Contaminated Concrete

The interpretation of results and the proposed corrosion mechanism

are presented below.

5.1 Samples Exposed to the Dry Conditions of the Laboratory

The anodic and cathodic polarization curves for steel in Types I
and V Portland cement exposed to the dry conditions of the laboratory for
200 days indicate that the samples with no salt requires higher current
density than the samples with salt content. (See Figures 11 and 13.) This
result was confirmed by the potentiodynamic anodic polarization curves for
the samples exposed to the dry conditions of the laboratory for 300 days.
(See Figures 12 and 14.) The current density requirements also decreased
as the salt content increased.

This result may be due to the fact that the concrete samples with
higher salt content retain more water than the samples with zero or lower
salt content. This fact was supported by visual observation tests where
the concrete samples with higher salt content absorbed less water than
those with lower salt content. In other words, the samples with higher

salt content retain more water when they dry than those with lower salt

120
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content. Therefore, the moisture is uniformly distributed along the
steel plate in the samples with higher salt content and the possibility
of a set-up for an electrochemical cell is Tow. However, in the samples
with Tow salt content, an electrochemical cell may be set up along the
steel plate, because of a moisture gradient along the steel. The regions
with higher moisture then become anodic and those with low water
content become cathodic. As a result, a local action current will flow
between these two parts. These results are confirmed by Stratfull [85]:
"Highly water absorptive concrete dries more rapidly than a low absorption
concrete, and the former sustains a lower electrical resistivity for a
Tonger period than would be suspected by a comparative weight loss of
water. Therefore, a highly water absorptive concrete could result in a
rapid corrosion of the embedded stee].f This result may be due to the
deliquescent property of salt, which absorbs moisture.

The open circuit potential of steel in Types I and V Portland
cement concrete samples exposed to dry conditions indicates that the
steel potential for the samples with no salt is in the range of 500 -
520 mv compared to a Cu/CuSO4 electrode. (See Figure 15.) These potentials
indicate that the steel in this concrete is in a corrosive state, accord-
ing to the findings of some investigators who say that steel in concrete
will corrode if the potential is more negative than -300 to -350 millivolts
with respect to Cu/CuSO4 [86,87.88,89]. These investigators have also
found that reinforcing steel with potentials more positive than -100 to
-300 mv with respect to a Cu/CuSO4 electrode was not corroded in simulated
concrete environments.

The steel potential in Type V Portland cement was more positive
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than Type I Portland cement for the samples with and without salt content,
except for the sample with 0.5% salt. The potential of steel in Type I
Portland cement was about the same for the samples with salt content up
to 1%, but the potential shited a 1ittle toward a more positive direction
for the 2% salt content sample. The steel potential in Type V Portland
cement shifted significantly toward a more positive value compared to the
samples with lower salt content. This result may be due to scattered

data caused by measurement uncertainities.

Potentiodynamic anodic polarization curves for steel in concrete
samples with various salt contents showed some differences in current
requirements at the cathodic parts of the polarization curves. (See
Figures 12 and 14.) This fact is probably due to the different oxygen
concentration for different concrete samples. These variations in oxygen
concentration may be caused by differences in moisture content or porosity,
or even by cracks in these concrete samples.

However, in the presence of oxygen, a cathodic reaction at steel

surface occurs, as follows:

% 0,+ H0+2e” 2 20" (2a)

The rate of reaction (2a) varies with the different oxygen concentrations
at the steel-concrete interface. As a consequence, the cathodic current
variés too. This variation can be better explained by considering the
relationship between current and the concentration of oxygen at the steel
surface:

= k {[0 - 10 10
L=k il0] - [0)] ) (10)

Tk surface
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where k is a constant.

As can be seen, the current varies with the shift in oxygen
concentration at the steel surface. In the absence of oxygen at the
steel surface, the current remains constant, the reaction (2a) does not
take place and the steel will be polarized without any change in current

density.

5.2 Samples Exposed to Distilled Water

The anodic and cathodic polarization curves for steel in Types I
and V Portland cement samples with various salt contents ( the samples
were exposed to distilled water for 90 and 170 days) indicate that the
current density of steel increases as salt content of the samples
jncreases. (See Figures 16, 17, 18, and 20.) This result can be explained
by the breakdown in the passive film because of chloride attack.

Foley [90] has derived five theories to explain this chloride
attack:
1. Chloride penetration into the oxide film, which is otherwise protective.
2. Preferential adsorption.of C1~ rather than a passivating species.
3. The field effect. of absorbed C1~ ions pulling Fe't jons out of the

metal.

4. Catalysis of the corrosion reaction by the bridging structure.
5. A complex formation between C1~ ions and some form of iron.

The attack of ch1orid¢ by any of the above means may cause an
increase in current density. This statement is supported by the work of
D.L. Pirou, E.P. Koutsoukos, and Kon Nobe [91] on the corrosfon behavior

of nickel1-200 and Inconnel-600 in solution. Their results indicate that
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the passivation potential and current density increase with an increase

in the concentration of chloride ions. Similar results were found by
Oladis Rincon [92] and Traubenberg [93], who indicated that anodic and
cathodic current density of iron in sulfuric acid with a pH of 3 increased
as the concentration of chloride ions in the solution increased.

A comparison of the anodic and cathodic polarization curves for
steel in Types I and V Portland cement with various salt contents (the
samples were exposed to distilled water for 90 to 170 days) indicates
that, in general, current density requirements for steel in Type I
Portland cement are higher than for Type V. (See Figures 16, 17, 18,
and 20.)

The potentiodynamic anodic polarization curves for steel in
Types I and V Portland cement samples with various salt contents (the
samples were soaked in distilled water for 300 days) indicate that the
steel plate will passivate in Type I Portland cement samples with a salt
content up to 0.1%, but steel maintains its passivity in the samples of
Type V up to 0.5% salt content. (See Figures 19 and 21.)

The differences in the electrochemical behavior of steel in
Types I and V Portland cement may be due to the pH differences which exist
between these two types of cement. This change in nH for these two types
of cement may be caused by physical damage such as cracks created by the
curing process; As mentioned in the Theory Section, Type I Portland
cement contains more C3A than Type V, which produces a higher heat of
hydration. Therefore, the inside temperature of the concrete is higher
than the outside, which may cause a crack. The carbon dioxide and salt

can then penetrate freely into the concrete and lower the pore solution
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pH around the steel. However, the low C3A in Type V Portland cement
produces a low heat of hydration and therefore the possibility of the
cracks in the concrete is less than in Type I. As a consequence, Type
V Portland cement may maintain a higher pH than Type I.

These differences in pH affect the rate of anodic and cathodic
reaction and, therefore, the current density requirements. The differ-
ences in pH may even affect the formation of the passive film. This
fact can be explained by considering reactions (1) and (2b) mentioned

in the Theory Section and also given below:

Fe 2 Fe't + 2¢” (1) (anodic reaction)

To,+H

5 0y + Hy0 + 2e” T 20H (2a) (cathodic reaction)

The overall reaction can be written as:

m+%02+%0+&mm2 (11)

The ferrous hydroxide produced by equation (11) is insoluble and
unstable in the presenEE\gf oxygen. /Iherefore,this hydroxide will be
converted to Fe(OH)3 (ferr%eﬁﬁ§a;6;;de) which is less soluble than
Fe(OH)Z. The final product is rust, Fe203.

This protective oxide film (Fe203) is stable in the presence of
a high alkalinity (pH ~ 12) of the pore solution within the concrete.
However, the introduction of chloride ijons into the concrete breaks down
this protective film and therefore, increases the rate of anodic reaction.
(See equation 1.) Thus, in a less alkaline concrete (one with a Tower
pH) and in the presence of chloride ions, the Fe(OH)2 may not be con-

verted to Fe(OH)s, which is more stable and less soluble in water. Thus,
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it may be assumed that the differences in pH for these two types of
cement (Type I and V) may cause a different rate of reaction which, in
turn, would create different current densities for the polarization of
steel in concrete.

Gouda and Mourad [94] have studied the effect of pH cn the
polarization of steel in two different cells containing sodium hydroxide
with a pH of 7 and 8. They indicated that the anodic and cathodic cur-
rent density requirements for steel in the cell with a pH of 7 is higher
than that for the cell with a pH of 8. The results of their studies also
indicate that the rate of anodic reaction of steel in the cell with a pH
of 7 is higher than that for the cell with a pH of 8. The addition of
the same amount of salt into these two cells also resulted in an increase
in the current density requirement, but this increase was higher for the
cell with the lTower pH than for that with the higher pH.

The open circuit potential of steel in the Type I Portland cement
sample with no salt content was more negative (more active) than for Type
V Portland cement. Similar results were found for the samples with salt
content. (See Figure 23.) Gouda's work also indicated that the open
circuit potential of steel in the cell with the pH of 7 is more negative
than‘for the cell with the pH of 8. The addition of the same amount of
salt into these two cells caused the steel potential to shift to more
negative values for the cell with pH 7 than for the cell with pH 8. This
result is similar to the data qbtaingd for Types I and V Portland cement.
Therefore, from the unda's study, it may be concluded that the differ-
ences in the electrochemical behavior of steel in concrete of Types I

and V Portland cement may be caused by differences in PH, which indicates
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that the pH of the pore solution adjacent to steel for Type I may be
lower than for Type V Portland cement.

A comparison of Figﬁres 15 and 23 indicates that the open circuit
potential of steel in dry conditions for Types I and V Portland cement
shifted toward a more positive value (less active) or remained constant
as the salt content of the concrete increased. The opposite behavior
was found for steel in Types I and V Portland cement with various salt
contents, exposed to distilled water. This result indicates that the
attack of chloride ions on the passive film is severe in the concrete
with a higher moisture content, because the higher moisture content
increases the ionic conductivity of the concrete. As a consequence,

4

the steel corrodes because of lower resistivity (103-10 ohm-cm). In

8 _ 1ol

dry concrete, the resisitivity is high (10 ohm-cm). Therefore,
the flow of local action current between the anode and cathode is Tow
and corrosion of the steel is reduced.

A break at potentials of about 500- 600 mv for anodic and -500
fo -700 mv with respect to a Mo/MoO3 electrode for cathodic polarization
of steel was observed in some of the concrete samples of Types I and V
Portland cement with the salt content. These samples were exposed to
distilled water for 90 to 170 days. A break at approximately the same
potentials mentioned above was also observed for the anodic and cathodic
po]arization of the platinum plate in Types I and V Portland cement with
various salt contents eqused to distilled water. (See Figure 22.)

This break was caused by the e1ectrochemica1 reactions which take place

because of the electroactive species inthe concrete.

Concrete contains about 2 to 3% Fe203, which, in the presence of
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moisture and chloride ions, reacts with water and forms Fe(OH)z. Then
the Fe(OH)2 at potentials of about +600 mv (calculated by Nernst equation,
see Appendix A) with respect to the Mo/MoO3 electrode and at a pH of
about 12 to 13 (this is about the same as concrete pH) will be converted
to y - FeOOH. The anodic reaction which may take place at the break
potential of about 500 to 600 mv with respect to the Mo/MoO3 electrode

is presented as

Fe(OH), 2 v - FeOOH + WY + " (12)

A break also occurred at potentials of about -500 to -700 mv with
respect to the Mo/MoO3 electrode for cathodic polarization of steel and
the platinum plate in concrete. This result indicates that the reaction
at the steel surface is only due to the electrochemical reactions
associated with the electroactive species in concrete. The Fe203 in
concrete reacts with oxygen at the cathode and forms Fe304. This product
(Fe304), in the presence of high OH™ produced by the reduction of oxygen
at the cathode, remains stable, but Fes0, will be converted to Fe(OH)2
or Fe at a pH of about 12 to 13 (this is about the pH of concrete) and
in the presence of moisture and chloride ions. These reactions can be
written as

Feg0y + 2H,0 + oH' + 2¢” 2 3Fe(0H), (13)

or

+ -
F8304 +8H +8e 2 3Fe+ 4H20 (14)

These reactions occur at the potential of -650 mv with the respect to
Mo/MoO3 at a pH of 12 to 13. This was at the range of break potential,

and was calculated by Nernst equation (see Appendix A). Therefore,
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the reaction at the cathodic break potential is reaction (13) or (14).
An analysis of the oxide film at the break potential would be necessary

to determine which one of these two reactions is predominant.

5.3 Samples Exposed to Salt Solutions

The data presented in Figures 24,-25, 26, 27, 28, 29, and 30
shows that for the samples of Types I and V Portland cement with no salt
content, exposed to salt solutions for 90 and 170 days, the anodic and
cathodic current density increase as the salt concentration of the solu-
tion increases. This result indicates that salt penetrates at a much
faster rate for the samples exposed to a solution with a higher salt
concentration than for ones exposed to a solution with a lTower salt
content.

Figure 31 presents the differential anodic current density at
the potential of 800 mv (with respect to a Mo/MoO3 electrode) as a
function of the salt-concentrated solution. The differential anodic
current density was determined by subtracting the anodic current density
requirement at +800 mv for the samples of Types I and V Portland cement
concrete exposed to distilled water from the current density requirement
for the samples of Types I and V exposed to solutions with various salt
concentrations at the same potential. Figure 31 also presents the
current, calculated by the diffusion process, using the Cottrel equation:
I= nFAD%Cb/1r%t% (15). In this equation, n is the number of electrons
involved per molecule or ion of glectroactive species, F is a Faraday's
number (96500'Cou10mb), A is the surface area of the electrode, D is the diffu-

sivity coefficient, Cb is the electroactive concentration in the bulk
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solution, 7 is a constant, and t is the exposure time to the solution.

The calculated chloride diffusivity coefficient, obtained from
the diffusion process equation mentioned above, indicates that in order
to calculate the same differential anodic current density obtained in
Figure 31, the diffusivity coefficient of concrete must be in the range
of 10']cm2/sec. This is about 4 to 5 orders of magnitude higher than
the true concrete diffusivity coefficient, because concrete is a porous
media and the diffusivity coefficient of a porous media is about the same
as that of an aqueous solution (i.e., 10'5cm2/sec) or lower. Therefore,
the differential anodic current density of steel caused by the chloride
ions for the concrete samples of Types I and V Portland cement exposed
to solutions with various salt contents is not a diffusion-related
process. Instead, it may be due to more complex reactions wnich may take
place in the presence of chloride ions.

The open-circuit potential of steel in Types I and V Portland
cement samples exposed to salt solution shifted toward more negative
values (more active potential) as the salt content of the solution
increased. (See Figure 32.) This data is in agreement with that obtained
for the anodic and cathodic polarization of steel in these samples. The
results of both data indicate that the steel is in a more active state
for the samples exposed to solutions with a higher salt content.

The potentiodynamic anodic po]arizatiqn curves presented in
Figures 27 and 28 indicate that the stegl will depassivate in the samples
of Types I and V Portland cement exposed to solutions with various salt
concentrations ranging from 0.1 to 3.5% salt content. The open-circuit

potential of steel in Types I and V Portland cement exposed to salt
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solutions also confirms that steel has a potential more negative than
-350 mv with respect to the Cu/CuSO4 electrode. This fact is an indica-
tion that the steel is in a corrosive state.

A comparison of the results presented in Figures 24, 25, 26,
and 28 indicates that the current density requirement for the polariza-
tion of steel in Types I and V Portland cement samples increases as the
exposure time to the salt solution increases. This effect was more
pronounced in Type I than in Type V Portland cement. (See also Figure
30.) This result indicates that the intrusion of chloride ions into
concrete increases as the exposure time to the salt solution increases.
Similar results were found by Gjorv and Vennesland [95,96] who showed that
even for a 0.4 water-cement ratio (high quality concrete) mortar, the
depth of penetration of the chloride ions increased progressively with
exposure time to the salt solution.

The results obtained for Types I and V Portland cement samples
with various salt contents exposed to distilled water and those with no
salt content exposed to a salt solution show that some of the chloride
jons mixed with the concrete may react effectively with concrete compounds,
but the reaction may not occur with chloride ions added externally, or
if it does occur, it is on a very small scale. Therefore, the corrosion
of steel may be more severe for that type of chloride which diffuses
from the salt solution into the concrete than for the type of chloride
which is mixed with the concrete.

The results in this study indicate that the pitting breakdown
of the oxide film on the steel surface is a kinetic process which strongly

depends on the existence of non—équi]ibrium solution conditions created
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by the chloride ion concentration and depressed hydroxyl ion concentra-
tion around the pits. The transport rates of chloride and hydroxide ions,
which can be maintained near the pits, depend not only on the bulk
activities in solution of the two ions but also on the composition‘and
pore structure of the solid phases deposited adjacent to the metal.

The data presented in Figure 33 indicates that the electronic
IR drop compensation has no significant effect on the polarization of
steel in concrete compared to that without any IR drop compensation,
when steel potential is controlled by an Mo/MoO3 electrode. The Tafel
slope for IR compensated and uncompensated steel was the same. (See
curves 1 and 2 in Figure 33.) The electronic IR drop compensation of
steel in concrete, when the steel potential was controlled with respect
to Cu/CuSO4, also indicated no significant change in Tafel slope compared
to the uncompensated IR drop, but a small shift in the current require-
ment for cathodic polarization was observed. (See Figure 34.)

It should be noted that the Tafel slope (dn/d log i) of the
polarization curves for steel in concrete with and without IR drop
compensation is very high (at the range of 1200 to 1600 mv). This high

Tafel slope can be explained by considering the Butler-Volmer equation

P= [e(1-B)nF/RT _ ~6nF/RTq (16)

This equation shows that the current density across a metal-electrolyte
interface depends on the differencg between the actual non-equilibrium
and equilibrium potential differences (n). In the above equation, B8
(0 < B < 1) is a symmetry factor associated with the rate of charge-

transfer reaction, i is the current density, n is over voitage, F is the
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Faraday's number (96500 Coulomb), R is the gas constant, and T is the tempera-
ture (25°C). A shéii change in n makes a large increase in i, only when
g is small in the range of 0.5. This situation occurs when the charge
transfer for the ions and electrons at the metal-electrolyte interface
proceeds quickly which indicates that the diffusion of the ions to or
from the electrolyte is taking place fast. This has been observed for
the solution electrolyte where the movement of the ions is freely taking
place in the electrolyte. Therefore, the Tafel slope (dn/dlogi) is
small. However, when g is large, the change in n makes a small change
in i. Therefore, the Tafel slope (d /dlog i) becomes large. (See
equation 17.) The large g may be created by concentration polarization
because the electrochemical reactions on the steel surface are caused by
the combination of activation and concentration polarization. In the
case of concentration polarization, the electrochemical reactions are
controlled by the diffusion in the electrolyte. The diffusion rate of
- reducible species in concrete, such as oxygen from the bulk concrete to
the steel-concrete interface, will be reduced because of low conductivity
of concrete. Therefore, the reaction rate increases and the current
approaches to diffusion limiting-current resulting in high g and in turn,
causes the high Tafel slope.

The high value of 8 for concrete was calculated from the equa-

tion below, which was obtained from the Butler-Volmer equation:

Tafel slope = _dn %;--—l—- (17)

The g was determined to be in the range of 0.978 for the Tafel slope of

1200 mv. Therefore, the high Tafel slope in concrete is not mainly due
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to the IR drop potential but rather to the rate of the charge transfer
reaction, which in turn, depends on the diffusion rate of jons into or
from the concrete.

However, there was a difference in the Tafel slope of the polari-
zation curves because of the IR drop when the steel potential was con-
trolled with an Mo/MoO3 electrode, compared to that when the steel
potential was measuvred with an external Cu/CuSO4 electrode. The Tafel
slope was about -1200 mv/decade when the steel potential was measured
with an Mo/MoO3 electrode but was in the range of -1650 mv/decade when
the steel potential was measured with a Cu/CuSO4 electrode. Therefore,
there was a reduction of 450 mv/decade in IR drop when the steel potential
was measured with respect to an Mo/MoO3 electrode rather than a Cu/CuSO4

electrode.

Effect of Wire Mesh on Current and Potential

5.4 Solution

Current density requirements and the shape of anodic and cathodic
polarization curves for steel in a saturated Ca(OH)2 solution did not vary
when a wire mesh was placed between the anode and the cathode with no
connection. (See Figure 35.) Various wire mesh sizes were used but
these made no differences in the current density requirement. Therefore,
the presence of a wire mesh between the anode and the cathode with no
connection does not shield ﬁhe current requirement for the cathodic
protection of stee] in a saturated Ca(OH)2 solution.

The data in Figure 36 indicates no significant variation in

cathodic current density for the steel with the wire mesh connected to
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to the top and bottom of the steel plate compared to the steel without
any wire mesh. However, in anodic polarization curves, the region of
passivity for the samples with a wire mesh connected to the top and
bottom of the steel plate was reduced compared to the samples with only
a steel plate. This fact may be due to metallurgical factors such as
heterogeneity, which may exist between the steel plate and the steel wire
mesh. This heterogeneity may set up an electrochemical cell, which may
lower the region of passivity as a result of local action current flow.
The results in Figure 37 indicate that the cathodic current
density for samples with the wire mesh lying on the plate did not vary
compared to the sample with only a steel plate. The mesh hole sizes
also did not affect the current density, but in the anodic polarization
curves, the region of passivity for the samples with the wire mesh lying
on the steel plate a Tittle were Tower compared to the sample without the
wire mesh. This result was again due to metallurgical factors associated
with the steel plate and the wire mesh due to the heterogeneity which may
exist between the steel plate and the wire mesh. A comparison of Figures
36 and 37 indicates that in the anodic polarization curves, the region of
passivity for the samples with the wire mesh attached to the top and bot-
tom of the plate was much lower than for the sample with no wire mesh. In
addition, the passive current deﬁsity for the samples with the wire mesh
attached to the top and bottom of the plate was lower than for the sample
without any wire mgsh. These effgcts for the samples with ;he wire mesh
lying on the plate were much smaller than for the previous samples, and
even the passive current density for the samples with the wire mesh lying

on the pTate was about the same as that for the sample without any wire



136

mesh. This difference may be due to non-uniformity of the current dis-
tribution along the steel plate for the samples with the wire mesh attached
to the top and bottom of the plate and raised in an arc of about one inch,
compared to the samples with the wire mesh lying on the plate. This non-
uniformity in turn may cause a potential shielding along the plate.

The data in Figure 38 indicate that the potential of the wire
mesh (the mesh was placed between the anode and the cathode with no con-
nectfon) during anodic and cathodic polarization shifted toward more
negative and positive values respectively. This result may be due to
the IR drop which exists between the wire mesh and the reference electrode
at the electric field in the anode and cathode. This IR drop causes the
potential of the wire mesh to increase as the current increases. This
shift in wire mesh potential was higher at higher currents, which again
confirms the fact that even a small resistance between the reference
electrode and the wire mesh at high currents can cause this shift to
occur.

The results in Figure 39 indicate that the potential of the
platinum plates placed between anode and cathode in a 3% salt solution
shifted toward more negative values as the cathodic current increased.

The potential shift was toward more negative values as the distance of
the platinum from the cathode decreased. The data presented in Figure
40 indicate the same. This potentia] shift may be due to the potential
gradient caused by the IR drop in the electric field between the anode

and the cathode.
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5.5 Concrete

In Figure 41, the current density for the steel in the anodic
and cathodic polarization curves of the samples (with a wire mesh between
anode and cathode) decreased compared to the sample with no wire mesh, but
the cathodic current density for the steel with the wire mesh connected
to it increased compared to the sample without any wire mesh (the samples
were in dry conditions of a laboratory for 20 to 30 days after curing).

Figure 42 indicates results for the same samples tested in
Figure 41 when exposed to distilled water for four months. There was no
significant shift in cathodic current density for the samples with the
wire mesh placed between the anode and cathode compared to the sample
without any wire mesh, but a Tittle increase in anodic and cathodic cur-
rent density occurred for the samples with the wire mesh connected to
the steel plate. This result may be due to the metallurgical factors
mentioned before to the under-estimating the wire mesh surface areas,
because the current density for the samples with the wire mesh connected
to the plate was calculated as the cell current divided by the total
surface area of the mesh and the plate. The differences in current
density observed for the samples with the wire mesh between the anode
and the cathode compared to the steel with no wire mesh when the samples
were exposed to dry conditions is probably due to the moisture content
of concrete. The moisture in the different concrete samples may not have
been distributed uniformly, which would cause the variation in current
density. Figure 42 confirms this statement. It indicates that a little
difference in current density was observed for the same samples exposed

to distilled water. This result may be due to the fact that moisture
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was uniformly distributed after the samples were exposed to distilled
water.

Curves 2 and 3 in Figure 43 indicate the differences in Tafel
slopes and current requirement for cathodic polarization of the steel
plate when the potential was measured with respect to a Cu/CuSO4
electrode external to the mesh compared to the potential measured at
the steel-concrete interface. At a constant current level of 0.03 mA,

a potential shift of -775 mv was obtained when the steel potential was
measured with a Cu/CuSO4 electrode external to the wire mesh, but at the
same level of current, a potential shift of -400 mv was obtained when

the potential of the steel plate was measured at the concrete-steel
interface with an Mo/MoO3 electrode. Therefore, there is an error in
potential measurements, due to the IR drop which exists when the steel
potential is measured with a reference electrode external to the

wire mesh. It should be mentioned that the electronic IR drop compensa-
tion for the samples used for the electrochemical study of steel did not
show a significant difference in Tafel slope when the steel in these
samples was polarized with and without electronic IR drop compensation.
This fact may be due to the sample size, since the concrete cover on the
steel for these samples was about 1/2 inch thick. Therefore, IR drop did
not play an important role here, but when the samples of a larger size
such as the ones used in the wire mesh study were used, the IR drop did
play a significant ro]g and caused a potential measurement error. This
indicates that the geometry of thg sample is important in reducing IR too.

Figure 44 indicates that the potential of the wire mesh shifted

toward more positive values during cathodic polarization and toward more
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negative values during anodic polarization of the steel plate. This
shift in wire mesh potential is due to the potential measurement error
caused by the IR drop which exists between the reference electrode and
the wire mesh. Because the wire mesh was placed in the electric field
between the anode and cathode and because concrete has a very high
resistivity, the measured potential of the wire mesh is the sum of the
actual potential of the wire mesh and the IR drop associated between

the reference electrode and the wire mesh. The IR drop becomes large as
current flow increases and causes the mesh potential to shift. Otherwise,
the actual potential of wire mesh remains constant. The above statement
was substantiated when a wire mesh and reference electrode were placed
outside the electric field between the anode and cathode. In this case,
since there was no variation in current flow, the wire mesh potential
remained constant. (See Figure 45.) The cell assembly is shown in
Figure 46.

The data in Figure 47 indicate that the wire mesh potential
shifted when the location of the wire mesh was changed. This wire mesh
potential shift was increased by increasing the distance of the wire
mesh from the cathode, which indicates that a potential gradient exists
in the electric field between the anode and cathode. The work of Stammen
and Townsend [97] also indicates that a potential gradient will be created
between the anode and cathode because of the flow of impressed current
into the chemical solution. This result agrees with those obtained in
this study.

The data presented in Figure 48 also confirm the fact that the

wire mesh potentials shift as the location of the wire mesh between the
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anode and cathode varies. A similar result was obtained when the wire
mesh potential was measured with respect to an external Cu/CuSO4
electrode instead of an embeddable Mo/MoO3 electrode. (See Figure 49.)
Therefore, all of these results confirm that a potential gradient exists
between the anode and cathode, caused by the IR drop, which in turn
causes the wire mesh potential to shift.

However, it is possible to correlate a relationship between the
IR drop and variables such as current, concrete geometry, and moisture
content of concréte. This relationship in its simplest form can be
expressed as

IR drop = k lﬁg -~ (18)

In this relationship, k is a constant, I is the current flow between

anode and cathode, C is the concrete thickness between the steel and the
reference electrode, and M is the moisture content of the concrete. The
above relation for the IR drop calculation is supported by the data
presented in Figures 50 through 56. The results in these figures indicate
that the shift in wire mesh potential increases as the distance of the
wire mesh from the reference electrode increases and the shift in the
potential increases when the current flow is increased. Therefore, it

can be concluded that the current flow and geometry of concrete are two

of the major'factors affeéting the IR drop. The third factor is the
moisture content of the concrete. The ionic mobility of concrete increases
as the moisture content increases, which in turn decreases the resisti-
vity of concrete and, as a result, the IR drop.

Therefore, the factor of the IR drop must be taken into account
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in the potential measurement of the steel structures in concrete, and
a correction must be made to determine the true potential of the steel-
concrete interface.

The results in Figure 50 indicate that the potential of the wire
mesh (the mesh was placed between the anode and cathode with no connection)
shifted toward more positive values when the wire mesh potential was
measured with respect to the Mo/MoO3 electrode placed at the left hand
side of the wire mesh. This shift was toward more negative values when
the potential was measured with respect to the Mo/MoO3 electrode placed
at the right hand side of the mesh. Similar results were obtained when
different reference electrodes were tested. (See Figures 51, 52, 53,

54, 55, and 56.) This fact is probably due to the additive and subtrac-
tive properties of IR drop.

The results in Figure 58 indicate that the potential of the
platinum plate shifted when it was placed between the anode and cathode.
This platinum plate potential shift was increased by decreasing the
distance of the platinum from the cathode, which indicates that the
potential shift of wire mesh is not due to the reaction which may take
place on the wire mesh surface, but it is because of a potential gradient
which exists in the electric field between the anode and cathode.

The results presented in this section indicate that the presence
of a wire mesh between the anode and cathode does not affect the potential
measurement of the structure, but that the major error in potential
measurement is due to the IR drop associated with the high resistivity of
concrete. This potential measurement error, in turn, may cause an under-

estimation of the correct potential of reinforced structures which are
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cathodically protected. Therefore, the corrosion of the reinforced
structure may not be sufficiently reduced and failure of the structure

occurs.



CHAPTER VI
CONCLUSION

The open-circuit potential of steel in concrete (Types I and V
Portland cement) is dependent on the salt concentration. The potential
shifted from the passive region to a value indicating corrosive condi-
tions when the concrete was exposed to distilled water. The opposite
effect was observed for concrete exposed to dry conditions. |

The open-circuit potential values shift with moisture content. This
is caused by increased concrete conductivity which in turn, causes an
increase in jon mobility.

The open-circuit potential of steel is in the less active (corrosive
condition) potential for Type V Portland cement than for Type I Port-
land cement concrete.

Steel is passivated in Type I Portland cement with a salt content up
to 0.1%, but the passivation of steel is maintained in Type V Portland
cement with a salt content up to 0.5% (the concrete samples were
exposed to distilled water).

The current requirements increase as the salt content of concrete
increases. This occurred when samples were exposed to distilled
water, but the opposite effect was observed when samples were exposed
to dry conditions.

Generally, the current requirements for steel in Type I Portland

143



10.

11.

144

cement are higher than for Type V Portland cement.

Current requirements for steel in Types I and V Portland cement
(with no salt content) increase as the concrete is exposed to solu-
tions with a higher salt concentration. In other words, the pene-
tration of chloride ions into concrete is higher for concrete
exposed to solutions with a higher salt concentration than it is
for concrete exposed to solutions with a lower salt content.

The penetration of chloride ions into concrete increases as the
exposure time to salt solutions increases. The penetration of
chloride ions into the concrete is higher for Type I than for Type
V Portland cement.

The increase in current requirements for the concrete with no salt
exposed to solutions with various salt concentrations is not a dif-
fusion related process but is due to more complex reactions which
may take place at the presence of chloride ions.

It seems that the chloride ions added externally to curea concrete
do not react with concrete compounds or, if they do react, it is on
a small scale compared to the chloride ions which.are mixed with
fresh concrete.

A break occurs for the anodic polarization curves at potentials of
about +500 to 600 mv with respect to an Mo/MoO3.e1ectrode and at
potentials of -500 to -700 mv for the cathodic polarization curves.
These breaks were Qbservgd for the concrete with salt content
exposed to disti]]ed water or with no salt content, but exposed to
salt solutions. The breaks were postulated to be due to the follow-

ing reactions:
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Fe(OH), 2 y - FeOOH+H' + ¢ (13) (anodic reaction)

Fe3044-2H204-2H+4-2e' > 3Fe(0H)2 (15)(cathodic reaction)

Fe3044-8H+4-8e' Z 3Fe+ 4H,0 (16)(cathodic reaction)

The wire mesh with various hole sizes does not shield the current
flow with or without connection to the:steel plate when the wire
mesh is placed between anode and cathode.

The variation in the wire mesh potential is caused by the potential
measurement error which in turn is caused by the IR drop associated
with the high resistivity of concrete. The IR drop is dependent on
the current flow, geometry, and moisture content of concrete.

The IR drop in the concrete can be reduced significantly when the
potential is measured at the steel-concrete interface, compared to
that measured externally.

The high Tafel slope for anodic and cathodic polarization of steel
in concrete is mainly due to the slow charge transfer reaction

caused by the slow rate of ion diffusion.



CHAPTER VII

RECOMMENDATION

Many unanswered questions about the electrochemistry of steel in

concrete still exist. Further work, as recommended below, is required to

obtain answers to these questions.

1.

Polarization curves similar to the onesused in this study must be
obtained in the absence of oxygen for dry and moist concrete.

The composition and pH of the pore solution adjacent to the steel-
concrete interface must be determined for both types of Portland
cement (Types I and V).

The study of the diffusion of chloride ions into concrete must be
repeated with salt solutions different from the one (NaCl) used in
this study.

A study of the diffusion of chloride through a 1ight-weight concrete
must be carried out, to compare results with those obtained in this
study.

The corrosion product on the steel surface after exposure for a
period of six months to potentia]s of about 500 to 700 mv vs. Mo/MoO3
electrode must be analyzed.

The physical propertigs qf moist and dry concrete such as cracks and

voids must be carefully examined.
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The reaction products of concrete compounds of Types I and V Port-
land cement where salt has been mixed with the fresh concrete must
be determined for two different conditions: (1) after six months
of exposure to distilled water and (2) after six months of exposure
to the dry conditions of the laboratory.

The moisture content in the concrete (Types I and V Portland cement)
with various salt contents after six months of exposure to the dry
conditions of the laboratory must be determined.

Steel with a composition different from the one used in this study
must be employed. Polarization curves similar to those in this
study must be obtained.

The corrosion products on the steel surface must be analyzed to
check differences which may exist in the reactions for the steel
with a different chemical composition. The corrosion product at
the steel surface when the steel is embedded in Types I and V Port-
land cement must also be determined.

The cathodic polarization curves for steel in concrete must be
obtained when the steel reaction is controlled by: (1) activation
polarization and (2) concentration polarization. The results of
these two testswill elucidate the effect of ions diffusion on the

tafel slope.
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APPENDIX A

CALCULATION OF THE ELECTROMOTIVE FORCES FOR THE FOLLOWING
REACTION USING NERNST EQUATION

(Anodic Reaction)

Fe(OH), Z v - FeOOH + HY +e” EC = - .247v

a,+-a
—_— .osﬁz Tog —H_v-Fe00H
Fe(OH)2

3y-Fe00H ~ *Fe(OH), 1

therefore,
E=- .247 - .0592 Tog aH+.
at = - 1og[H+] = PH
therefore,
E=- .247 + .0592 log PH
at pH =12 % E = 0.463 volt = 463 mv
at nH = 13 Z E = 0.522 volt = 522 mv.

By the similar calculation E for the two following cathodic reactions

can be expressed as:

Fe,0, + 8H' + 8e” 2 3Fe + 4H0 E° = - .085v
E = 0.085 - .0592 PH

at pH = 12 2 E = - 0.795 volt = - 795 mv

at pH =13 2 E = - 0.855 volt = - 855 mv
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Fe,0, + 2H,0 + 2H' + 2¢™ 2 3Fe(OH), E° = - .026 volt
3% 2 2

E=-0.026 - 0.0592 PH

pH =12 2E = - .735 volt = - 735 mv

- 795 nv.

- .795 volt

132E

©
x
n



APPENDIX B

CALCULATION OF DIFFUSION CURRENT USING DIFFUSION
PROCESS EQUATION KNOWN AS COTTREL EQUATION

. nFADC,

v gk

A = surface area, cm2

I = diffusion current, ampere

D = diffusion coefficient, cmz/sec
cb = electroactive species concentration in bulk solution,

mole/ml
t = exposure time, sec

For the concrete sample exposed to the salt solution of concentration of

0.1%, the diffusion current for the chloride ion can be calculated as:

8

Assuming D = 10~ cmz/sec

-8\% -5
- 2x9600x38.709x (10 °)*x1.709x10. ~ _ 2.571x10'”A . 2.57“0.5%

(3.14)% (90 x 24 x 3600)*

I

The diffusion current density for the other salt concentration solutions was

calculated by the same method.
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