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Abstract

This study attempts to formulate and quantify various relevant considerations which influence the
effective cathodic protection of corroding reinforcing steel in concrete structures in the Gulf environment.
The parameters included in the research program are: chloride content, temperature, reactive aggregates,
depth of reinforcement in a two mat system and secondary effects. It was found that the instant off, shift
and decay potentials as well as the current density needed for adequate protection of steel are dependent
on the chloride gradient as well as the chloride content in concrete. A 60°-C exposure required only about
20 percent higher level of protection in terms of current density/instant off potential/decay potential for an
initial polarization period of two months. Enhanced activation in the initial period reduces the corrosion
activity subsequently due to the beneficial electromigration of ions requiring a reduced protection on a
long term basis. The decay potential criterion was found to be least sensitive to chloride content, chloride
gradient and temperature effect, although it does not explicitly indicate the level of protection current
which is automatically adjusted to accommodate the various factors influencing corrosion activity.

In a two mat reinforcement system, the top mat was significantly overprotected when the bottom
mat was just adequately protected from the anode source located above the top mat. The top mat suffers
overprotection to an extent which would cause an unacceptable 30 percent reduction in the steel-concrete
bond in a period of about 8 years. However, the bond reduction for a practical cathodic protection current
density of 1-3 ma/ft> was found to be negligible. In high alkali-cement concrete containing reacive
aggregates, cathodic protection current significantly advances the cracking time and softens the mortar at
the steel-concrete interface reducing compressive strength and hardness.
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ABSTRACT

This study attempts to formulate and quantify various relevant considera-
tions which influence the effective cathodic protection of corroding reinforcing
steel in concrete structures in the Gulf environment. The parameters included in
the research program are: chloride content, temperature, reactive aggregates,
depth of reinforcement in a two mat system and secondary effects. It was found
that the instant off, shift and decay potentials as well as the current density

needed for adequate protection of steel are dependent on the chloride gradient as

well as the chioride content in concrete. A 60°C exposure required only about
20 percent higher level of protection in terms of current Adensity/instant off poten-
tial/decay potential for an initial polarization period of two moriths. Enhanced
activation in the initial period reduces the corrosion activity subsequently due to
the beneficial electromigration of ions requiring a reduced protection on a long
term basis. The decay potential criterion was found to be least sensitive to chlo-
ride content, chloride gradient and temperature effect, although it does not
explicitly indicate the level of protection current which is automatically adjusted

to accommodate the various factors influencing corrosion activity.

In a two mat reinforcement system, the top mat was significantly overpro-
tected when the bottom mat was just adequately protected from the anode source
located above the top mat. The top mat suffers overprotection to an extent
which would cause an unacceptable 30 percent reduction in the steel-concrete
bond in a period of about 8 years. However, the bond reduction for a practical
cathodic protection current density of 1-3 ma/ ft*> was found to be negligible. In
high alkali-cement concrete containing reactive aggregates, cathodic protection

current significantly advances the cracking time and softens the mortar at the



steel-concrete interface reducing compressive strength and hardness.
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1.1

CHAPTER 1
INTRODUCTION

MAGNITUDE OF CORROSION DAMAGE TO REINFORCED
CONCRETE STRUCTURES

Corrosion of reinforcement has been established as the predominant fac-
tor causing widespread premature deterioration of concrete construction in the
Arabian Gulf States(1-3). Even beyond the corrosive Gulf environment, the last
decade has witnessed a growing world-wide concern for problems of corrosion
damage in reinforced concrete structures. Corrosion deterioration in bridge decks,
parking garages, coastal structures, and in concrcte construction with chloride
based accelerating agents, currently constitutes probably the single most signifi-

cant concrete deterioration problem in the world.

In the United States alone, corrosicn damage to bridge decks and support
structures has been estimated to be over a billion dollars annually. The national
Bureau of Standards has reported that in 1975 the national cost of corrosion in
the USA was estimated at 70 billion dollars(4,3). Approximately 40 percent of
that total was attributed to the corrosion of steel reinforcements in concrete. The
National cost of corrosion and corrosion protection in the U.K. has been esti-
mated to 3.5 pereent of the GNP of UK(5). For US, this figure is 4.2. In March
1981, the United States General Accounting office estimated the number of defi-
cient bridges to be over 100,000 , with an estimated cost of 33.2 billion dollars to
replace or rehabilitate these bridges(6). Approximately 50,000 of the deficient

bridges and 11 to 17 billion doilars of the cost arc related to the deterioration of



concrete bridge decks. The cost of damage for the Gulf region has not been fully

estimated but would probably run into hundreds of millions of dollars.

The deterioration due to corrosion of rcinforcing steel gives rise to a
familiar sequence of events resulting from more than two fold volume increase
associated with the transformation of original metallic iron to iron oxide or rust.
The formation of voluminous corrosive products on the steel surface. generates
tensile stresses within the surrounding concrete which far exceed its tensile
strength, causing cracking and the eventual spalling of the concrete cover to the
reinforcement. With corrosion progressing unhampered, and at an enhanced rate,
steel and concrete sections are reduced, and eventually bond will be lost between
rebars and concrete(7). These effects weaken a structure, and its anticipated
maintenance free useful service life of 50-60 years may be reduced to less than 15
years. Even more serious is the hazard caused by falling concrete from buildings

and bridges and the unacceptable general appearance of the deterioration.

Once corrosion of reinforcement is injtiated and the concrete spalling
begins, the repairs and the corrective measures are expensive and tedious, and
even then the success of the conventional remedial work in eliminating corrosion

is somewhat uncertain.

MECHANISM OF CORROSION OF REINFORCEMENT IN
CONCRETE

1.2.1 Electrochemical Corrosion of Steel in Concrete

Corrosion is the deterioration of the material due to interaction with its



cnvironment. Generally speaking, metal corrodes because the corresion products
are thermodynamically more stable than the metals themselves. The corrosion of
reinforcement in concrete is an electrochemical process involving a galvanic cell
wherein chemical energy is converted to electrical energy. In the Guif region elec-
trochemical reactions result from chloride-laden pore moisture in contact with the
reinforcement(8). For such reactions to occur on embedded steel in concrete,
there must exist on or around the rebar in the steel concrete system areas of dif-
ferential electro-chemical potential which are electrically connected in concrete by
an electrolyte. This electrolyte exists in the form of salt laden pore fluid in the
Gulf concrete. When these conditions are met, corrosion occurs through the dis-
solution of metal ions to the moisture, leaving electrons behind (Reaction 1). By
definition, this is an anodic reaction and thc arcas that corrode are called anodic.
The remaining electrons move through the conductor metal from the anodic
areas to non-corroding locations where they react with either water or oxygen to
form hydroxyl ions (Reaction 2). By definition, this is a cathodic reaction and the
locations at which this occurs are called cafﬁodes. The electrons neutralize

cations in the electrolyte, thus completing the electrical circuit.

Diffcrences in metal potential may be obtainable either due to differences
in metal itsclf ( metal defects or differcntial impurities), or much more readily due
to differences in the physical and or chemical environment of highiy heterogene-
ous concrete. The later may result due to differences in alkalinity, chloride con-
centrations, oxygen availability, scgregation, compaction. blecding, permeability

and the exposure conditions.
1.2.2 Corrosion Protection of Steel by Concrete

The usual chloride free cnvironment of uncarbonated concrete is highly
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protective against corrosion of cmbedded steel for threc rcasons. Firstly, the
aqueous cnvironment within concretc matrix is characterized by significant pres-
ence of highly alkaline uncombined water in the well-distributed pores or voids of
concrete; this environment passivates steel against corrosion. Sccondly, concrete
cover over reinforcement forms a defensive shicld/barrier against the ingress of
chlorides( from external source) and oxygen required for cathodic depolarization.

Thirdly, concrete offers high resistivity to the flow of corrosion current.

A major application of thermodynamics to corrosion phenomena is the
potential-PH plot known as Pourbiax diagram (9) using thermodynamic stability
criteria and solubility data. Potential-PH diagram for a metal shows the equilib-
rium regions where the specific metal is in a state of immunity, passivity or corro-
sion. Fig. 1.1 shows the potential-PH plot for iron which is essentially the same
for carbon steel. The plot shows that the redox potential for the hydrogen elec-
trode lies above the region of immunity for iron in both acid and alkaline solu-
tions _implying that iron will dissolve with the evolution of hydrogen in solutions
of all PH values. However, passivity for iron/steel is indicated in an alkaline envi-
ronment characterized by a PH range of 9.5 to 12.5. From the standpoint of elec-
trochemical behavior of steel in concrete, the most significant feature is the
highly alkaline nature of the hydrated ccment and its aqueous phase. Calcium
hydroxide constitutes, on an average 20 percent of the hydrated products and
passes into solution till the pore water is saturated and acquires a high degree of
alkalinity corresponding to a PI{ of 12.5. Excess Ca (OH), is precipitated in crys-
talline form and constitutes a source of reserve basicity which buffers the con-

crete system against a reduction of alkalinity. With hydration, the pore liquid

becomes increasingly concentrated with respect to the readily dissolvable sodium
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and potassium hydroxides further raising the PH to values in excess of 13 within
a few weeks of hydration(10). Due to sufficient hydroxyl activity in the highly
alkaline pore solution of concrete, the passivity of steel in concrete system is spe-
cifically attributed to the formation of a protective submicroscopically thin oxide
film in accordance with Reaction 3(11), signifying virtually complete inhibition of
the anodic reaction associated with dissolution of metal (Reaction 1). Since the
rate of corrosion is governed by the slowest partial anodic or cathodic reaction,
passivation at anodic sites implies the stoppage of corrosion for all practical pur-
poses. The ;sxact composition of the corrosion passivating film is uncertain, but it
is generally regarded to be comprising predominantly of Fe, O, or Fe, O,(12).
However, it is agreed that its formation, stability, integrity and protective quality
are characterized by high alkalinity( OI1 ions) and oxygen availability. A reduc-
tion in alkalinity lowers the protective quality of the film. Experience indicates a
PH level of at least 11.5 in order to provide good electrochemical protection(16).
If PH drops to 9.5/9 the protective oxide film is decomposed and its corrosion

inhibition effect is eliminated(13).
1.2.3 Loss of Corrosion Protection

For initiation of rebar corrosion, the protective oxide film on steel surface
must decompose; it may be disrupted by two specific circumstances which are of
considerable significance to rebar corrosion mechanism in concrete. First, when
the atmospheric carbondioxide makes an ingress into the concrete matrix and its
penctrating front advances deep enough to intercept the steel reinforcement. The
ready combination of carbondioxide with the calcium hydroxide of ccment paste
(Reaction 4) tends to neutralize alkalinity below PII 9 as this rcaction significs

consumption of hydroxyl ions. Second, the presence of chiorides in concrete is



cOle

specially effective in eliminating passivity, becausc chloride ion has heen

described as a " specific and unique destroyer” of the passivating film(14).

In a cover concrete of adequate thickness and quality, which has been
properly compacted and is free of honeycombs and other surface defects, the
depth of carbonation is approximately proportional to the square root of the
time of exposure. Normal outdoor air contains 0.03 percent carbondioxide and
many investigations have shown that this depth does not exceed 5-8 mm after 10
years of exposure to the normal outdoor environment(15). Carbonation, there-

fore, has a significantly lesser corrosion promoting role compared to chlorides.

1.2.4 Mechanism of Chloride Corrosion of Steel in Concrete

The unusual high incidence of corrosion against the highly chloride -pol-
luted environment puts the chloride ion as the most important cause for steel
corrosion in the Guif region. Chloride concentrations as high as 110 Ibs/cu.yds
have been observed in the Gulf concretes(16) whereas concentrations in excess of
the usual chloride limit values of 0.15 percent(ACI specification) and 0.40 percent
(B.S specification) are a common occurrence. Chlorides enter the concrete in this
region either through constituent materials or through curing water and the envi-

ronment.

In an attempt to elucidate the role of chlorides in the corrosion process,
Hausmann(17) has proposed the “chloride threshold” concept. The chloride
threshold theory states that there is a critical concentration of chloride ion above
which corrosion of rebar will occur and below which the passive condition is

maintained. Hausman’s electrochemical studies show that chloride tolerance



increased as the PH of the solution was increased. 1lausmann suggests that these
results indicate that there is a competition between the hydroxyl and chloride
ions; the corrosive action of the chloride ions is continuously opposed by the pas-
sive film-producing action of the hydroxyl ions. At low levels of chlorides the
hydroxyl ions passivate the metal in accordance with Reaction 3. With increas-
ing chloride concentration, a point is reached where the corrosion process, repre-
sented by Reaction 5, balances the passivating action of hydroxyl ions. Further
increases in the chloride concentration cause the passive film to break down and
corrosion occurs. According to Hausmann, the ratio of the combined Cl to OH
concentration should not exceed a threshold of 0.60. Part of the total chloride

may combine with the compositional phases of cement ,specially with GA

phase, to form insoluble compounds such as calcium chloroaluminates. In prac-
tical terms, the minimum concentration of water soluble uncombined chloride
ions (expressed as percentage by weight of cement) which will induce corrosion of
embedded reinforcement, has been reported to be 0.40 percent, based on labora-
tory electrochemical study(18) , whereas the corrosion threshold for full size con-

cretes has been found to be 0.15 percent chloride (19).

The precise mechanism by which chlorides actually disrupt the passivating
film is not resolved as yet. One explanation is that chloride ions are able to dif
fuse through the passivating film and bond with the iron atoms in accordance
with Reaction 6. Another is that when present in quantitics beyond the critical
value, they effectively sabotage the passive film producing action of hydroxyl

ions, rendering steel surface exposed to corrosive action.

The chloride corrosion reactions at anodes and cathodes in the absence

and presence of oxygen are shown in Reactions 7 through 12. It may be noted:



(1) the chloride corrosion causes a rapid reduction in the alkalinity at anodic sites
to a PH level of about 5, due to the iron chloride complexing followed by the
hydrolysis and the release of hydrogen (Reaction 9) and, (ii) chloride is regener-

ated which would perpetuate the corrosion even without further chloride addi-

tion.

Reaction 9 at the cathode in the absence of oxygen is characterized by an
emission of hydrogen gas which is plated at the cathodic sites causing its polari-
zation. This stoppage of the cathodic partial reaction would normally stifle corro-
sion at the anode. An adequate supply of dissolved oxygen is necessary for
cathodic depolarization and is, thercfore, a pre-requisite parameter to sustain the

corrosion at the anodic sites.
1.2.5 Forms of Reinforcement Corrosion in Concrete

Chloride corrosion in concrete may take place by both of the two com-
mon mechanisms: micro-cell as well as macro-cell. The first type is the general
form of uniform corrosion, which occurs with a general loss of passivity due
either to carbonation or to the presence of exc‘gssive amounts of chlorides. Chlo-
rides are more or less continuously distributed in the concrete surrounding the
surface of the rebar.During microcell corrosion, very small anodes and cathodes
are established on the metal surface( Fig. 1.2). The position of cell components is
in a state of constant flux. With time uniform general corrosion occurs over the
entire metal surface. The clectrochemical potential is similar to that of corroding
steel in other environments, typically -450 mv to -600 mv saturated calomel clec-
trode (SCE), and the potential gradients are not very stecp. The macrocell corro-
sion mechanism is characterized by a form of localized pitting corrosion that

often occurs in concrete structures. During localized corrosion, the anodic and

10
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cathodic reactions take place simultancously on separate arcas of the metal sur-
face. Macro corrosion is essentially initiated by differential PH and or differential
chloride cells. Corrosion accurs at well defined small anodic sites of high chloride
concentration and low PH by a pitting mechanism. In this situation a large arca
of passive steel acts as the cathode. The result is rapid, spotty corrosion followed
by concrete cracking at total iron losses as low as 0.5 to 2 percent of the rebar
volume(20). Further, only a small percentage( 10 percent or less) of the total bar
surface may be visibly corroded when initial cracking occurs. The average poten-
tial is between that of passive steel and that of the local anodes, typically -200 to

-500 mv(SCE).
1.2.6 Corrosion Products

Corrosion products formed at anodic sites depend on an interactive effect
of oxygen supply, alkalinity and type of corrosion cell developed at anodic sites.
These are seldom of a single compositional variety. More than one hydroxide of
iron may exist concomitantly at the corrosion areas. The chloride corrosion prod-
ucts coexisting at corrosion sites, where measured PH was as low as 4.6, are
reported to be white ferrous hydroxide and yellowish-green to greenish blue prod-
ucts(21), which may have been ferrous chloride (e Cl,) and hydrated ferrous
chloride (Fe Cl,. H,0) respectively. In conjunction with low PH values, signifi-

cant amounts of black granular corrosion products (Fe, O,) are also observed

implying that at least small amounts of oxygen had been available at corrosion

sites(Reaction 13).

12



CORROSION CONTROL IN REINFORCED CONCRETE
CONSTRUCTION

Scveral potential corrosion control measures have been proposcd(22) and

13

are in current use on concrete structures affected by the rebar corrosion problem. -

These include measures which:

(D) exclude chloride ingress and oxygen diffusion through the
use of dense impermeable quality concrete, concrete mem-
branes, coatings, penctrants, sealing materials, high density
overlays and increased cover to reinforcement

(i1) retard corrosion by the use of chemical corrosion inhibitors
such as sodium benzoate, sodium nitrite or calcium/chro-
mate complexes and also by chloride removal through elec-
tro-chemical techniques

(i) specify the use of corrosion resistant reinforcement com-
prising epoxy coated, stainless clad and galvanized rebars.

In the last decade cathodic protection has emerged not only as a strong
corrosion control and prevention technique but also as a most viable rchabilita-
tion method for rebar corrosion damaged concrete structures. It has been suc-
cessfully used on full-scale installations of more than 150 major constructions
such as bridge decks, marine structures, parking garages, prestressed and concrete
coated pipes in the United States, Canada and Europe alone. Cathodic protection
is now being strongly proposcd for several high profile reinforced concrete con-
struction applications in the Gulf region. The Manama Sitra causewayv bridges
linking the island of Sitra and the mainland at Manama in Bahrain, Power trans-
mission tower foundations in Eastern Saudi Arabia and severly corrosion dam-

aged underground power cable manholes in Jubail are some of the proposed

applications in this region.



Currently the only comprchensive rehabilitation repair technique available
for corrosion damaged concrete is the barrier repair system shown in Fig. 1.3(23).
It, however, suffers from scveral deficiencies including those of cumbersome
application and concomitant differential embedment of reinforcement in chloride

free and chloride contaminated concretes.

Cathodic protection as a corrosion control technology was first logisti-
cally demonstrated by Stratfull in 1972(24) at the Sly park bridge deck on a small
installation. Since then the U.S. Federal Ilighway Administration (FHWA) and
the Ontario Ministry of Transportation, Canada have actively tried and devel-
oped the technology for application to salt-damaged reinforced concrete bridge
decks. It’s viability as a preventive and rehabilitation option for chloride induced
corrosion of reinforced concreté structures can be adjudged from the following
FHWA position statement(25):

" The only rehabilitation technique that has proven to stop corro-
sion in salt contaminated bridge decks regardless of the chloride con-
tent of the concrete is cathodic protection”.

This evaluation explicitly verifies the efficacy of the cathodic protection
and further implies that the conventional techniques such as modified concrete

overlays and coatings have not proven to be significantly successful chloride cor-

rosion protection methods.

STATUS AND POTENTIAL OF CATHODIC PROTECTION FOR
REINFORCED CONCRETE CONSTRUCTION

1.4.1 Principles of Cathodic Protection

14
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The logistics of the cathodic protection principle is shown in Fig. 1.4. A
metal(reinforcement) located in an ionically conducting environment( pore fluid
of concretce) can be protected from corrosion by connecting it to a current source
of negative polarity,i.e. a current source which will supply electrons to the metal (
reinforcement) and will cause a current to flow in the opposite direction through
the ionically conducting environment (concrete) and onto the metal (reinforce-
ment). The current is passed into the electrically conducting environ-
ment(concrete) via a second electrode( auxiliary anode) and passes through the
solution by ionic conduction. Therefore only parts of the metals( reinforcement)
which are in contact with the clectrolyte (concrete), thereby completing the elec-

trical circuit, can be protected by this technique.

Simply stated, on the strength of the fact that anodic and cathodic reac-
tions (Reactions 1 and 2) are reversible, a ncgative charge externally imposed on
the steel reinforcement by connecting it to the negative terminal of the power
source, will attract and retain the Fe'® jons from migrating into solution
(@0 T T N — Fe’). The rebar in chloride contaminated concrete will have
on its surface a large number of anodes and cathodes as a result of the multiple
micro and macro celis present( Fig. 1.2). Once the cathodic protection current is
applied, however, the entire structurc becomes the cathode, or electron donor, and
the positive terminal of the power sourcc becomes the anode. or electron accep-
tor. In terms of superposition of impressed current on local action current, the
concept is illustrated in Fig. 1.5. A typical of the numcrous local action corro-
sion cclls operative on rebar surface gets the impressed current from the auxiliary
anode. Current leaves the auxiliary anode and cnters both the cathodic and the

anodic areas of the corrosion cells, returning to the source of D.C. current,B.

16



Current

SECOND
ELECTRODE

17

electrons

D.C. SUPPLY

+ve ions ————
4————— -ve ions

PROTECTED
ELECTRODE

Fig. 1.4 Schematic Illustration of Cathodic Protection Principle



>

1]




L

When the cathodic areas are polarized by the external current to the open circuit
potential of the anodes, all the rebar surface becomes equipotential and local
action current no longer flows. The rcbar surface, therefore, cannot corrode so

long as the external current is maintained.

The Kinetics of the corresponding clectrochemical reactions at the anode
and cathode as a function of potential are best illustrated diagrametically. Fig.
1.6 shows a typical polarization diagram for a corrosion cell of the type operative
on the rebar and shown in Fig. 1.5. While corrosion ccll potential constitutes the
driving force for corrosion, kinetic factors are largely determined by polarization,;
and it is this latter phenomenon which is most influential with regard to corro-
sion rate. Thus, it has been determined that potential of an electrode is a function
of the net current flowing through it. When a current flows, the potential of the
anode becomes more noble( positive) ; and potential of the cathode is more
active( negative). This is illustrated by the diagram in Fig. 1.6, where a pair of
curves, one expressing the potential currcent characteristics of the anodic reaction
and the other of the cathodic reaction, are shown. For a corrosion exposure
involving a low resistance electrolyte. the anodic and cathodic reactions are in
balance at ¢, , which represents .thc potential of the rebar corroding at a rate

corresponding to the current density I .

Now it is recognized that corrosion occurs at anodic sites, where current
flows from metal into the electrolyte (Fig. 1.7). If cathodic current is provided by
an cxternal source to the metal, then the anodic current is reduced or eliminated
altogether. This is conceptually illustrated in Fig 1.8, where four successive

degrees of cathodic polarization ranging from free corrosion( no external current

-condition 1) to complete protection( no net anodic current -condition 4) are-

19
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illustrated. Complete pfotcction is achicved when the metal is polarized to the
open circuit potential of the anode( ¢ in Fig 1.8). No additional benefit is
derived from polarization to a more negative potential. In fact, several deleterious
secondary effects are associated with overprotection. First, it is uneconomical due
to the wasteful additional cathodic current; sccond, it weakens the bond between
steel and concrete(26); and third, hydrogen damage of the metal may result spe-

cially in high strength stcels as used in prestressed concrete construction(27).

Two significant conclusions which are relevant for the proposed research

are illustrated by Fig. 1.9;
@) As many systems have in actual practice an approximately
logarithmic relationship between potential and current den-

sity, the cffective reduction in corrosion rate often becomes
smaller for each incremental negative shift in potential.

(i) The corresponding increase in the cathodic current becomes
greater for each more negative step potential.

The significance of these conclusions is that partial protection, reducing
corrosion to a level that is acceptable, can substantially reduce the consumption
of current in an impressed current system. ; Criteria for protection can therefore
be a specific potential, or a specific negative shift of potential from the free cor-

rosion value.
1.4.2 Application of Cathodic Protection
1.4.2.1 General Application

Cathodic protection by sacrificial anode gained acceptance for corrosion control
of buoys, ship hulls and various tanks and underground structures in the late

1800’s. During the carly 1900°s the use of impressed current for protection of
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underground structures came into use, and the application of cathodic protection
grew rapidly with the devclopment, in the mid-1930’s, of a ncw source of direct
current, known as copper oxide rectificr. Although ships, marine structures, con-
crete coated piling and nuclear reactor containment vessels are some of the appli-
cations, the use of cathodic protection in these areas has not reached major pro-
portions. It is the underground pipclines , underground storage tanks and steel
structures in sea water where cathodic protection has been cxtensively applied. In
United States alone there are over one million miles of underground pipelines(28)
, with much of that quantity cathodically protected with either sacrificial anodes
or impressed current. U.S. Government regulations now require cathodic protec-
tion on all interstate pipelines(29). Prior to the advent of unleaded fuels and fiber
glass storage tanks, many gas stations used a form of cathodic protection for

their underground storage tanks.
1.4.2.2 Application to Reinforced Concrete Structures

Although cathodic protection is a well-established means of preventing corrosion
for pipelines buried in soil and stcel structures located in sea water, the applica-
tion of this technique to reinforced concrete structures is still in a developmental
stage. Concrete is a distinctly different material from soils and saline water in
terms of its internal and external environments, conductivity to the flow of elec
trical currents, inherent heterogencity of matrix and responses at the steel/encas-
ing-material interface. Even when the principle of protection remains unaltered,
this position requires significantly different technology and criteria for corrosion
control of reinforcement in concrete structures. This is discussed in greater detail

in section 1.5 of this dissertation.

The first scrious attempt to apply the impressed current CP system to
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control chloride corrosion damage of rcbar in reinforced concrete construction
was made in carly 1970’s. Stratfull(30) and others (31,32,33) reported success on
its use on bridge deck surfaces. Since reinforced concrete parking garages often
suffer the same type of deterioration as bridge decks, in 1977 two cathodic pro-
tection installations were made in parking garages, one in Cincinnati, Ohio, and

the other in Minneapolis, Minnesota.

Early problems arising from application to concrete structures were found
to be with materials. techniques and logistics rather than with the concept. Two
features of reinforced concrete structures made the CP installation particularly
difficult. First, the high electrical resistivity of concrete which hampers the
spreading of the currents from the locations of the anodes to obtain a uniform
distribution over the entire reinforcement network. The second feature of impor-
tance pertains to a possible lack of electrical continuity among reinforcing steel

members.

In view of the significance of a uniform distribution of the impressed cur-
rent for success in corrosion control, the progress in the application of cathodic
protection system to reinforced concrete structures has remained linked to the
development of a successful anode system which in addition to spreading the cur-
rent cfficiently, is also easily constructible, durable and capable of operating in
the particular conditions appertaining in concrete structures. Therefore, anodes
for reinforced concrete systems have been specially developed over the past 10

years to overcome the specific associated problems.

Early CP installations used simple high silicon cast iron anodes in an

asphalt overlay made conductive by the addition of coke. Variation in the system
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were tried, but as the system cannot be used for vertical and soffit surfaces, and
also adds upto 80 mm to the slab thickness, thi limited applicability and the dead
weight load penalty were strong negative factors. To avoid the weight and thick-
ness penalties of conductive overlays, anode systems were installed in slots cut
into the concrete. Anodes of platinum clad niobium wire and graphite fibers
failed due to acid attack of the concrete adjacent to the anodes. It was , however,
the advent of conductive coating anode systems in around 1980 that first pro-
vided a practical anode system for vertical and soffit surfaces of reinforced con-
crete. Conductive coating anode systems, using platinum clad niobium or tita-
nium as a primary anode, have seen wide applications. In 1983 a conductive
polymer wire, sometimes preassembled into a mesh array, was introduced as an
anode for reinforced concrete. This anode has been cxtensively used in highway
bridge and car park decks as well as with a gunite overlay for vertical and soffit
surfaces. In 1985, titanium expanded mesh anodes coated with various precious
metal oxides by different manufacturers, were introduced concurrently in UK and

USA for applications to reinforced concrete.

The power source is generally a direct current rectifier with various control
clements. Power requirements for CP system is typically in the range of 40-50
watts or a maximum of 0.02 watt per square feet of concrete surface. For reasons
of economy and ease of control, the rectifier units arc generally constructed with
multiple outputs, each providing an individually adjustable direct current. Control
may provide constant current or constant voltage, or constant voltage with a cur-
rent limit.  Automatic systems to maintain constant stcel reinforcement/concrete

reference potentials have also become available lately.
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1.4.3 Advantages of Cathodic Protection

Cathodic protcction is becoming more acceptable for concrete construc-
tion, and its initial limited application to bridge decks has now been extended to
other structures and buildings such as parking facilities, wharves and chemical
plants. It offers the following significant advantages:

* It is the only appropriate method for the rehabilitation of rein-
forced concrete structurgs where deterioration has been caused by
chloride induced corrosion of the reinforcement. All other rehabilita-
tion techniques in presence of chlorides in concrete are only cosmetic
and do not control corrosion on a long term basis. Therefore, it
offers an attractive option to replacement, massive concrete removal

or a continuous program of patch repairs throughout a structure’s
life.

* Provided corrosion of reinforcement has not impaired structural
integrity, only minimal concrete repairs are required before a cathodic
protection system is installed.

* The effectiveness of cathodic protection in arresting corrosion can
be measured by simple, non-destructive techniques.

* The cost of applying cathodic protection is only a small fraction of
the replacement cost of the threatened structure, and cathodic protec-
tion is clearly the least expensive means of providing long-term, main-

tenance free service life for steel reinforcement in corrosive chloride
contaminated environment.

1.4.4 Cost

The cost of cathodic protection is highly variable. In a recent review the
capitalized costs ( inclusive of first cost. maintenance and power costs) for wire
anodc (non-overlay) and conductive averlay types of cathodic protection systems
have been reported to be US$ 164.80/ sq.m and US$ 147.90/sq.m of concrete sur-
face respectively. This may be compared with the capitalized cost for maintain-
ing a typical existing, black-steel-reinforced slab and subsequent replacement with
slabs having cpoxy coated reinforcing bars which comes to be US$ 137.78/sq.m.

However, the patching or membranes can only be viewed as temporary repair
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mcthods when the concrete down to and below the bar is contaminated with con-

crete.

Chou (34) gave a comparative cost for a particular bridge deck. For the
bridge deck studied, the CP cost was USS 41,344 compared with US5138,396 for
total deck replacement. Using an annual worth method, cathodic protection was
found to be cheaper by USS 3228 to USS 5793. Chou suggests that as overlays
are now a popular method of deck rehabilitation, it does not cost much more to
insert a CP system under the overlay at the same time. The installed cost of most

system is less than USS$ 6 per sq. ft.

SPECIFIC PROBLEMS OF CATHODIC PROTECTION IN
CONCRETE STRUCTURES

Reinforced concrete is a composite, highly hetcrogeneous material made
of concrete and embedded steel reinforcement and is markedly different from sea
water, ground water and soil which have hitherto formed the conventional clec-
trolyte for numerous successful®cathodic protection installations. Plain concrete
itself is a diphasic material comprising aggregate particles of various sizes dis-
persed unevenly in a2 matrix of cement paste. The most distinctive fcature of the
concrete make-up is the intrinsic heterogeneity of its matrix. The two phases of
concrete structure are neither homogencously distributed with respect to each
other , nor are they themselves homogencous. The interfacial region between the
particles of coarse aggregate and the hardened cement paste forms a third phase
which has been identificd as a “transition zonc”( 35). The hardened cement paste

is a porous solid comprising of voids, pores and microcracks ranging from 3 mm



(air voids) to 10 nm - 5 pym (capillary voids) to 5 to 25 A° ( gel pores). These
voids and pores are filled with a highly alkaline aqucous phase of PH in the
range of 12.5 to 13.5. Apart from the inherent heterogencitics, localized differ-
cnces are invariably introduced on a macro scale by conditions prevailing during
construction. These may producc arcas of differential compaction , permeability,
resistivity and diffusion. Further, the rcinforced concrete structure is commonly
exposed to the full impact of the environment and its variations. In terms of its
© sensitivity to its scrvice cnvironment, concrete has been likened to a living organ-
ism. Contrary to its plain rock-like deceptive simplicity, concrete is a highly
responsive pseudo-solid system which is affected by any cxternal action such as

variation of pressure, temperature or humidity.

The main differences between a conventional cathodic protection installa-
tion and reinforced concrete may be summarized as {ollows:

* the pore fluid which constitutes the effective electrolyte is highly
alkaline and is discontinuously distributed along the rebar through a
rigid concrete matrix of low diffusivity to water and oxvgen.

* In conventional cathodic protection applications, the elcctrolyte
being sea water, ground water or soil is usually near neutral (PH 6-8)
and is semi-infinite, making it possible for the auxiliary anode to be
located remote from the structure. In reinforced concrete structures
the highly alkaline electrolyte has finite boundaries, and is neither
immersed nor buricd. This makes it imperative that the auxiliary
anode be applied and distributed over the surface of the structure
itsclf, close to the stecl cathode (reinforccment) to be protected.

* Concrete has a highly variable electrical resistivity in the range of
157 ohm-cm to 157,500 ohm-cm (36). Another cstimate is on the
order of 10* ohm-cm for wet concrete and as high as 10"" ohm-cm
for dry concrete(37). A third study(38) puts the range at 6.5-11.4 x
10° ohm-cm. Compared with an estimated resistivity of less than
2000 ohm-cm for soils and 30 ohm-cm for sea water, this makes dry

concrete an effective insulator (also compare with 17X107 ohm-cm

for copper and 97X107 chm-cm for iron). However, Lewis and
Copenhagen(39) have reported that in coastal atmosphere where sca
salt and moisture can penctrate the concrete, resistivities as low as
100 ohm-cm have becn observed. Concretes buried in moist soil are
reported to have resistivitics in the range of 3000 to 8000 ohm-
cm(40). These data emphasize the high degree of variability of



concrete resistivity, high insular nature of dry concrete, very drastic
reductions in the resistivity valucs of moist concrete, and the signifi-
cance of the conjoint moisture and salt action in the conductance of
clectrical charges through the concrete matrix.

The high resistivity of dry concretc can strongly thwart the
flow and distribution of cathodic current from auxiliary anode to the
reinforcement network. Further, the areawise and timewise variations
in the resistivity linked to the temperature and humidity fluctuations
in concrete and surrounding cnvironment can cause a highly uneven
distribution of the protective current and therefore can result in inho-
mogeneous levels of protection. Thus reinforcement in close proxim-
ity of the anodes receives more current and is overprotected, whereas
more distant reinforcement receives only a small fraction of the
impressed current and remains underprotected. This would particu-
larly pose problems of corrosion control in a structure with a two
mat system, specially if the distant mat is also positioned in a highly
chloride contaminated concrete (Fig 1.10).

* The nature of cathodic polarization at steel-concrete interface dif-
fers significantly from steel in water or soil.

* The established cathodic protection criteria for steel in near neutral
electrolytes ( seawater, groundwater and soils) cannot be applied to
steel in concrete which forms a distinctly different medium of embed-
ment.
. In addition to these fundamental differences between the conventional
cathodic protection installation and those applied to concrete there are several

significant distinctive problems of logistics and secondary effects which are charac-

teristic of only rcinforced concrete construction.:

The first such feature of importance pertains to a possible lack of clectri-
cal continuity among reinforcing stecl members. In such a situation, to protect all
the clements of the system the locations of the discontinuities will have to be
identified, the areas of the structure to be protected will have to be configured
into discrete zones and rcinforcement has to be connected to the rectifiers at sev-
cral locations to provide protection coverage to reinforcement in these discrete
zones. In practice this could be cost prohibitive and virtually impossible in retro-
fitting already-cast concrete clements. Further, at the points at which current

cnters the bar from moist concrete clectrolyte, the bar will be somewhat
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protected. At the point at which the current leaves the bar, the stecl will experi-
cnce rapid corrosion at a faster ratc than before the CP was applied. This situ-

ation is shown schematically in Fig. 1.11.

The second problem could arise in regions of a structure where concrete
itself is discontinuous primarily duc to delamination causcd by the expansive cor-

rosion products (Fig. 1.12).

The third difficulty pertains to the possibility of a reduction in steel con-
crete bond due to the action of cathodic polarization. The cathodic action is
characterized by a generation of hydroxyl ions at the cathodic steel surface
(Reaction 9) and a build up of the sodium ( Na* ) and potassium ( K* ) ions of
the hydrated cement at the regions near the rebar due to the action of the
impressed current(41). A high concomitant concentration of hydroxyl jons { OH"
) and sodium ( Na* ) and potassium ( K* ) cations results in the formation of
calcium and potassium hydroxides { electrons being supplied by the rectifier).
These hydroxides are known to attack calcium and aluminate silicates thereby ”
softening” the stecl interface concrete causing a degradation in bond (42,43). The
loss in bond strength was observed to be roughly proportional to the applied cur-
rent upto 3400 amp-hr/sq. ft(44). This phenomenon is a matter of concern about

the long term effects of cathodic protection.

Yet another possible side effect of the genceration of hydroxyl ions due to
cathodic polarization is to raise their concentration in pore fluids to a level where
silca of reactive aggregates, if present in concrcte, would readily react with high
levels of alkalies ( sodium and potassium) devcloped at the steel concrete inter-
face duc to the impressed current. The alkali-silica reaction is associated with

severe cracking and disintegration of the concrete(45,46). Since this reaction takes



placc at the cathodic steel surface, it would also have a delcterious effect on the
bond strength of the reinforcement. No planned research has as yet been carried

out on this aspect.

A further detrimental possibility in rcinforced concrete structures is the
evolution of hydrogen gas at the stecl surface. If the impressed cathode potential
exceeds the hydrogen over-voltage potential ( -1.17 V SCE), it would cause the
evolution of hydrogen as a result of the clectrolysis of water(47). Much of the
supplied current is then expended in the electrolysis of water rather than the pro-
tection of steel, and the hydrogen gas could possibly enter the stressed steel, spe-

cially high grade steel, causing its embrittlement and cracking(27).

One more deleterious side effect is anodic rather than cathodic in nature.
The anodic reaction in the presence of chlorides (Reaction 7) would normally
result in the reduction of PH at anodic sites and the gencration of chloride ions.
The negatively charged chloride ions in the. vicinity of the anode, would also have
a tendency to migrate towards the anodic site. This would generate chlorine gas
in a low PH environment. Some reaction is then most likely to take place with
the alkaline base of the anode. This reaction is expected to promote the detach-
ment or delamination of the anode from the main body of the structure causing

failure of the cathodic protection system.

The concrete factors discussed above can be summarized as :

* The highly alkaline nature of concrete (PH 12.5-13.5) compared to
the ncar neutral (PH 6-8) nature of sea water, groundwater or soil.

* Very high and significantly variable values of clectrical resistivity.
* Extreme polarizability of stecl-concrete interface.

* Significant variations in the cnvironment of concrete in different
zones of the same structure.

* Significant changes in the concrete environment of the same
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structure with time.
* The reduction in the bond strength of the stecl-concrete interface

duc to concrete softening, hydrogen cvolution and possible alkali-sil-
ica rcactions.

SPECIAL PROBLEMS OF CATHODIC PROTECTION FOR
CONCRETE CONSTRUCTION IN THE GULF REGION

The aggressive climatic conditions prevailing in the Arabian Gulf have a
definite influence on the cathodic protection criteria for the reinforcement in con-
crete structures. The microenvironment within the concrete as well as outsides
varies significantly in this region. High and variable chloride presence in concrete,
high diurnal and seasonal variations of ambient temperature, special CP applica-
tion such as protection of bottom mat by placing anode at the top, possibility of
reactive aggregate usage and the possibility of bond loss associated with the pro-
tection of bottom mat by placing anode at the top are some of the distinctive

features which are special only to the Gulf concrete.

The Middle East factors which markedly influence current requirements

are summarized in the followings:

(i) Very high and very variable concentrations of chlorides in the Gulf
concrete

(i) Temperature effects which render the surface concrete very dry
and could therefore significantly hamper the protection current flow
from the auxiliary anode to the level of the reinforcement

(i) The chloride and corrosion configuration in a two mat reinforce-
ment system in the Middle East is significantly different from that
obtainable on bridge decks in the United States. In most flexural
members the bottom mat of the rcinforcement is several times more
voluminous than the top mat. In bridge slabs the bottom mat typi-
cally comprises 75 % of the total rcinforcement compared to 25 % in
the top mat. In bridge decks it is usually considered necessary to pro-
tect only the upper layer of the reinforcement, as the deicing chloride
salts penetrate through the top surface of the slab and accumulate
predominantly around and in the vicinity of top rebars. Penetration



of chlorides, water and oxygen to the lower layer may take many
years and would always be significantly less in terms of levels of con-
centration and attack.

The-top mat-oriented chloride and corrosion profile commensu-
rates very well with conventional anode application close to the top
surface. In this position the anode is in close proximity to the corro-
sion prone upper layer of reinforcecment which may receive about 10
times (48) more protection current than the more distant bottom rein-
forcement layer located in chloride free concrete.

In the Gulf conditions, where chlorides routincly enter the con-
crete mix constituents, chloride inclusion and not chloride penetration
is the dominant chloride contamination mechanism. The chloride dis-
tribution is therefore more uniform across the depth, and the bottom
mat is most likely to be as corrosion prone as the top mat. Further, it
would constitute a far higher ratio of the reinforcing steel area to the
concrete surface area than the top layer reinforcement. Since the steel
to concrete ratio controls the protection current density, allowing for
current drain with concrete depth, a far higher current density may be
needed to fully protect the bottom mat in the Gulf conditions than in
the usual bridge deck installations in the United States. This high
density protection current may severely overprotect the top mat with
associated deleteriuos secondary effects.

* The possibility of reactive aggregate usage is noticeably higher in
the Gulf conditions(49,50). This raises concerns about deleterious

secondary effects related to concrete disintegration and loss of bond
at the steel-concrete interface cven in concretes made with low -alkali

cements as alkali cations ( Na™* K*), tend to migrate and accumu-
lates around the reinforcement due to the impressed current.

PREVALENT CATHODIC PROTECTION CRITERIA AND THEIR
APPLICATION TO REINFORCED CONCRETE STRUCTURES

Literature search indicates at Icast cight possible criteria for protection of
steel against corrosion. However, except for two, all have been proposed in the
context of protecting buried steel pipelines and tanks or for steel in sea water.
These eight criteria are:

(1) Potential to placc steel in the “immune” arca of the potential-PII
diagram.

(2) Break point in E-Logl curve- constant potential



(3) Break-point in E-Logl curve- constant current

(4) Potential shift to -0.50 V copper sulfatc electrode (CSE) for
uncorroded steel in chloride contaminated concrete to prevent onset
of corrosion and a potential shift to -0.71 V CSE to arrest corrosion
in an actively corroding steel in chloride contaminated concrete

(5) -0.77 V CSE “instant off” potential

(6) -0.85 V CSE "instant off” potential

(7) An “instant off” potential at least 300 mV more negative than the
original before cathodic protection static potential

(8) A decay of at least 100 mV measured over a 4 hour period
between the “instant off” potential and the fully polarized potential.
The bases of these criteria is traced to three different approaches: firstly,
theoretical, dcrived from thermodynamics and kinetic factors determined by
polarization (criteria 1,2 and 3); secondly, laboratory based studies ( criteria 4 and

5); thirdly, field practices (criteria 6,7 and 8).

1.7.1 Criteria Based on Theoretical Considerations

1.7.1.1 Potentials for the Placement of steel in the ”Immune” Avea of the Poten-

tial-PH Diagram

For steel in water at PH values below 10, the potential-PH diagram indicates
“immunity” from corrosion at potentials below -0.62 V standard hydrogen elec-
trode (SHE) or -0.94 V CSE. However, the concrete environment has a PH of
12.5-13.5 and hence for steel in concrete the applicable “immunity” potential is
shifted to a value:

E = -0.09-0.059 PH

=-0.820 VSHE or -1.13 VCSE



The shortcoming of this simplificd criterion is that it does not take into
account different gulf factors such as the high and variable chloride content in
concrete and the concrete surface temperature. Morcover, accumulated ficld
expericnce strongly ncgates this theoretical value on the grounds that the corre-
sponding high Icvels of protective current are cconomically wasteful and techni-
cally undesirable due to the secondary deleterious eflects of overprotection. The
significantly more necgative value compared to that of steel in water
(PH=T),however, indicates that the criterion for protcction of steel in concrete is

likely to be more stringent than for steel in seawater, groundwater or soil.

1.7.1.2 Criteria Based on E—Logi Techniques

A quantitative cvaluation of corrosion kinetics in electrochemical terms is based
on a determination of the anodic or cathodic corrosion current I at the mixed
potential E__ . Under these conditions, [or a corrosion exposure involving a low

resistance clectrolyte or closely located anode and cathode, the anodic and

cathodic reactions are in balance, signifying that the same current flows through

the anodic and cathodic regions; this makes the metal surface equipotential at '

E_ - This equilibrium renders I determination impossible by simple and direct
methods. One indirect method of I, determination is to make the metal surface
acquire a potential other than E__ by applying a potential scan. This would
enable current measurements to be carricd out for incremental potentials and a
plot of potentials(E) against current(T) on a logarithmic scale is obtained. This is
called a Tafel plot(Fig. 1.13). The use of E-Logl curve was first made by Stern

and Geary (51) in 1957 for developing a cathodic protection criteria for steel.

The metal surface under actual service conditions is far from being equi-

potential and is characterized by the presence of some areas which arc more posi-
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tive and others more ncgative than the mcan potential. The impressed cathodic
current will be distributed between the various small cathodic areas depending
' upon their relative potentials and other characteristics. The combined effect of
these small cathodic areas represents the measured combined mean potential
which will initially be linear. With incremental impressed current, the plot is
depressed in the form of a curve as the individual areas become polarized. The
process will continue until each of the areas is polarized, when the curve will
again become a straight line. Complete protection will be obtainable when all the
areas are polarized so that the current needed for protection will be defined by
the point which causes the E-Logl plot to become a straight sloping line. The
assumption is that this state represents the current or potential at which the most
anodic areas are polarized or climinated. This signifies that ecither the anodic area

or the total anodic current is now insignificant.

From the E-Logl plot the predicted protection current (Tcpy or the protec-

tion potential (Ep, can be adopted.

Another rclated technique is to plot a linear polarization curve on the

basis of the polarization resistance equation

[ = B. B
©m " 23(B, + B R,

where B, and B, are the measured slopes of the anodic and cathodic Tafel
portions of the E-Logl curves and R, (%Ili) is the polarization resistance, being
the slope of the linear polarization curve. Knowing I ,B,and 8, the relation-

ship between impressed current and the potential shift can be obtained.

Application of E-Logl and lincar polarization techniques to formulate
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cathodic protection criteria is still in its infancy and at a devclopmental stage.
Although these techniques arc justifiably applicable to thc steel concrete inter-
face, there arc two significant problems in their application to concrcte struc-
tures. First, there are as yet no well formulated guidelines for running the E-Logl
tests and the interpretation of the results requires considerable experimental
judgement. Sccondly, the technique suffers from the serious drawback of bcing
overly sensitive to changes in the environmental conditions after the E-Logl scan
has beecn completed and the evaluated potential imposed. For example, an
increase in chloride concentrations at the steel-concrete interface after the origi-
nal survey, would most likely change the E-Logl curve, rendering the initially

adequate protection inadequate with time.

Inspite of these possible drawbacks the E-Logl technique offers signifi-
cant promise and need to be further researched. It is now a well documented fact
in the concrete corrosion literature that different corrosion conditions pertain on
different areas of the same structure, and they also widely vary from structure to
structure. This makes it illogical to apply an across-the-board protection poten-
tial/current for different areas of the same structure or for different structures
expericncing widely differing corrosion damage. Schutt(52), therefore, measured a
separate E-Logl curve on each scction of a structure, using current-ofl’ tech-
niques, and applied separatc protection potentials for each scction, based on its

E-Logl data.

Schell and Manning(53) have cvaluated E-Logl and linear polarization
techniques on eight experimental cathodic protection systems installed on piers of
the Burlington Bay Skyway, Canada. Each covered 40 sq. meter of large rectan-
gular rcinforced concrete columns having similar reinforcing steel patterns and

similar exposure conditions. They report wide variations in the corrosion currents



and protection currents predicted by T'-T.ogl tests. The corrosion and protection
currents ranged from 51 to 300 mA and 4.2 to 36.8 mA respectively, and varied
quite considerably from ccll to cell within cach system during the same test, indi-
cating that cach ccll “sces™ only a localized arca. Agreement between corrosion
current values predicted by the E-Logl plot and those calculated from the linear

polarization test data was very good.

Stratfull{(54) also cvaluated E-Logl tcchnique along with several other
currently prevalent cathodic protection criteria on a salvaged section of a bridge
deck used as a test slab. He concludes that the E-Logl constant current tech-
nique is applicable as a cathodic protection criteria for bridge decks. However,
the technique needs the use of sufficient test points to develop an accurate pre-
diction curve. The results showed that compared to other criteria the E-Logl

constant current criteria indicated many-fold less current density for protection.

A recent review of protection criteria for buried pipelines(85) is critical of
the E-Logl determination criterion in applications to steel in acrated electrolytes.
A distinct initiation of the straight Tafel slope ( necessary for the interpretation
of the data) may bc masked by the controlling ratc of diffusion of oxygen to the
cathodic surface. Most reinforced concrete applications can be considered to con-

stitute an aerated electrolyte.
1.7.2 Criteria Based on Laboratory Studies:

Two extensive studies(56,57) have been undertaken to evolve a cathodic
protection criteria based on simulation of the pore moisture clectrolyte conditions
in concrete by the use of saturatcd calcium hydroxide solutions. In his electro-
chemical study carricd out on saturated lime solutions containing 0.64 molar (4.4

percent) NaCl to simulate highly chloride contaminated concrete, 11ausmann(56)



has made a distinction between uncorroded and corroded steel. Based on this
investigation, he suggests that corrosion of uncorroded steel in a highly chloride
contaminated concrete can be prevented if steel potential is shifted to a minimum
value of -0.50 V (CSE). To arrest the progress of corrosion in a corroded steel,

the polarization potential of the steel should be shifted to -0.71 V (CSE).

In a second cathodic protection criteria study carricd out by Vrable(57)
on simulated and actual concretes, several environments were used at the steel/
concrete interface( no corrosion-no chloride; no corrosion-chloride; corrosion-
chloride). The results show that complete protection against pitting as well as
general corrosion is obtained at a steel polarization potential of -0.77 V(CSE).
This investigation also specified an upper polarization limit of -1.1 V(CSE) to
avoid overprotection and its possible detrimental secondary effects related with
the degradation of bond between steel and concrete due to hydrogen evolution.
The upper limit of -1.1 V(CSE) was based on Vrable’s finding that the visible

hydrogen evolution potential for steel in concrete is at -1.17 V(CSE).

Studies involving the use of simulated concrete pore solutions are clearly
far removed from the complexities of real concrete environments and raise some
legitimate uncertainties. However, they do bring out some broad trends which are
directly relevant to cathodic protection criteria evaluation:

* Differing chloride-corrosion conditions at the steel-concrete inter-
face may necessitate different criteria for protection

* Protection can be achieved at potentials much below the theoretical
immunity values

* Protection can be achieved at potentials somewhat more noble than
those applicable for stecl-in-soil or steel-in-seawater.
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1.7.3 Criteria Based on Field Experience
1.7.3.1 -0.85 V CSE "instant off” potential

-0.85 V (CSE) criterion signifies that the corrosion of reinforcement would be
arrested when its clectrode potential is depressed by polarization from its natu-
rally occurring static potential to a potential value of -0.85 V (CSE). Although
this criterion was first suggested for undcrground pipeline(58) it is by far the most
commonly used cathodic protection standard for reinforcement embedded in con-
crete(59,60,61). Further, although empirical in nature and developed primarily
from field experience, it has a theoretical basis. It attempts to satisfy the cathodic
protection principle that protection of a structure is achieved when all points on
the structure are polarized to a potential more negative than the most anodic site

on the structure(62,63).

The "instant off” potential compared to “current on” value has the advan-
tage that it eliminates the complexity of making corrective voltage allowance for
IR drop in the "current on” position. Further, the “instant Off” value directly
addresses to the fact that since the change in potential for protection is achieved
by polarization, it is logical to measure the adequacy of protection by the resi-

dual polarization immediately on switching-ofT the cathodic protection current.

Although most extensively used for reinforced concrete structures, the
-0.85 V CSE criterion has been frequently criticized on the ground that it pro-
vides severe overprotection(53,54,48,64), with current densities in the range where
a slow loss of bond between reinforcing stcel and concrete has to be seriously

considered in the long run.

Chang et al(48) have reported results of cathodic protection tests on four

bridge decks. They have rcported current densities in the range of 1.3-9.9
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mA/sq.ft and 1.8-25.8 mA/sq.ft for polarization levels of -0.78 V (CSE) and -0.85
V (CSE) respectively. These current densitics indicate that although the -0.85 V
(CSE) polarization does provide protection, it is obviously cxcessive and a more

noble potential would suffice.

Stratfull(54) carried out cathodic protection tests on the salvaged section
of a bridge deck using several cathodic protection criteria. Ile reported 40-fold
current densities with the -0.85 V (CSE) criterion compared to 100 mV shift and

E-logI criteria.

Schell and Manning(53) installed cight experimental cathodic protection
systems on piers of the Burlington Bay Skyway and measured the instant off
potential which did not satisfy the -0.85V (CSE) criteria. They state:

"It would appear that this (-0.85 V CSE) may be an overly strict cri-
teria for use on reinforced concrete structures”.

1.7.3.2 300 mV "Instant Off” More Negative Polarization Shift Criterion

The 300 mV polarization shift criterion implies that the difference in voltage
between the static (before cathodic protection) and the “instant off” potential
must be at least 300 mV at all locations of a structure or the instant off potential
must be 300 mV more negative than the static potential before the operation of
the cathodic protection system. The 300 mV is determined by reading the halfcell

potential immediately after turning the cathodic protection currents off.

The 300 mV polarization shift criterion is based upon field experience and
is reported to be generally used for bare or uncoated steel pipelines buried in

s0il(65,66).

The 300 mV shift criterion has been evaluated by Schell and Manning(53)



for piers with corroding reinforcement. On the basis of lincar polarization data
they consider 300 mV shift criterion to be fairly conservative. Ilowever, they also
report considcrable logistic problems in maintaining this criteria duc to significant
variations in the static potentials of reinforcement with scasonal changes. This
necessitated periodic reestablishment of the static potentials involving considera-
ble practical difficulties. They report that “where static potentials changed signifi-
cantly from season to season, the shift between instant-off potentials and a static
potential measured at a different time of the year often gave a very distorted pic-
ture of system operation”. Also, this static potential varies widely with chloride
content of concrete (67,68). Data on the dependence of shift potential on the

chloride content of concrete is still to be developed.

Stratfull(53) has also evaluated 300 mV shift criterion on a bridge deck
used for cathodic protection testing. The current densities required to maintain
300 mV shift were found to be about twice the current densities required by the

E-Logl and 100 mV decay criteria.
1.7.3.3 100 mV Polarization Decay Criterion

This criterion specifies a minimum of 100 mV potential decay over all representive
points of the structure being protected. The potential decay is to be determined
as the difference between the ”instantaneous off” potential and the potential meas-
ured at the corresponding location of the structure after a period during which the
cathodic protection system remains turned off. The period between “instant ofl”

potential and the decay potential measurement is typically 4 hours.

Stratfull(54) in an evaluation of cathodic protection criteria found that the
current requirement for the 100 mV decay criterion was of the same order as for

E-Logl criterion.
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In view of the negative aspects of the potential shift criteria based on the
wide variations of original static potentials with environmental changes and the
invalidity of the single potential criteria for a structurc having widely varying
static potentials( including passive potentials) reflecting the varying state of cor-
rosivity, the 100 mV criterion has been tentatively supported as most viable by

several studies(69,70).

The four hour decay period has been criticized by Kendell and Pit-
house(71) on the basis of observations that (i) at a given current density the time
required for full depolarization shift to occur becomes progressively longer with
increased system operation and, (ii) operation at higher current densities results
in a similar trend. They suggest depolarization testing time to be increased to 24

hours in order to correctly assess the status of any cathodic protection svstem.

UNRESOLVED PROBLEMS

The current practice in terms of criteria for the cathodic protection of
steel in concrete is entirely based on the past expericnce with the protection of
steel in soil or in seawater. In principle, protection current requirements for rein-
forcing steel in concrete would be controlled by the following factors: (i) extent
and configuration of the reinforcing steel in concrete, (ii) factors affecting corro-
sion rate, which mainly include chloride concentration at stecl-concrete interface,
concrete quality, extent of concrete cover and environmental aspects. From the
standpoint of these governing considcrations, the environment of reinforcing stecl

in chloride-contaminated concrete is sufTiciently different from that of soil or sca-
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water. Some of the conditions prevailing in the Middic East with respect to con-
crete construction significantly cxaccrbate this differential. Such a position

necessitates a recvaluation of the conventional cathodic protection criteria.

The review of the prevalent cathodic protection criteria taken togcther

indicate three trends:

* Firstly, there is no single criterion which is widely accepted by prac-
titioners. The most commonly used criterion of -0.85 V (CSE)
“instant off” potential has by now been widely documented for pro-
viding overprotection.

* Secondly, the criteria currently being applied to reinforced concrete
structures were primarily formulated for an entirely different environ-
ment of buried steel pipelines and are empirical in nature developed
on the basis of ficld experience.

* Thirdly, each criterion suflers from one or more significant deficien-
cies. The “immunity”, -0.85 V (CSE), -0.77 V (CSE) criteria are widely
documented for providing overprotection; the E-Logl criterion , apart
from lack of technical development and standardization,has been
shown to give considerable variations within the same cathodic pro-
tection system; the 300 mV polarization shift criterion suffers from
drastic variations in the static base potential; and the 100 mV decay

criterion incorporates uncertainties in depolarization as functions of
time and current density.

It is reported that the current requirement for satisfying various CP cri-
teria differs widely(54,72,73,74). The best CP criterion will be the one that can be
satisfied with least amount of current supply. A criteria evaluation study is necded
which may suggest a criterion that corresponds to a minimum current density at
the steel surface. Also, the influence of the current density and the polarization

period on the depolarization potential, full depolarization time, the instant off

potential and the decay potential has to be resolved.

In the Gulf conditions, where chlorides routinely cnter the concrcte
through mix constituents, chloride inclusion and not chloride penctration is the
dominant chloride contamination mechanism. The prevalent CP criteria were for-

mulated for controlling corrosion caused by the chloride penctrated to the steel
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surface from deicing salt used at the concrete surface. The CP criteria developed
for controlling the corrosion induced by chloride penetration may not be suitable
for controlling corrosion caused by chlorides originally present in the mix constit-
ucnts. Presence of significantly higher chloride in concrete and also the presence
of chloride gradient within the samec concrete are the unique features for Guif
concrete only. Such a situation necessitates the establishment of CP criteria by

incorporating the influence of chloride content and chloride gradient.

High diurnal and seasonal variations of temperature is a significant fea-
ture of Gulf environment. At a high temperature condition the corrosion rate of
steel in concrete and electromigration of ions at the cathodic site may be signifi-
cantly different than those at cold weather regime. The prevalent CP criteria were
formulated mainly for cold weather regime typical of United States and may not
be suitable for controlling corrosion of steel in concrete exposed to a very high
temperature condition present in the Gulf region. A study has to be carried out

which will incorporate the effect of high temperature on CP criteria.

In the Gulf region, the chloride profiles and the corrosion vulnerability of
reinforcement in a two mat reinforcement system is significantly different from
that obtainable on bridge decks in the United States. In the U.S., it is usually
considered nccessary to protect only the upper layer of the reinforcement of a
bridge deck, as the deicing chloride salts penetrate through the top surface of the
slab and accumulate predominantly around and in the vicinity of top rebars. The
top mat-oriented chloride and corrosion profile commensurates very well with
conventional anode application close to the top surface. In the Gulf conditions,
chlorides routinely enter the concrete through mix constituents. This makes the
chloride distribution uniform across the depth and the bottom mat is most likely

to be as corrosion prone as the top mat. In this situation, protecting the bottom



mat by placing anode at the top of the slab necar the top reinforcement will
cxpose the top mat reinforcement to a significantly higher current density than
required for adequate protection. A study has to be carried out which can iden-
tify the degree of overprotection and its conscquences for the top mat when both
of the top and bottom mat reinforcements arc protected using anode at the top

surface of the concrete section.

As discussed in the previous paragraph, a significantly higher current den-
sity will be encountered in the top mat while fully protecting the bottom mat in
the Gulf conditions. This high current density at the top mat reinforcement may
cause degradation of steel-coﬂcrete bond and an enhancement of the disruption
on concrete caused by alkali-silica reaction in case reactive aggregates have been
used. Only a limited number of studies is available on the effect of impresscd
current on bond degradation. A systematic study which can rclate the bond degra-
dation with the CP currents is absent in the literature and needed further atten-
tion. Possible dependence of bond reduction and cation accumulation also has to
be resolved. Possible usage of reactive aggregate in Gulf concrete raises concerns
about deleterious secondary effects which may cause disruption of concrete.
Only a small and incomplete studv(41) has been made so far on the cffect of CP
current on alkali-silica reaction. A more systematic study is warranted which will
relate the increased disruption caused by enhanced alkali-silica reaction and the

CP current.

It is well known that initially the CP criteria for steel underground pipe-
lincs were extended for use in protecting steel in reinforced concrete structures.
Although a number of experimental rescarch papers have been published
recently, study on the cffect of the global cnvironment on CP criteria for steel in

concrete structures is still a scare. Unfortunately, attempt has not neen made in
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the past for logistical and theoretical devclopment of such criteria. A theorcti-
cally derived criteria can adequately supplement the criteria derived through
cxperimental study and through field experience. In deriving a CP criteria theo-
retically, effect of the Gulf environmental factors has to be incorporated on the

clectrochemical equation from which CP concept can be adopted.

The bond reduction happens possibly due to cation accumulation at the
steel concrete interface. No theoretical attempt has been made to correlate the
cation accumulation at steel concrete interfacc with the CP current density and

activation period.

52



2.1

CHAPTER 2

PROBLEM FORMULATION, OBJECTIVES AND THE
RESEARCH PROGRAM

PROBLEM FORMULATION FOR THE PROPOSED STUDY

The existing CP criteria may be categorized as broadly based on five con-
cepts; “current on” potential. “instant off” potential, decay potential, shift poten-
tial and the protection curreﬁt or potential determined through E-Logl tech-
nique. The E-Logl technique is still in its infancy and at a developmental stage.
There are as yet no well formulated guidelines for running the E-Logl tests and
the interpretation of the results requires considerable experimental judgement.
Also, the E-Logl technique suffers from the serious drawback of being overly
sensitive to changes in the environmental conditions after the E-Logl scan has
been completed and the evaluated potential imposed. The “current on” potential
approach is the most widely used in practical CP installation. However, lately
CP practitioners are proposing the ommision of this approach due to uncertain-
ties associated with the evaluation of potential corresponding to IR drop. The
“instant ofl” potential approach is a preferred modification of this “current on”
approach, as this eliminates potential corresponding to TR drop when current
Mow occurs during the “current on” phase. Because of the aforesaid well estab-
lished deficiencies associated with the E-Logl technique and the "current on”
potential approach, the present research program will focus on the three other
concepts of “instant ofI”, decay and shift potentials. In addition to these three

concepts for cathodic protection, a fourth concept based on current density at
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the steel surface will also be studied in the proposed research program. Fig. 2.1
illustrates the three CP concepts which can be used to protect reinforcing steel in
concrete structures. In the resecarch program, salicnt Gulf factors which have a
bearing on the CP criterion will be incorporated to study the manner and extent
in which instant off potential, four hour decay potential and shift potential values
are influenced and affected for adequate protection. The quantitative data devel-
oped on the effect of the various relevant parameters operative in the Gulf situ-
ation on the levels of effective protection required for the corroding reinforcing

steel will enable the formulation of criteria for cathodic protection in this region.

The Gulf parameters relevant to CP can be broadly categorized into two
tvpes: (a) environental and (b) special construction features. The Gulf environment
related to CP is characterized by: one, a unique climate characterized by higher
ambient temperature, two, by the presence of significant chlorides in the environ-
ment and concrete and three, by secondary effects such as the possible presence
of alkali-reactive aggregates. The special construction feature includes the uniform
distribution of primary chlorides across the depth of concrete section which
makes the bottom ;nat as vulnerable to corrosion as the top mat in two mat rein-
forced concrete slabs. These factors affect corrosion damage and corrosion con-
trol by CP in a number of ways. A potential CP criterion in this region should
be evaluated and tested against the various cffects produced by the aforesaid
ambicnt and geomorphic environmental factors and by the special construction
feature. Table 2.1 summarizes the speccial gulf parameters relevant to cathodic
protection criteria for reinforcing steel in concrete. To take into account the
cflect of special Gulf parameters on CP criteria, the following guidelines will be

followed in formulating the problem:
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* A rcasonable range of chloride contamination in Gulf concrete
structures in criteria formulation study.

* Chloride gradients within the concrete to obscrve the effect of an
unavoidable nonuniform distribution of chlorides on CP criteria.

* Concrete temperature upto 60°C with a daily variation simulating
the typical summer months condition in the criteria establishment
study.

* A typical two mat reinforcement arrangement with lower mat also
located in equally chloride contaminated concrete in the two mat-
depth effect study.

* A range of current densities and chloride contents in concrete in the
bond reduction study.

* A range of current densitics in the alkali-silica reaction study.

Besides the Gulf parameters discussed above, the prevailing CP criteria need a
thorough recvaluation. It is reported elsewhere that the current requirement for sat-
isfving various CP criteria differs widely. Since a high current density at steel surface
may cause increased deleterious secondary effects, the optimum CP criterion should
be recommended which can be satisfied with the least amount of current density,
Also, the possible dependence of the current density and polarization period on the
depolarization potential, fully depolarized potential, the instant off potential and the

decay potential has to be studied in the quantitative terms.

A theoretical study including the reflection of the Gulf environmental factors on
CP criteria can supplement the 'cxperimental data. Since the corrosion of reinforcing
steel in concrete is an clectrochemical process, it should be possible to recommend a
corrosion control criteria by including the effect of concrete environment on the

clectrochemical behavior of reinforcing steel.



2.2

OBJECTIVES

58

The objective of this study is to formulate various relevant considerations

which influence the effective protection of corroding reinforcing steel in concrete

structures in the Gulf states and to quantify these cffects on cathodic protection.

Specifically, the objective is to study the following aspects and to incorporate and

interlink the conclusions from these components into recommendations for cathodic

protection of reinforcing steel in the Gulf region.

2.2.1

Developments of Relationships Between Current Density, Polarization Period,

Protection Potential and Depolarization Time

This study establish the effect of current density and the polarization
period on fully depolarized potential, full depolarization time, instant
off potential and the decay potential. This study will particularly
clarify uncertainty of the depolarization time in the decay potential
concepts.

2.2.2 Effect of Chloride Content of Concrete

Chloride study includes development of a data base on static poten-
tial as influenced by the absolute chloride content and cflect of level
of chloride contamination and chloride gradients on the degree of
protection required.

2.2.3 Effect of Temperature

This study includes the measurements of shift in static potential, the
protection potential and current requircments when the temperature
is raised from the room exposure to 60°C simulating typical ambicnt
conditions on concrete surfaces in summer months.

A study of problems rclated with the supply of the protection current
from a commonly available source of 15 DC volt battery in the hot-
dry exposure conditions has also been included in this study compo-
nent.

2.2.4 Depth Effect in Two Mat Reinforcement

Depth study focuses on the degree of overprotection provided to the
top mat when the bottom mat is just adequately protccted by placing
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the anode close to the top mat. The study will be followed by an eval-
uation of the cffect of overprotection on the degradation of stecl-con-
crcte bond.

2.2.5 Effect of the Presence of Reactive Aggregates
This component includes a study of the degradation in concrete made
with reactive aggregate caused by enhanced alkali-silica reaction due
to CP current. Alkali-silica gel formation, advancing of cracking time
and softening of concrete characterized by reduction in compressive
strength and hardness will be monitored.

2.2.6 Bond Deterioration Due to Overprotection
This study includes the effect of overprotection of top mat which will

bring about changes at the stcel-concrete interface characterized by
the following phenomena:

(i) degradation of the steel concrete bond as a function of current
density, chloride content and cation accumulation.

(i1) electromigrations of anions and cations from and towards the
stecl-concrete interface bringing about significant changes in the
chloride aggressivity and alkalinity in the vicinity of reinforcing
steel.

Table 2.2 Summarizes the objectives of the study.

RESEARCH PROGRAM: THEORETICAL

A theoretical study was undertaken to find the cffect of ambient tempera-
ture, humidity and chloride content of concrete on CP criteria. The Nerst cquation
was used to study the eflect of various Gulf environmental parameters such as high
ambient temperature, atmospheric humidity and chloride content of concrete on the
level of protection required. In another study bascd on the laws of electric current

flow, an attempt was made to develop a rclationship between the cation accumula-

tion and the current density.
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OYERPROTECTION

Bond Deteri

tion

10ra

* To observe the cffect of overprotection of top mat which will bring
about changes at the stecl-concrete interface characterized by the fol-
lowing phenomena: .

(1) degradation of the stecl concrete bond as a function of current

—]. density, chloride content and cation accumulation.

(ii) clectromigrations of anions and cations from and towards the
stecl-concrete interface bringing about significant changes in the
chloride aggressivity and alkalinity in the vicinity of reinforcing
steel.

~
-

GEOMORPHI(C

FACTOR

Reactive

Aggregates

\__

* To observe the degradation in concrete made with reactive

~aggregate caused by enhanced alkali-silica reaction due to CP
current.

* Alkali-silica gel formation, advancing of cracking time and

softening of concrete characterized by reduction in compressive

OBJECTIVES

CONSTRUCTION
FEATURES

SPECIAL

Depth Fffect

strength and hardness will be monitored.

* To observe the degree of overprotection provided to the top
‘mat when the bottom mat is just adequately protected by plac-
ing the anode close to the top mat. The study will be followed
by an evaluation of the effect of overprotection on the degrada-
tion of stecl-concrete bond.

|
GEOMORPHIC

FACTOR

CLIMATIC

Tempetature

FACTOR /

* To measure the shift in static potential, the protection poten-
tial and current requirements when the temperature is raised
from the room exposure to 60°C simulating typical ambient
conditions on concrete surfaces in summer months.

% To observe the problems rclated with the supply of the pro-
tection current from a commonly available source of 15 DC
volt battery in the hot-dry exposure conditions.

.
-

Chlorides

*To develop a data base on static potential as influenced by the
absolute chloride content

* To observe the effect of level of chloride contamination and
chloride gradients on the degree of protection required.

PREVAILING
CP CON(

EPTS

Al
-

* To establish the effect of current density and the polarization
period on [ully depolarized potential, (ull depolarization time,
instant off potential and the decay potential.

* To clarify uncertainty of the depolarization time in the decay
potential concepts.

Table 2.2 Summarized Objectives of the Study
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RESEARCH PROGRAM: EXPERIMENTAL

The experimental program constitutc the major part of the proposcd
rescarch. A comprehensive experimental research program was carried out in an

attempt to achieve the objectives outlined in article 2.2.
The experimental program is divided broadly in six parts:

24.1  Developments of Relationships Between Current Density, Polarization Period,

Protection Potential and Depolarization Time

The current densities needed to satisfy prevailing CP concepts were observed.
The current density was varied from 0.5 to 15 ma/sq. ft at an interval of 0.5 ma/sq.

ft. and at each level of the current density, the instant off, decay and shift poten-

tials were observed.

The cffect of current density and polarization period on fully depo]ari%ed poten-
tial, full depolarization time, instant off potential and the decay potential was also
obsecrved in this segment of study. Constant current densities of 1, 3, 20 and 60
ma/sq ft were maintained at the steel surface and the depolarization tests were con-

ducted at different polarization time. The test program for this study is shown in

Table 2.3.
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2.4.2 Effect of Chloride Content of Concrete

Chloride contaminations ranging from 0 to 32 Ibs/cu yd and chloride gradients
ranging from 8 for low chloride bearing concrete to 2 for high chloride bearing con-
crete were used in the test program to find the cffect of chloride contents and chlo-
ride gradients on protection potentials and current requircments. The chloride gradi-
ent in a concrete was created by using a rclatively higher chloride bearing macrocell
in concrete and thercafter connecting the macrocell steel and the main steel through

an external resistor.

Table 2.4 shows the schematic of the test program for determining the effect of
chloride content on static potential of steel. Table 2.5 shows the test program for

determining the effect of chloride contents and chloride gradicnts on CP criteria.

2.4.3 Effect of Temperature

In typical summer months, an ambient temperature of 40°C is common in
Gulf countries(75). A temperature of 60°C which included radiation cffect, with
diurnal variation was simulated in a specially designed temperature chamber. The
chioride contents of the specimens were & and 32 Ibs/cu vds and the chloride gradi-
ents were 1.5 and 2.0. The test program for incorporating the temperature effect on

CP requirement is shown in Table 2.6.

Specimens were also kept outdoor to study possible difficulties encountered
when CP is applied with a commonly available rectifier supply of 15 V DC. The
concrete specimens were exposed at outdoors in a period when a hot dry environ-
ment prevails in the Eastern region of Saudi Arabia. Flectrical resistivity of concrete,

moisture content of concrete and the current passing to the steel were recorded at
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different exposure time.
2.4.4 Depth Effect in Two Mat

Both of the top and bottom mats of the two mat reinforcement slab were
protected using anodc at the top of the slab. The degree of overprotection of the top
mat was observed when both the top and bottom mats receive CP currents from the
same anode source placed near the top reinforcement. The chloride content of con-
crete was 32 Ibs/cu. yd and the chloride gradients were 1.5 and 3. The ratio of the
top and bottom mat reinforcements was 20 percent, a typical value in ordinary rein-
forced concrete slab in the Gulf region. The distance between the top and bottom

mat was 3 inch and the distance between the anode and top mats was 1.5 inch.
2.4.5 Effect of the Presence of Reactive Aggregate

Mortar prisms made from reactive crushed pyrex glass and 1.2 percent alkali
containing cement were subjected to 20 and 100 ma/sq ft currents for a period of 80
days. The observations include time required for initiation of crack, total expansion
at the end of observation period, compressive strength and hardness of mortar
removed from steel-concrete interface and the volume of alkali-silica gel. The
rescarch program would evaluate the enhancement of disintegration of steel encasing
concrete as a result of high alkali-silica reaction at the stecl-concrete interface caused
by high impressed CP current. Test program for alkali-silica rcaction study is shown

in Table 2.7.
2.4.6 Bond Deterioration Due to Overprotection

Constant current densities of 3, 10, 20 and 50 ma/sq {t werc maintained at

stecl surface for 14 months polarization period. At the end of polarization, pull out
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tests were carried out for bond strength determination and the powder concrete
samples were analyzed chemically for determination of the migration characteristics
of cations and anions Chloride contaminations of 2 and & Ibs/cu vd were used in the
test specimens. This rescarch program would evaluate the reduction in the hond
between steel and concrete due to concrete softening under the action of high
impressed currents, which may possibly be required for lower mat protection in two
mat reinforced concrete slab as well as high chloride gradicnts prevailing in the Gulf

region.

Test program for bond study is shown in Table 2.8.
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CHAPTER 3

THEORETICAL STUDY

THEORETICAL STUDY RELATED TO THE EFFECT OF

ENVIRONMENTAL PARAMETERS ON CATHODIC PROTECTION
CRITERIA

3.1.1 General

This theorctical study is based on the sccond principle of electrochemical
thermodynamics. Since the corrosion of reinforcing steel in concrete is an electro-
chemical process, mitigation of corrosion is possible by observing the effect of
concrete environment on the electrochemical behavior of steel inside concrete.

The second principle of electrochemical thermodynamics states that

(E-Eo)(i) =0 (1
where, E = rcaction potential{clectrode potential)
i = reaction current,

E_= equilibrium potential.

If the reaction potential E is plotted as the ordinatc on a graph, with highest
potential on the top and the flow of the rcaction current i as the abscissa(
increasing current to the right), then the influence of this electrode potential on

the rate of any clectrochemical reaction is represented by a curve ascending from
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left to right. This curve is a polarization curve(76). Fig. 3.1 shows such a curve
for a single clectrochemical reaction. The polarization curve for mild steel in a
corrosive cnvironment is shown in Fig. 3.2. Because of the fact that the corrosion
rcaction (oxidation of metal at the anodic site) is always accompanied by a
reduction reaction (evolution of hydrogen at the cathode), the polarization curve
for mild steel in a corrosive environment will have two branches as shown in Fig.
3.2. In this Fig., point C represents the equilibrium potential for the corrosion
reaction (anodic reaction c) and point A represents equilibrium potential of the
cathodic reaction (reaction a) as shown in the Figure. With the change in temp-
erature, humidity, degree of wétncss, chloride content, and other environmental
factors, the polarization curve also changes. The polarization curve passes
through the ordinate (E axis of E-i curve) at E,, which represents the equilibrium
potential( in Fig. 3.2, point C rcpresents the equilibrium potential for anodic
reaction). This equilibrium potential changes with temperature, humidity and
extent of corrosion. The cathodic protection criteria which are selected after giv-
ing proper emphasis on the value of E, as well as on the polarization curve , are

therefore, affected by the environment existing in the Gulf region.

According to Pourbaix(76), when the potential, E, of an clectrode is greater

(more positive) than the cquilibrium potential, E_, of a rcaction, the reaction

(<4
may only proceed on this electrode in the dircction of an oxidation. On the other-
hand, when the potential, E, of an electrode is less ( more negative) than the

equilibrium potential, E_, the reaction may only procced on this electrode in the
direction of a reduction. In the cathodic protection technique, the electrode
potential of steel is depressed to the region of immunity (no corrosion) by sup-

plving continuous electric current from an cxternal source. Cathodic protection

~!
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will be completce or partial depending on whether or not the protection potential (
a value below E_ ) is rcached. Given that the domain of stability of metallic iron
is situated completely below the region of stability of water, it should be noted
that the state of cathodic protection by immunity is only maintained by a perma-

nent consumption of energy ( electric current) which causes evolution of hydro-

gen on the surface of the protected steel.
3.1.2 Concrete Environment in the Arabian Gulf Region

In a studw(75), it was found that the temperature of concrete in the gulf
region varies from 10°C (56°F) in winter to 80°C(176°F) in summer(
50°C /122°F ambient temperature in addition to 30°C /86°FF allowance for direct
solar radiation effect). Humidity also varies from a very low value of 5 percent to
a very high value of 100 percent. A very high variation in chloride content of
concrete has also been noticed in this rcgion(16). A chloride content of as high as
38 kg/cubic meter (110 Ib/ yd* ) of concrete was found in a concrete sample taken

from the Eastern region of Saudi Arabia.
3.1.3 The Equilibrium Potential

The relationship between equilibrium potential and other parameters of an

electrochemical reaction is given by:

_y Vi T vy Log{M 2
Fo=Y23060m * + " 73060m 2 LosiM} @

Where the cocflicients v are positive or negative if the reacting elements are on

the right side or on the left side of the equilibrium equation.

o

u® = standard chemical potential of the constituent under consideration
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n= stoichiometric coefficient of the clectrons involved.

T= absolute temperature

M= activity of the constituent if it is in dissolved state

or,

= fugacity( partial pressure) of the constituent if it is under gascous state.
For the corrosion of steel, the electrochemical reaction is

Fe=Fe**+2e" 3)

For this electrochemical reaction, the expression for E, will reduce to

_ DRI+ CD0R.s) | 4575T
° T (23,060)-2) (23,060)(-2)

(-Log(Fe™™))

— {(1)(0)+{-1)}(-20300)

+992*%10" °T Log Fe* *
(23060)(2) o8 e

0441 + 9.92* 10" °T Log Fe** (4)

The above equation will provide E; values in volts, measured with respect to

SHE.
3.1.4 Theoretical Results

3.1.4.1 Effect of Temperature

Assuming that iron content of a solution is very low, e.g., 10° gm-ion Fe/liter or

0.056 mg/liter( this corresponds to a very insignificant corrosion rate), the expres-

sion for the equilibrium potential will be reduced to

E,=-0.441-5.952¢10*T



The E, values for temperature ranges cxisting in the gulf are calculated and
shown in Table 3.1. Fig 3.3 shows the E, values as affected by the temperature

and the concentration of {errous ion in concrete.

Table 3.1 shows that for a particular ferrous ion content, the change in

temperature does not cause an appreciable change in equilibrium potential value.

The decrease of E, value for a change in concrete temperature from 10°C to

80°C is only 0.033 V SHE. However, as shown in Fig. 3.3, this variation of E_
value is noticeable in the case of the variation of the iron ion concentration. As

an example, at a constant concrete temperature of 350°C, the E, values are

-0.635 and -0.506 at a concentration of 10¢ gm-ion/liter and 1072 gm-ion/

liter,respectively.
3.1.4.2 Effect of Humidity

The arabian gulf environment has a rclative humidity value ranging from almost
100 percent in a typical summer day to almost zero percent in a typical winter
day. At the time of high humidity, concrete voids may be able to attract suffi-
cient water to become saturated ,whercas concrete voids may have very little
amount of water at a time of low humidity. It is known that the presence of

moisture is essential for corrosion rcaction to proceed; this implies that high
humidity corresponds to the availability of a large amount of Fe** and a low

humidity corresponds to a small amount of Fe** . According to Pourbaix, the

cquilibrium potential of the anodic reaction may change as corrosion procecds

duc to its dependence on activity ( Fe™ ™ ) of the reacting species, Fe. This depen-

4

dence of E_ on the concentration of Fe*

o is clearly shown in equation 4. Fig.
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Table 5.1 E,Value for Different Temperatures at.a Very Low
Iron Ion Concentration (0.056 mgrliter of Solution)
Temperature,®C Temperature,®K E (V), SHE
10 283 -0.609
15 288 ~0.612
20 293 , -0.615
25 298 -0.618
30 | 303 ~0.621
35 308 -0.624
40 313 -0.627
L5 318 -0.630
50 323 -0.633
60 333 ~0.639
70 343 -0.645
80 353 -0.651
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3.2 also illustrates the cffect of the concentration of Fe* * on E, value. Thus, at

a very high humidity regime( high Fe™* presence). the E, valuc will be higher
and at a very low humidity regime, E, value will be relatively lower. However, it

should be noted here that the concentration of ferrous ion will be strictly control-

led by the PH of the concrete and the kinetics of Fe(OH), deposition.
3.1.4.3 Influence of Chloride

The corrosion rcaction in the presence of chloride ion is

Fe + 2CI" = Fe™™ + 2CI" + ;'Ze‘ (5)

As 2 moles of chloride ions are present on both sides of the above electrochemi-
cal reaction, the equation for equilibrium potential E, for this reaction will be
similar to that for reaction 3. Actually, the chloride ions in equation 5 are self
generating; once the corrosion reaction starts, the chloride ions produced on the
right side of equation 5 will be used on the left side to perpetuate the corrosion
reaction. The equilibrium potential value will be unaffected by the amount of
chloride ions present in concrete. This theoretical fact has been supported by a
related experimental ﬁnding as reproduced in Figs. 3.4a, 3.4b and 3.4c (76).
These Figures illustrate the current-potential curves in the presence of oxygen
free 0.1 M NalICO3 solution with varying NaCl concentrations. Fxamination of
these three curves show that:

(1) The addition of chloride does not modify the lower branch of the current
potential curve which corresponds to the gencral corrosion in nonoxidizing or
feebly oxidizing media. All these three curves have the same ordinates at C which

represent E | for the anodic reaction (corrosion reaction).

(2) The presence of chloride has the most significant effect on the stability of
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the passive film. In Fig. 3.4a, there is a smooth transition to the higher potential.
In Fig. 3.4b , there is some instability in approaching the upper portion of the
curve. This instability results from the fact that chloride at the higher potential
prevents the film from being perfectly protective. At high chloride concentra-

tions( Fig. 3.4c). the potential stabilizes at a relatively lower value and lcads to

pitting.

The above explanation shows that the equilibrium potential, E_, is unaf-

o
fected by chloride ion concentration. However, the madification nf the upper por-
tion of the polarization curve due to the increase of chloride ions in concrete
poses concern. Fig. 3.4c, which corresponds to presence of high concentration of
chloride ions, shows that a small increase of the potential from the equilibrium
potential valuc causes a scvere corrosion condition ( pitting). Thus, for proper

protection against corrosion in case of high chloride concrete, it is safer to lower

the potential of the steel by a higher value from the equilibrium potential.
3.1.4.4 Cathodic Protection (CP) Criteria

A number of studies have been made on the CP criteria (29,69,77)'.__ Most of the
criteria are based on the fact that the potential of the steel is to be lowered to
reduce the possibility of corrosion. The equilibrium potential can he used as the
bench mark from which the potential is to be lowered. But it is not feasible to
lower the steel potential by a large value; because this overprotection of stecl
may cause a significant reduction in bond between steel and concrete due to
accumulation of cations necar the stecl(26). These unwanted phenomena restrict
the lowering of the potential to a value which will protect the steel against corro-

sion and would not warrant the sccondary problems resulting from overprotec-
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tion.
3.1.5 Discussion

Since the cquilibrium potential depends on the degree of corrosion of the
steel in the concrete structure and.also,on the ambicnt temperature, these factors

must have a reflection on the CP potential. The cffect of temperature on E,

is
insignificant; so it will have very little cffect on the CP criteria. The temperature
does not significantly require further lowering of the protection potential. An
extra lowering by 33 mV may be suificient for the range of temperature existing

in Gulf region.

As shown in Fig. 3.3, since E; value increases( absolute E_ dccreases) with
the extent of corrosion, the reinforced concrete in low humidity environment (

low corrosion, low Fe* ¥ ) needs a lower value of CP potential to kecp the rein-
forcement free of corrosion. In case of severe corrosion condition (corresponding
to high humidity environment), the CP potential needs to be relatively at a higher
value ( low absolute E value) to stop corrosion at the current rate. However, to
stop corrosion completely, the CP potential hés to be lowered significantly.
Thus, the selected CP potential of steel depends on the level of corrosion adopted
as an insignificant value. If a concentration of 10° gm-ion Fefliter of solution
has been selected as a sufficiently insignificant corrosion value, then a CP poten-

tial value lower than -0.60 to -0.65 volt with respect to SIHE can be chosen safely.

Chloride content does not affect the equilibrium potential and the protection
potential. However, the presence of chloride ion has the most significant cffect on
the stability of the passive film; a small increase (more positive) of the steel

- potential from the equilibrium potential valuc causes a scvere corrosion
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conditions. Iligh chloride content inducts the possibility of pitting in case of
improper protection necessitating a slightly lower value for high chloride con-
cretes to be reccommended as a further factor of safety égainst possiblc corrosion.
A potential value more ncgative than -0.640 V SIIE adequately protects the stecl

against corrosion irrespective of humidity, temperature and chloride content

existing in Gulf concrete.

THEORETICAL STUDY FOR CATION ACCUMULATION

3.2.1 Origin of Cations in Concrete

Cement which is the most important ingredient of concrete contains Na,O
and K,0, from it's raw materials. Generally Na,0+ K,O is around 0.5 to 1.3 %
by weight of ordinary portland cement(35). A portion of Na,0 and K,O, is usu-
ally combined with the clinker and stays with the clinker minerals. The rest
remain in the form of NaOH and KOT1 in concrete. in aqueous solution, cement
alkalies may stay in ionic form as Na* ,K* and OT". Ingress of NaCl into the
hardened concrete through the pores and also the presence of this salt in mix
water and other ingredicnts of concrete makes the concrete rich in NaCl. The
electrolysis of this alkali chloride solution produces chloridc at the anode and
would free alkali metal at the cathode.

NaCl clectrolysis_ Na* + CI”  (6)

This makes concrete even richer in alkali cations.

3.2.2 Movement of the Cations by CP current
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The electronegativity of stecl duc to CP invariably attracts the positive ions
and repulses the ncgative ions. The concentrations of Na* and K* will increase
near the reinforcement and will decrease some distance awayv from the reinforce-
ment(43). When CP is applied in reinforced concrete structurcs, concrete pore
fluid will act as an electrolyte to carry the applied CP current to the steel. The
conductance of concrete depends upon the velocities as well as the concentrations
of its ions. These ions move through the concrete at different velocities. The
movable ions in concrete are K* Na* ,CI” ,H* and OH™ . Absolute velocities of
K* Na' ,CI" ,H* and OH™ at a particular condition were found to be 0.000665,
0.000456, 0.000676 , 0.003242. and 0.001802 cm/sec respectively (78). K* will
share 0.000665/(0.000665+0.000456 +0.000676+ 0.003242+0.001802) =0.100
parts of total current applied to the concrete. These values for
Na* .CI" ,H* and OH™ are 0.067, 0.100 ,0.473 and 0.263 respectively. The rate of
migration of cations and anions to ncgative and positive electrodes respectively
are in the proportion of their corresponding share to the flow of total current.
Thus the migration rate of K* is almost equal to that of CI~ whereas this rate for
Na* is relatively lower. If 1 Faraday of electricity is passed into the solution,
0.100 equivalent of K* and 0.067 equivalent of Na* will r;mve to the cathode

and 0.100 equivalent of CI” will move to the anode.

Since 1 Faraday equals 26.8 A-hours, a current of 26.8 A-hours causes migration
of 0.100 and 0.067 equivalent of K* and Na* respectively towards the
cathode(stecl). Thus. 1 Ampere of current causes migration of 0.00373 equivalent
of K* and 6.00250 equivalent of Na* per hour. Hence, the concentrations of

K’ and Na' near the steel can be written as follows:
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Concentration of K* , in gm/sq. mcter of steel surface arca

= (1.455* 10™ )current density, in milli amp./sq.meter) (duration of CP

application,in hour)-——---—---- (7

And,
Concentration of Na* , in gm/sq. meter of steel surface arca

= (0.575* 10™* )(current density, in milli amp./sq.mcter) (duration of CP

application,in hour) ——-—-—- (8)

Both of the above cquations demonstrate that the concentrations of
Na® and K* near the steel incrcase manifold with age and current density. As for
example, concentration of K* near the steel is 0.943 gm/sq. meter of steel sur-
face area at a current density of 3 ma/sq. mcter and at an age of 3 months. This
value is 1020 gm/sq. meter of steel arca at a current density of 80 ma/sq.meter

and at an age of 10 vears.

The increased concentrations of these cations near the reinforcement causes
a marked weakening of cement matrix thereby reducing the bond between steel
and concrete. This fact can be explained Broad]y in the following manner:

(i) Considering that due to hydrolysis of water, sufficient OH™ will always be
present near the reinforcement to combine with Na*and K* resulting in the {or-
mation of NaOH and KOH. These hydroxides arc white solids with no cementing
properties. As a result, the stecl concrete interface will be surrounded by these
non-ccmentitious compounds (35). Moreover, densitics of NaOH and KOH are
2.13 gm/ml and 2.004 gm/ml respectively(79) and that of tobermorite gel, which
is the most predominant product of hydration, varies f‘roml 2.45 gm/ml to 2.53

gm/ml (35). These low density alkali hydroxides would possibly cause local dis-
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ruption duc to their increased volume.

(ii) Presence of Na,SO, and K,SO, in mix water reduces the strength of cement
paste significantly(80). The obscrved lower strength is due to the change of the
structure and due to the change in the intrinsic properties of the hydrates formed
under the alkaline condition. Reduction of 28 days stréngth upto 35% of the con-

trol specimen value has been reported with 1.48% K,O as K,SO,. This reduction
[

was found to bc 43 percent by 1.26% Na,O as Na,SO,. The abundance of

Na® and K" at the steel concrete interface and the ingress of SO; through the
pores of concrete makes the environment rich in Na,SO, and K,SO,. Since CP
will not be applied before 28 days after casting, the deleterious effects of
Na,S0O, and K,SO, are limited only to the later strength gain of concrete.

(ii)) Enhanced concentrations of the alkali cations will definitely increase the
possibility of alkali-silica reactivity. When the soda cquivalent R,0 exceeds 0.60
percent by weight of cement in concrete, deterioration due to alkali-silica reactiv-

ity becomes a distinct possibility(335).

In actual CP installation in rcinforced concrete structure, the current density
might be more than 0.279 ma/sq.meter (3 ma/sq.ft.) due to the presence of high
chloride gradient within the same concrete. The ingress of NaCl from atmosphere
together with the presence of cxcessive NaCl in mix water and aggregates makes
the concrete rich in alkali cations. Thus the concentration of these alkali cations
near the rebar in a reinforced concrete structure protected by CP will be at a level

dangerous with respect to alkali-silica reactivity and bond reduction.
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4.1

CHAPTER {4

METHODOLOGY OF RESEARCH

GENERAL DESCRIPTION OF INSTRUMENTATION

4.1.1 Potential Wheel - Data Bucket

A potential whecl-data .logger uscd to monitor the steel potential values
consists of a data bucket, capable of storing a sizable amount of potential data,
and a printer. The printer is also capable of drawing contours of the electrode
potentials. A hand held terminal connccted to the data bucket is used to signal
the data bucket for various operations. The potential whecl houses a silver-silver
chloride (Ag/AgCl) reference cell. The steel reinforcement and the potential
wheel are connected to the data bucket by two separate lead wires. The potential
wheel is moved on wet concrete surface to obtain potential readings at various
locations. The potential wheel used hcre has a very high input impedance of 10'°
ohms so that the observed potential values are unlikely to be affected by the sur-
face dampness and changes in concrete resistivity. Tig. 4.1 shows the potential

wheel-data bucket instrument.

This instrument was used in criteria cvaluation study (Art. 4.3.1), study of
chloride effect on CP criteria (Art. 4.3.2), study of high temperature effect on CP

criteria (Art. 4.3.3.1), and depth effect study (Art. 4.3.4).
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Fig. 4.1 The Potential Wheel Data-Logger Used in

the Study
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4.1.2 Current Supplying Unit

The current supplying unit is a rectifier which is a normal DC source with
multiple outlets and capability to adjust the current according to the requirement.
The circuitry arrangement for the current supplying unit used in the test program
is shown in Fig. 4.2. The main components of this instrument are a variac, a rec-
tifier, a capacitor and a number of .variab]e resistors. The variac provides a vari-
able A.C. supply of 0 to 220 volts; the rectifier converts the A.C. supply to D.C.
output; the capacitor acts as a low-pass filter to the DC output voltage and the
variable resistor adjusts the current supply to a particular specimen. The negative
terminal of the D.C. supply is connected to the reinforcing steel, whereas the
positive terminal is connected to the anode system. The ammeter, connected in
series with the specimen and the variable resistor, measures the current impressed
on the steel of each specimen. Current supply to the individual specimen is con-
trolled by the variable resistor connected in series with this specimen. When the
required amount of current couid not be supplied to the stecl in a specimen, cven
with the maximum adjustment of the potentiometer( variable resistor), the variac
was used to change the supply voltage. A current supply unit used in the test

program is shown in Fig 4.3.

This instrument was used in criteria evaluation study (Art. 4.3.1), study
on chloride effect on CP criteria (Art. 4.3.2), study on cnhancement of alkali-sil-
ica reaction (Art. 4.3.5), study on temperature effect on CP criteria (Art. 4.3.3.1).
study rclated to depth effect (Art. 4.3.4) and study related to degradation of steel

concrete bond (Art. 4.3.6).
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Fig. 4.3 The current Supply Unit Used in the Study




4.1.3 Temperature Chamber

A temperaturc chamber, capable of attaining a peak temperature of

60°C, is used in the test program to simulate the concrete surface temperature
cxisting in the Arabian Gulf region. The temperature inside the chamber varied
with time according to a predetermined regime which simulates the actual diurnal
variation occurring in a typical summer day at Dhahran. Fig 4.4 shows the
temperature chamber used in the test program. Fig. 4.5 shows the idealized temp-
erature regime which is expected to attain inside the temperature chamber. The
temperature inside the chamber is communicated through a thermostat to the
strip chart recorder which records the variation of the chamber temperature.
Wires from the specimens were taken out through a small hole included in the
chamber. Fig. 4.6 shows the tempcrature regime actually attained inside the

chamber.

The temperature chamber was used in study on temperature effect on CP

criteria (Art. 4.3.3.1).
4.1.4 Demec Gauge

A demec gauge with 2 inch gauge length is used to measure the expan-
sions in alkali-silica reactivity specimens and in control spccimens having no
reactive aggregates. Expansions between two demec disks were measured with

this instrument. The demec gauge used in the test program is shown in Fig. 4.7.

This instrument was used in study on cnhancement of alkali-silica reaction

due to CP current (Art. 4.3.5).



S4

Fig. 4.4 The Temperature Chamber Used in the Study
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Fig. 4.7 The Demec Gauge Used in the Test Program
for Alkali-silica Reactivity Study



4.1.5 Known Resistors

A number of 51 ohm resistors connect thc main steel and the macrocell
steel. The voltage drop across the known resistor is the indicator of the corrosion

current/protection current flow.

The resistors were used in study on chloride effect on CP criteria (Art.
4.3.2), study on high temperaturc cffect on CP criteria (Art. 4.3.3.1) and study

related to depth effect on CP criteria (Art. 4.3.4).
4.1.6 Corrosometer Probes and CK-3 Corrosometer

The corrosometer probes indicate corrosion conditions of both of the
cathodically protected reinforcement and the unprotected reinforcement. Flat
type underground corrosometer probes were used in the test program. When the
probe is connected with the CK-3 corrosometer, the corrosometer reads the metal
loss on the digital indicator, in dial divisions (0-1000) which can be converted
directly to metal loss by comparison with the probe span. When the probe metal
corrodes, the cross-sectional area of the probe metal decreases and consequently
the electric resistance of the uncorroded metal sensing element increases. The
corrosometer circuit utilizes this change of resistance to indicate the metal loss on
an exposed surface. Any number of probes may he used with a single instrument,
with a connection to probe required only at the time a reading is made. Figs. 4.8

and 4.9 show the corrosometer probe and the CK-3 instrument respectively.

The éorrosometer probes were used in study on chloride cffect on CP cri-
teria (Art. 4.3.2), study on high temperature effect on CP criteria (Art. 4.3.3.1)

and study related to depth effect on CP criteria (Art. 4.3.4).
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4.1.7 Half Cells

Two types of half cells are used in the test program for cross checking the

potential data obtained by potential wheel-data bucket.
4.1.7.1 Hand Held Ag-AgCl Half Cells

This type of half cell provides a simpler way of measuring the half cell potential
of steel in concrete. The steel reinforcement and the portable half cell are con-
nected to two ends of a high impedance voltmeter by two scparate lead wires.
The steel electrode potential at a particular location is obtained by moving the

half cell to that location. Fig 4.10 shows the principle of half cell operation.

The hand held Ag-AgCl half cell was used in study on chloride effect on
CP criteria (Art. 4.3.2).

4.1.7.2 Permanently Embedded Ag-AgCl Half Cells

This half cell is embedded in close proximity of steel reinforcement. The lead
wires coming from the steel and the half cell are connected to a high impedance
voltmeter. The limitation of this kind of half cell is that it provides steel to con-

crete potential only at a single location.

The permancntly embedded half cell was used in study on chloride cffect
on CP criteria (Art. 4.3.2) and study related to depth cffect on CP criteria (Art.

4.3.4).
4.1.8 Resistance Meter

Nilsson 400 4-pin resistance meter was uscd in the test program for deter-

mination of clectrical resistance of concrete. The instrument is a four terminal
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null balancing ohm meter. It mcasures resistance directly from 0.01 ohm to 1.1
megaohms. The unit gencrates a low voltage 97 1z square wave current between
the Cl1 and C2 binding posts (Fig. 4.11). The detector senses the voltage drop
between the P1 and P2 binding posts, compares it to internal standard resistors,
and indicates a differcnce on the null detector. When the null detector is bal-
anced, using the range switch and the dial, the resistance in ohms between Pl

and P2 is the dial rcading multiplied by the range switch position.

This instrument was used in study on possible difTiculties of CP applica-
tion in concrete exposed to an environment characterized by high temperature

and dry weather regime (Art. 4.3.3.2).

4.1.9 Fixed D.C. Supply

15 V DC supply source having 300 mA capacity were used to supply cur-

rent to steel in the specimens kept at hot-dry environment at outdoors.

This fixed DC supply was used in study on possible difficulties of CP
application in concrete exposed to an environment characterized by high temper-

ature and dry weather regime (Art. 4.3.3.2).
4.1.10 Other Instruments

A high precision digital multimeter for measuring the voltage drop across
the known resistor which connects the macrocell steel and the specimen steel, two
highly accurate multimeters for mcasuring the current flow to the steel, the uni-
versal testing machine for tension and compression test, the masonry driller for
removing the powder sample from the concrete specimen, masonry saw for cut-

ting the concrete specimen and a number of other small instruments were used in
the test program.
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MONITORING AND EVALUATION TECHNIQUES

The techniques to evaluate the cathodic protection systems are broadly
categorized into four classes;(1) embedded instrumentation, placed in the test slabs
at the level of reinforcing stecl prior to anode installation. Most of these are
monitored remotely at regular intervals throughout the life of the system; (2) sur-
face techmiques, which monitor the systcm using portable instrumentations; (3)

visual and physical observation of the exposed components of cach system and (4)

destructive techniques.
4.2.1 Embedded Instrumentations

Four types of embedded instrumentations are used to measure the subsur-
face current densities and distribution and/or the measurement of reinforcing

steel potentials.
4.2.1.1 Artificial Corrosion Macrocells

The macrocells were cast as small concrete cylinders with a short section of rebar
( 80 mm long) centrally placed on each of the ‘cylinder. The cylindrical macrocell
was 3 inch long and 2 inch in diameter. The size of the macrocell steel was the
same as that of main steel.The probe (the macrocell) is connected to the rein-
forcement through a known resistor. By measuring the voltage drop across the
resistor, the magnitude and direction of the current {low between the probe and
ground (reinforcing stecl) can be determined. If the positive voltmeter lcad is con-
nected to the ground, a positive voltage rcading will indicate that the probe is
corroding. A negative sign will indicate that the nct current flow is from probe to

ground ( i.c. the probe is receiving current from the anode system which is



- Y

105

flowing back to the rectifier through the Icad connecting the probe to the main

steel). Fig. 4.12 shows some of the macrocclls used in the test program.

The macrocells were used in study on chloride cffect on CP criteria (Art.
4.3.2), study on high temperature cffcct on CP criteria (Art. 4.3.3.1) and study

related to depth effect on CP criteria (Art. 4.3.4).

4.2.1.2 The Current Pick-up Probes

Current pick-up probes comprise a short length rebar attached to a lead wire
which is connected through a resistor to the structural stecl. The probe rebar is
35 mm long , with size matching the main structural rcinforcement. The probe
locations are selected in relation to the lavout of the primary anode systems, so
that the current flow to each probe can be related to the distance of the probe
from the primary anode. This makes current pick-up probes useful in examining
the current distribution relative to anode position. Thesc probes are also useful in

carly detection of anode detcrioration.

The pick up probes were used in the depth effect study only (Art. 4.3.4).
4.2.1.3 Permanently Embedded Reference Half Cells

Silver-silver chloride half cclls arc used in the test program. The lcad wire of the
embedded half cell is connected to one end of the high impedance voltmeter
whercas the other cnd of the voltmeter is connected to ground( reinforcement).
Refercnee cell data may be used in a number of ways té cvaluate a cathodic pro-
tection system. In order to determine the polarization shift of a reference cell -
measured from the static potential, power to the system is periodically switched

off to allow measurement of static ccll potentials. Also by switching off the
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power supply, the instant off potential valuc is measured and compared with the

required criteria for protection.

The permancntly embedded half cells were used in study on chloride effect
on CP criteria (Art. 4.3.2) and study related to depth cffect on CP criteria (Art.

4.3.4).
4.2.1.4 Coupon Specimen

Six inch long steel bar having same diameter as that of main steel was used as
coupon specimen. They were positioned at the level of the main stecl and also
were tied with the steel in order to keep them at the same condition. These cou-
pons were removed from the specimen after the observation period and checked
for the corrosion condition. Coupons used in the CP specimen should remain

corrosion free and the wcight loss should be absolutely negligible.

Coupons were used in study on chloride effect on CP criteria (Art.4.3.2),
temperature effect on CP criteria (Art. 4.3.3.1) and study on depth effect on CP

criteria {(Art. 4.3.4).
4.2.2 Surface Technigue

Mcasurement of steel potentials using a portable potential wheel data
bucket instrumentation constitutes an extremcly cflcctive cxternal technique.
Prior to the installation of the cathodic protection system, potentials can be
measured at different locations. These potentials are the static potential. During
the system opcration, half ccll survey can be conducted, measuring instant off
potentials and the decay potentials. These instant off cell potentials and the

decay potentials are the indicative of adequate protection. The difference between
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the static potential and the instant ofT potential is the shift potential.

4.2.3 Visual and Physical Examinations

During the monitoring period, all of the specimens were cxamined closcly

for visible signs of deterioration.
4.2.4 Destructive Technigue

A number of specimens subjected to cathodic protection current were
demolished and the corrosion condition of the protected bars were checked. In
the bond study program, pow&r samples were removed from the specimen after
performing the pullout test. In the alkali-silica reactivity program, the specimens
Wcré cut down to remove small cubes and small plates for the determination of

compressive strength and hardness respectively.

PROCEDURES AND INSTRUMENTATIONS USED TO STUDY THE
EFFECT OF CHLORIDE CONTENT, TEMPERATURE, DEPTH AND
SECONDARY PROBLEMS ON CATHODIC PROTECTION
CRITERIA

43.1 Developments of Relationships Between Current Density, Polarization

Period, Protection Potential and Depolarization Time
4.3.1.1 Study on Current Density Needed to Satisfy Different CP Criteria

Test Specimens: Fig. 4.13 shows a tvpical specimen for study relating the cur-

rent density with the available CP criteria.  All of the specimens were 18 in x 12
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in X 3 in slab having reinforcement arrangement as shown in Fig. 4..13. The main
rcinforcement comprises 1/2 in dia, 20 inch long bars with 16 inch cmbedded
inside the concrete. One cross bar, 8 mm dia and 9 inch long, connects the three

main steel bars hereby providing electrical continuity between them.

Concrete specimens were cast with a Type V portland cement using a w/c
ratio of 0.56, cement content of 550 1bs/ vd® (327 kg/ m®) and a coarse to fine
aggregate ratio of 1.43. Coarse aggregate was crushed limestone with a bulk spe-
cific gravity of 2.42 and absorption of 3.8 percent. Beach sand with a specific
gravity of 2.70 and absorption of 0.25 percent was used as fine aggregate. Aggre-
gates were washed to remove contamination and dust. Concrete was mixed in a
1/2 ton mixer. ICI H8 tectrode anode used here was properly positioned during
casting. A 1/2 inch (12.7 mm) concrete overlay for the anode was used in all of
the specimens. No chloride was added with the mix water. The specimens were
cured under water for 7 days. Thereafter, curing by covering the specimen with a

wet towel was continued till the end of the experimental program.

Approach to the Study: Current supply unit as described in Art. 4.1.2 was used
here to supply current to the steel in concrete specimens. The static potential
was measured from the control specimen using potential wheel-data logger. The
current density in the current treated specimens were changed from 0.25 to 20
ma/sq. ft and at each level of current density, the instant off potential, the decay

potential and the shift potential werc measured using potential wheel-data logger.
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4.3.1.2 Study on Finding a Relationship Between the Current Density, The

Polarization Period and the CP Criteria

The effect of current density and the polarization period on the depolarized
potential, fully depolarized potential and time for its occurrence, the instant ofl’

potential and the decay potential were observed in this study.

Test Specimens: The specimens were 4 x 2.5 x 10.5 in ( 101 x 63 x 267 mm)
cement mortar prisms (Fig. 4.14) made with a water cement ratio of 0.6. Tiwo
different types of fine aggregétes having different specific gravities were used in
the preparation of specimens to monitor the effect of aggregate type on the
potential readings. A 0.5 in (12.5 mm) diameter, 10.5 in (267 mm) long reinforc-
ing steel bar was embedded throughout the length of the specimen. The distance
between the anode and the secondary clectrode (the cathode, reinforcing steel)
was 3 in (76 mm). The ICI II8 tectrode anode used in the test program was cov-
ered with a thin film of mortar. The specimens were demolded after 24 hours and

thereafter were cured for 7 days under water.

Approach fo the :Study: The spccimens were subjected to CP current eight days
after casting. Some of the specimens were kept as control{ never received cur-
rent). Constant current densities of 01,03,20 and 60 ma/sq ft were maintained
throughout the observation period. The first two values are reported in the litera-
ture as the current density needed for adequate protection whereas the rest two
are observed in case of overprotection. A constant current supply unit as
described in Art. 4.1.2 was used here for supplying current to the specimens. The
variable resistors and the variac were used to maintain the constant current den-

sity in cach of the specimen. Potential wheel data bucket was used to measure
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the steel potential. The followings were obscrved in the current treated specimens

at different polarization pcriods:

* Steel potential immediately after switching off the CP current ( i.e. the
instant off potential)

* Steel potential every fiftecn minutes {rom the time the power was
switched off. The steel potential measurcment was continucd upto 4
hours from the time the power was switched off. The four hour decay
potential was calculated as the diffcrence between the instant off poten-
tial and the potential measurcd 4 hour after the system was switched off.

* The depolarized potential was plotted against the depolarization time.
From here, the fully depolarized potential and the time for its occurrence
were noted.

4.32 Chloride Effect on Cathodic Protection Criteria
4.3.2.1 Test Specimens

The Artificial Corrosion Macrocell: The macrocells described in section 4.2.1.1
were cast as small concrete cylinders with a short scction of rebar (76 mm long)
centrally placed on each of the cylinder. The cylindrical macrocell was 3 in (76
mm) long and 2 in (51 mm) in diameter. The size of the macrocell steel was the
same as that of main steel. The concrcte mix used in casting the macrocell is

exactly similar to that used in casting the main specimen.

Test Specimens: Fig. 4.15 shows a typical specimen for evaluating cathodic pro-
tection criteria. In each of the specimen, three macrocells were used. These mac-
rocells were cast prior to the casting of the main specimen and then positioned in
the mold one day before casting of the main specimen(Fig. 4.1G). The macrocell
stecl and the main stecl were at the same level. All of the specimens were 18 in x
12 in x 3 in slab having rcinforcement arrangement as shown in Fig. 4.15. The
main reinforcement comprises 1/2 in dia, 20 inch long bars with 16 inch embed-

ded inside the concrete. Three coupon bars were tied with the main steel bars.
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Fig. 4.16 Macrocells Positioned in Mold Before Casting
of the Specimen
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One cross bar, 8 mm dia and 9 inch long, connccts the three main stecl bars

hereby providing clectrical continuity between them.

Concrete specimens were cast with a Type V portland cement using a w/c

ratio of 0.56, cement content of 550 Ibs/ yd® (327 kg/ m*®) and a conixe to fine

aggregate ratio of 1.43. Coarse aggregate was crushed limestone with a bulk spe-

cific gravity of 2.42 and absorption of 3.8 percent. Beach sand with a specific
gravity of 2.70 and absorption of 0.25 percent was uscd as fine aggregate. Aggre-
gates were washed to remove contamination and dust. Concretc was mixed in a
1/2 ton mixer. ICI H8 Tectrode anode used here was properly positioned during
casting. A 1/2 inch (12.7 mm) concrete overlay for the anode was used in all of
the specimens. The specimens were demolded one day afier casting and were
then covered with wet towel for curing. For continued curing, water was sprayed
on the specimen regularly several times a day upto 28 days from the date of cast-
ing. Curing by immersion in water was not used to avoid chlorides being washed
out from the specimen to the surrounding water. The specimens were covered by

wet towels throughout the obscrvation period to facilitate CP application.

Chloride Content:
Specimen chloride
content, lbsfcu.yds 0 2 4 8 16 32
of concrete
Macroccll chloride
content, Ibs/cu.yds 4,8 6,10 8,12 12,16 24,32 48,64
of concrete
The predetermined amount of chloride content was attained by adding NaCl

through the mix water.
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4.3.2.2 The Approach to the Study

A Practical Corrosion Site: A corrosion site in a reinforced concrete structure is
shown in Fig. 4.17a. Anode develops duc to high concentration of chloride at a
particular location and the corrosion starts at the anodic site. The stecl potential
at the anodic site is lower ( more negative ) than that at thc cathodic site. The
potential differcnce thus developed causes the corrosion current to flow between
the anode and the cathode. The anodic area corrodes and supplies electrons to

the cathodic area (Fig. 4.17a)

Simulation of Corrosion Condition : The corrosion situation due to chloride gradi-
ent is simulated here. The chloride content of the macrocell was somewhat higher
than that in the other parts of the specimen. Because of the high chioride pres-
ence in the macrocell, corrosion starts at the macrocell steel first. The stecl
potential of the macrocell was therefore lower than that of the specimen and it is
this potential gradient which drives the corrosion current to flow between the
macrocell steel and the specimen steel when they arc connected through an exter-
nal resistor. Two separate lead wires, onc coming from the main steel and the
other from the macrocell steel, are connected at two sides of a 51 ohm resistor.
Fig. 4.17b shows the simulation of the corrosion condition due to chloride gradi-
cnt. Before application of CP, clectrons flow from the macrocell to the main steel
and the corrosion current flows from the main steel to the macrocell steel. In this
situation, a positive voltage drop across the known resistor is noticed when the

positive voltmeter lead was connected to the ground ( main steel).
4.3.2.3 Establishment of CP criteria for Adequate Protection

Establishment of the Protection Level: All of the specimens were supplied with
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CP currents 14 days after casting. Before application of CP, clectrons flow from
the macrocell to the main steel and the corrosion current flows from the main
steel to the macrocell stecl. In this situation, a positive voltage drop across the
known resistor is noticed when the positive. voltmeter lcad was connected to the
ground ( main steel). The specimens were then activated with impressed DC cur-

1
i
rent and the positive terminal of the supply iwas connected to the anode whereas

the negative terminal was connccted to the ?nain steel. The positive voltage drop
!

across the known resistor gradually decreased with the increase of the impressed

current and subsequently at a particular level of DC current supply. the voltage

drop across the resistor reduced to zero. At, this zero voltage drop condition, no

local corrosion current flows between the macrocell steel and the specimen steel.

i
i

In this state, the current passing to the mziin circuit is the current required for
adequate protection. The supply was switched off" and the instant off potential,
the decay potential and the shift potential were recorded at this stage which cor-
responded to the protection level nccessar;% for the particular condition of the

specimen.

i

Instant off Potential Measurement: The p%otcntiometer was adjusted until the
voltage drop across the known resistor decrc:ased from positive value to zero. The
corresponding current supply was maintained for 24 hours. The current supply
was then switched off and the steel to clcctrélytc potential was measurcd immedi-
ately using a potential wheel- data bucket iréstrumcnt. The potential measured in
this manncr was recorded as instant off pcétcntial. In addition to this measure-
ment the hand held Ag-AgCl half ccli and ‘the permanently embedded half cells
were used to cross check the potential values recorded by potential wheel-data
bucket system. The above opcration was continucd weekly for a four month

activation period.
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Four Hour Decay Potential Measurement: The steel to electrolyte potential was
measured 4 hours after switching the system off. For this mcasurcment also, the
potential wheel data bucket was used primarily and the hand held Ag-AgCl half
cell as well as the permanently cmbedded half cell systems were used to cross
check the values obtained by Potential wheel. The difference between the instant
ofl potential and the potential measured 4 hours after switching off the CP cur-

rent was recorded as the 4 hour decay potential.

Shift Potential Measurement: The potcntial of stcel in the control specimen(
never received CP current) was measured by potential wheel. The difference
between the instant off’ potential measured in section 4.3.3.1 and the potential
obtained from the corresponding control specimen was recorded as shift poten-

tial.

Current Density Measurement: The current passing to the circuit at the onset of
protection divided by the steel surface area is reported as the protection current

density
4.3.2.4 Checking the Effectiveness of CP Criteria

The cffectiveness of different CP criteria, established in section 4.3.2.3, in terms
of arresting corrosion was checked using destructive techniques. After the activa-
tion period, the spccimens were broken for the retrieval of the coupon bars. The
coupon bars removed from both the CP specimen and the control specimen were
checked for corrosion condition. Also the weight loss percentage was calculated.
In some sclected specimens, corrosion probes were used. The corrosion probe
readings indicate the corrosion rate in both of the control specimen ( no CP cur-

rent) and the CP specimen.
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4.3.3  Temperature Effect on Cathodic Protection Criteria and Cathodic Protec-

tion Application
4.3.3.1 High Temperature Effect on CP Criteria

Test Specimens: The specimens used in this study arc cxactly same as those
described in section 4.3.2.1 for chloride cffect study. Concrete specimens were

cast with a Type V portland ccment using a w/c ratio of 0.56, cement content of

550 Ibs/ yd® (327 kg/ m®) and a coarsc to finc aggregate ratio of 1.43. Coarse
aggregate was crushed limestor;e with a bulk specific gravity of 2.42 and absorp-
tion of 3.8 percent. Beach sand with a specific gravity of 2.70 and absorption of
0.25 percent was used as fine aggregate. Aggregates were washed to remove con-
tamination and dust. Concrete was mixed in a 1/2 ton mixer. ICI H8 Tectrode
ano;ie used here was properly positioned during casting. A 1/2 inch (12.7 mm)
concrete overlay for the anode was used in all of the specimens. The specimens
were demolded one day after casting and were then covered with wet towel for
curing. The towels were kept wet throughout the 4 months observation period.

The specimens were kept inside the temperaturc chamber 7 days after casting.

Chloride Content

Specimen chloride
content, Ibs/cu.yd 8 32
of concrete

Macrocell chloride
content, Ibs/cu.vd 16 48
of concrete
The predetermined amount of chloride contamination was attained by adding

NaCll with the mixing water.
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Approach to the Criteria Study: The specimens were supplicd with CP currents
14 days after casting. The approach is the same as described in scction 4.3.2.2
with the difference that here the specimens were kept inside the temperature
chamber. The temperature chamber simulated typical summer climatic condition

characterized by high temperaturc and high humidity.

Establishment of CP Criteria for Adequate Protection: The current reversal tech-
nique as described in section 4.3.2.3 was used to achieve the protection level of
the reinforcing stecl. The protection current density was maintained for 24 hours
and then the current supply was switched off. The instant off potential, the four
hour decay potential, the shift potential and the current density required for pro-
tection of steel were measured using the tcchnique described in section 4.3.2.3 for
chloride effect study. The rcsults obtained here were compared with those
obtained in section 4.3.2.3 for chloride effcct study at room temperature and the
cffect of temperature on the static potential, four hour decaiv potential, instant

off potential and the shift potential were obscrved.

4.3.3.2 Study on Possible Difficulties of CP Application at High Temperature

and Dry Weather Regime

At high temperature and dry weather regime, the concrete immediately below the
anode layer may become very dry. This dry concrete may act as a barrier {or the
protection current to flow from anode to the steel rcinforcement. A small
rcsecarch program was undcrtaken which studics the possible problems in terms of
current supply to the stecl when CP is used to protect the reinforcing steel in

concrete structures, located in hot-dry cnvironment, using a low rectifier output

of 15V DC.



Test Specimens: The specimens and the concrete mix used in this study arc
exactly same as those described in section 4.3.2.1 for chloride cffcet study. In
addition to the 18 in x 12 in X 3 in slab specimens, 3 concrete cylinders 3 in X 6 in
were also cast. The slab samples and the cylinders were demolded one day after
casting and cured under water for 28 days. At the end of curing, the slabs and the
cylinders were kept in hot and dry outdoor cnvironment. Thesc cylinders were
used to study the cffect of outdoor environment on electrical resistivity of con-

crete.

Approach to the Study: After curing, the specimens were kept outddors. Fig. 4.18
shows the specimens in the outdoor environment. Current was supplied to each
of the sample by a 15 V DC supply. The positive end of the supply was con-
nected to the anodc and the negative end was connected to the stecel. The current
passing to the individual specimen was measured using highly accurate digital
multimeter, the electrical resistivity of concrete was measured using Nilsson 400,
4 pin resistance meter and the moisture content was measured from the concrete
powder removed from the specimen. The current passing to the steel, the electri-
cal resistivity of concrete and the moisture content of concrete were measured
twice a week. The measurement was continued until a very negligible current was

passing to the stecl.
4.3.4 Depth Effect on Cathodic Protection Criteria
4.3.4.1 Test Specimens

Fig. 4.19 shows a typical specimen for evaluating the depth cffect on CP criteria.
Two mat reinforcements were used in the specimen; the top mat comprises 25

percent of the total reinforcement. The slab was 18 in x 12 in X 6 in in size and
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Fig. 4.19 A Typical Specimen with Two Mat Reinforcement
Arrangement for Depth Effect Study
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the top mat reinforcements comprises 3 bars, 1/4 in (6 mm) dia, 20 in long with
16 in embedded inside the concrete. The bottom mat also comprises 3 bars, 1/2 in
(12 mm) dia, 20 in long with 16 in cmbedded inside the concrete. A set of three
coupon bars, 6 in long 1/2 in (12 mm) dia, were tied with the three bottom mat
steel bars and another set of three coupon bars, 6 in long 6 mm dia, were ticd
with the three top mat steel bars.Cylindrical macrocells as described in section
4.2.1.1 were used here for simulating the actual corrosion condition in the speci-
men. In each of the specimen, six macrocclls were used, three of them at the top
mat lcvel and three at the bottom mat level. The macrocell steel and the main
steel were of the same 6 mm ;'ind 12 mm diameters and they were placed at the
same level. These macrocells were cast prior to the casting of the main specimen
and then positioned in the mold one day before casting of the main specimen.
The concrete mix used in casting the macrocell was cxactly similar to that used in
casting the main specimen. Electrical continuity was attained for all of the three
main bars constituting top reinforcement using clectrical wires. Bottom mat rcin-

forcements were also made electrically continuous in the same manner.

Concrete specimens were cast with a Type V portland cement using a w/c
ratio of 0.56, cement content of 550 Ibs/ yd®> (327 kg/ m®) and a coarse to fine
aggregate ratio of 1.43. Coarse aggregate was crushed limestone with a bulk spe-
cific gravity of 2.42 and absorption of 3.8 percent. Beach sand with a specific
gravity of 2.70 and absorption of 0.25 percent was used as finc aggregate. Aggre-
gates were washed to remove contamination and dust. Concrete was mixed in a
1/2 ton mixer. ICI H8 tectrode anode used here was properly positioned during
casting. A 1/2 inch (12.7 mm) concrete overlay for the anode was used in all of

the specimens. The specimens were demolded one day after casting and were
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then covered with wet towel for curing. For continucd curing, water was sprayed
on the specimen regularly several times a day upto 28 days from the date of cast-
ing. Curing by immersion in water was not used to avoid chloride being washed
out from the specimen to the surrounding water. The specimens were covered by

wet towels throughout the observation period to facilitate CP application.

NaCl was added with the mix water in an amount equivalent to 32
Ibs/vd® of concrete. Two sets of specimens were cast. The macrocell chloride con-

tents were 48 and 96 Ibs/ yd® of concretc in the first and second sets respectively.

4.3.4.2 Approach to the Study

The current reversal technique used here for depth cffect study was
exactly same as described in section 4.3.2.2 for chloride cffect study. The speci-

mens were subjected to CP current 14 days after casting.

Establishment of CP Criteria for Proper Protection: The total current passing to
the individual circuit was divided to feed both the top and the bottom mats. The
total circuit current as well as the top and bottom mat currents were measured

using high precision ammeter connected in series as shown in Fig. 4.20.

Top Mat Protection Only: Using the current reversal technique, protection level
of the top mat was achieved first. At this condition, the total current passing to
an individual specimen as well as the top and bottom mat currents were recorded.
The current supply was switched off and the steel potentials for top and hottom
mat reinforcements were measured immediately using the potential wheel data
logger. The potentials measured in this manner are recorded as instant offl poten-

tial values. The stecl to electrolyte potentials were measured 4 hours after
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switching off the CP current. The difference between the instant off potential and
the potential measured 4 hour after switching the system off was recorded as the
decay potential. The difference between the static potential ( measured from con-

trol specimen) and the instant off potential is the shift potential.

Bottom Mat Protection and the Overprotection of Top Mat: Current reversal tech-
nique was used again to achieve the protection level of the bottom mat. The total
circuit current as well as the top and bottom mat current were measured. The
instant off potential, the 4 hour decay potential and the shift potential were
measured for both of the top and hottom mat stecl. The higher current density
received by the top mat in the process of providing adequate protection to the
bottom mat was recorded as the overprotection current density and the higher
potential value of the top mat steel were noted as overprotection potential val-

ues.
4.3.5 Enhancement of Alkali-Silica Reaction Due to Cathodic Protection

The increased degradation of concrete caused by increased alkali-silica

reaction due to CP current was observed in this part of the study.
4.3.5.1 Test Specimens

The specimens were 10.5 x 4 x 2.5 in ( 267 x 102 x 63 mm) in size and a single
steel bar of 12 mm diameter was embedded in the mortar specimens (Fig. 4.14).
Cement mortar specimens were cast with reactive crushed pyrex glass as aggre-
gate. Type V ordinary portland cement was used with ccment to aggregate ratio
of 1.0 and water to cement ratio of 0.40. Alkali content of the mix was 1.2 per-

cent( Na,0) cquivalent, by weight of cement. Of this 1.2 percent, 0.4 percent was
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the base alkali present in cement and NaOIl was added with the mix water to

provide the cquivalent amount of 0.8 percent Na,O. Table 4.1 shows the grading

of the aggregatc used in the test program and the grading used by others (81,82).
ICT Tectrode anode was placed 3 in (76 mm) away from the stecl reinforcement
during casting of the specimen. The spccimens were demolded onc day after cast-
ing and cured under water for 7 days. Some of the specimens were kept as con-
trol ( no CP current applicd). Also for comparative purpose, a number of speci-
mens were cast with non-reactive sand as aggregate and using the same mix as
adopted for casting the reactive mortar specimens. These specimens were also
demolded 24 hours after castiﬁg and cured under water for 7 days. These speci-

mens were then kept as control (never reccived current).
4.3.5.2 The Approach to the Study

The specimens were supplied with CP currents 8 days after casting. CP current
densities of 20 and 100 ma/sq. ft were maintained throughout the observation
period. The current supply unit is the samc as described in Art. 4.1.2. The vari-
able resistors and the variac were used to maintain the constant current density
in each of the specimen. The specimens were kept in hot and humid environment

which is suitable for accelerated alkali-silica reaction (81, 83).
The following obscrvations were made in the alkali-silica reaction study

Appearance of the First Crack: The appearance of crack on CP
specimens as well as on the control specimens were observed. The
crack in the control specimens also appeared but at much later
date. The CP was continucd till 15 days after the first sign of crack
appeared in the control specimen.

Total Expansion at Failure: The demec gauge was used to measure
the total expansion between two demec disks originally placed 2
inch apart.



Compressive Strength of Mortar: After the observation period, the
specimens were cut into picces. 1/2 inch concrete cubes were cut
from three locations: near the stecl, near the anode and at a loca-
tion at midpoint betwecn the stecl and anode. A large number of
concrete cubes were cut {rom all of the CP specimens and were
tested for compressive strength.

Hardness Number of Mortar: In abscnce of a proper technique of
measuring concrete hardness, Rockwell hardness test (84) was used
here to determine the relative hardness of mortar. Small plates of
mortar, 2.5 in x 1 in x 0.125 in in size, were cut from the CP speci-
mens as well as from the control specimens. The hardness was
measured at three locations of the mortar plate, close to the steel,
close to the anode and midpoint of steel and anode.

Properties of Steel: After the observation period, the steel
embedded in the mortar was taken out and tested for ultimate
strength, ductility and rupture strength. This was done for the CP
specimens as well as for the control specimens.

Volume of the Gel Formed: Simple staining tcchnique (85) was
used to dctermine the volume of gel formed under the action of CP
current as well as in absence of CP. Powdcred samples were taken
from near the stecl and absorbance of the samples were determined
using simple staining technique. This absorbance is the indication
of the volume of gel formed.

Scanning Electron Microscopy Analysis: Small amount of solid
sample was taken out from near the stecl of the CP specimen as
well as the control specimen for scanning electron microscopy
analysis. The photographs taken by SEM technique show the gel
structure formed due to alkali-silica reaction. These results were

then compared with the standard alkali-silica gel structure found in
cement paste by others(86,87).

4.3.6 Degradation of Steel-Concrete Bond Due to Cathodic Protection

4.3.6.1 Test Specimens and Bond Test Methods

Concrete specimens were cast with a Type V portland cement using a w/c ratio of
0.56, cement content of 550 Ibs/ yd® (327 kg/ m®) and a coarse to fine aggregate
ratio of 1.43. Coarse aggregate was crushed limestone with a bulk specific gravity of

2.42 and absorption of 3.8 percent. Beach sand with a specific gravity of 2.70 and
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absorption of 0.25 percent was used as finc aggregate. Aggregates were washed to
remove contamination and dust. Chloride contents of 2 and 8 Ibs/ vd* (0.364 and
1.455 percent by wcight of cement) were added to concrcte as sodium chloride
(NaCl) through mix water. Concrete was mixed in a 1/2 ton mixer. The specimens
were demolded 24 hours after casting, and were cured under water for 28 days.
After 14 months of impressed current, the cathodically protected specimens along
with control specimens were tested for bond strength. The cantilever bond test
method adopted in this study necessitated the use of a special bond specimen. Also,
the test specimen was designed to fail in bond only. To avoid shear failure in plain
concrete at the point of bond. breakdown, open stirrups completely detached from
the main reinforcement were positioned in the section. This ensures that the stirr-
ups do not interfere with the impressed current as well as with the bond behavior of
the main rcinforcement. In addition to shear failure considcrations, sufficiently low
percentage of longitudinal reinforcement was used to avoid concrete compression
failure. Pilot tests were carried out to choose such an embedment length that the bar
tensile stresses at the point of bond failure were well below the vicld value of the
Grade 60 deformed steel used in the specimen. For each specimen 7 in (178 mm)
length of the bar at one end was inserted in a brass conduit of slightly larger diame-
ter, which was withdrawn before the concrete had hardened. The conduit length was
sclected to provide the required 4 in (102 mm) cmbedment exposed to concrete.
Typical test specimen showing the location of the main and shear reinforcements as

well as the anode is shown in Fig. 4.21.

The schematic of the cantilever bond test is shown in Fig. 4.21. As opposed to
the traditional pullout test, both external shear and bending moment are present in

the cantilever test, with concrete and steel experiencing similar tensile strains. Such a
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test method, therefore, is more representative of the actual bond stress situation
existing along the steel-concrete interface in reinforced concrete flexural members. A
special loading frame was designed and fabricated which was positioned in a univer-
sal testing machine. Using two LVDTs at the loaded-end and one LVDT at the free-
end, the load and the corresponding loaded-end and frec-end slips were recorded by
an automatic data logging system (Fig. 4.22). For each current density, two test
specimens and two control specimens were tested for bond strength and the average
values have been uscd in the interpretation of results. Test and control specimens

were made {rom the same batch of concrete.

4.3.6.2 Approach to the Study

Cathodic protection current was applicd to each specimen immediately after
removing it from the curing tank. The current supply unit was same as described in
Art. 4.1.2. The potentiometers were adjusted twice a weck to maintain a predeter-
mined current level. The activation was continued for 14 months. Table 4.2 shows

an operational current- stecl potential relationship for specimens with 2 and 8 lbs

chloride/ yd® (1.19 and 4.76 kg/ m*) of concrete at a particular activation period. It
may be noted that the relationship between the current densitv and the “instant of”
potential, as well as the decay potential is not constant, but changes with the activa-

tion period.

Four constant current densities of 3, 10, 20 and 50 ma/ ft* (32.3, 108, 215 and

538 ma/ m?) at the steel surface were used in the test program which also include

chloride content of concrete as the second variable. Of the four current densitics

uscd in the test program, 03 ma/ ft* corresponds to a level usually used to satisfy



Fig. 4.22 Cantilever Bond Test in Progress with Loading
Frame Positioned in the Testing Machine
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the cxisting CP criteria (54,72), whereas the other three values (10, 20 and 50 ma/

ft*) may correspond to situations of overprotection of steel in concrete.

It may , however, be noted that in some chloride corrosion situations CP cur-
rent densities significantly higher than 03 ma/ f* may be necded to provide ade-
quate protection. For example, such a situation may arise in structures with high
chloride gradients, or in the case of two-mat slabs containing primary chlorides in
the original mix, where depth cffect between anode near the top surface and the bot-
tom mat reinforcement necessitates higher CP current densities to protect the bot-
tom reinforcement. It has been observed that in a high chloride gradient situation,
when the bottom mat had to be protected through an anode near the top surface in
a two mat reinforced slab, a current density as high as 9 ma/ ft* (97 ma/ m’) was

required to adequately protect the reinforcement against corrosion. Thus a current
density of 10 ma/ ft* may cover such extreme case of cathodic protection.The cur-

rent densities of 20 and 50 ma/ ft* have been uscd to cover overprotection situ-
ations as well as to accelerate possible interface bond deterioration effect for results
within a reasonable time frame. Discounting a significant change in the basic
mechanism of bond degradation at concrete steel interface under high current densi-
ties, a given loss of bond caused by a certain ampere-hour/ ft may be converted to
give a reasonable estimate of the time required to cause the same order of bond loss

at a practical value of CP current density.

4.3.6.3 Chemical Analysis

After the completion of the bond test on cach specimen, the stecl bar was removed
and inspected for the corrosion condition. Using a masonry driller, concrete pow-

dered samples were obtained for testing from three locations; ncar the stecl. near the
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anode and midpoint of the stecl and the anode. Chemical analysis for determining
potassium (K* ), and sodiurﬁ (Na' ), in concretc was performed by dissolving the
concrete powder with acid; the solution was analyzed using atomic absorptio;’x as
described by Perkin Elmer(88). Using acid extraction technique chloride concentra-
tion was determined by a microprocessor ion analyzer in conjunction with a solid-
state chloride ion activity double junction reference clectrode. The values obtained

were regularly checked by titration using the Gran Plot method (89).
4.3.6.4 Determination of the Steel-Concrete Bond Deterioration Due to CP Current

Bond strength and chemical analysis results obtained from current treated specimens
were compared with the corresponding values mcasured in the control specimens.
The magnitude of the bond reduction was corrclated to the current density and
chloride content of concrete. The effect of current density on the accumulation of
the cations ncar the steel surface and the migration of anions from the vicinity of
steel surface were observed. The results obtained here may be used to suggest a cur-
rent density that can be applied without causing significant stcel-concrete bond dete-

rioration in the conditions prevailing in the Gulf region.



5.1

CHAPTER 5
EXPERIMENTAL RESULTS AND DISCUSSIONS

DEVELOPMENTS OF RELATIONSHIPS BETWEEN CURRENT DENSITY,
POLARIZATION PERIOD, PROTECTION POTENTIAL AND
DEPOLARIZATION TIME

S.1.1  Current Density Needed to Satisfy Prevalent Cathodic Protection Criteria

Current density at the steel surface was varied from 0.25 to 15 ma/ft’ with an
increment of 0.50 ma/ft> in a 24 hour period. A constant current corresponding to a
particular current density was maintained at the stcel surface for 20 hours and the
“current on” potential was measured using a potential wheel data logger. The supply
was then turned off and the "instant off”, the 4 hour decay and the shift potentials were
measured. After 4 hours from the time the system was turned off, the specimens were
activated again and treated for 20 hours with a constant current corresponding to a
relatively higher current density. Steel potentials were measured again corresponding to
this high current density and the process was continued ill a current density of 15

ma/ft’ was attained at the steel surface.

Fig. 5.1.1 shows the "current on”, the “instant ofl”, the 4 hour “decay” and “shift”
potentials rccorded at different current densitics applied to stecl in chloride free
concrete. The data of this Figure demonstrate that increased protection potentials are
attained on the steel surface at higher current densities. The minimum current density

of 1.2 ma/sq ft is nceded to satisfy the 100 mV decay criterion whereas the maximum

140
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current density of 14 ma/sq ft is required to satisfy the -850 mV CSE instant ofl
potential criterion; for the 300 mV shift criterion an intermediate current density value
of 3.2 ma/sq [t is nceded. The findings here are in line with those reported by
stratfull(54). Since the current density required to satisfy the 100 mV decay criterion is
significantly lower than the current densities needed to satisfy cither the -850 mV CSE
instant ofl potential or the 300 mV shift from the base potential, the 100 mV decay

criterion is regarded as the most acceptable amongst the available four CP criteria.

5.1.2  Polarization Period, Current Density and the Cathodic Protection Criteria

Current densities used in the test program are 1, 3, 20 and 60 ma/ ft* based
on steel surface area. In reinforced concrete members, the first two values are
commonly adopted in the application of normal CP criteria, whereas the later two
values correspond to situations of overprotection for the reinforcing  steel.
Immediately after 7 days curing period, CP current was applied to the reinforcing
steel. The potentiometers were adjusted on a weekly basis to maintain constant
current flow in each of the specimens. The stcel potentials vary only marginally
along the length of the bar. To take this variation into consideration, for each
specimen an average value of the series of potential readings for a particular scan is
reported here. For specimens subjected to 1 and 3 ma/ ft® current densitics,
potential data for maximum polarization period of 45 days are available. whercas
the potential data for the 20 and 60 ma/ ft> current densities were obtained for a

prolonged polarization period of 136 days.
5.1.2.1 Instant Off Potential Value

Fig. 5.1.2 shows the relationship between the “instant ofl” potential value, the

polarization pcriod and the current density. The data show that "instant ofT”



Fig. 5.1.2 variation of Instant Off Potential with Polarization Period for
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potential varies with polarization period and current density. Variation of “instant
off” potential with current density is clearly understandable in view of the fact that a
higher current density causes incrcased polarization and consequently a higher
“instant off” potential value would result. For a given current density, an increase in
the “instant off” potential with an increasc in the polarization period complicates the
situation, because in CP practice a protection potential valuc is adopted irrespective
of the polarization time. It is clear from TFig. 5.1.2 that to obtain a predetermined
“instant ofl” potential value, an appropriately rcduced current density will have to

be used if reinforcing steel is to be polarized for a prolonged period.

At the initial stage of polarization, a current density much higher than 3 ma/
ft? is needed for attaining an “instant ofl” potential value of -850 mV CSE (-734 mV
Ag/AgCl); in fact, the data show that a high current density close to 15 ma/ ft®> mav
be needed to achieve a -850 mV CSE (-734 mV Ag/AgCl) “instant off” potential
value. However, the trend of 3 ma/ fi* curve in Fig. 5.1.2 indicates that a current
density of 3 ma/ ft® is likely to satisfy the “instant ofl” potential criteria if the steel
is polarized for several months. Fig. 5.1.2 also suggests that the ."instant ofl”
potential value corresponding to 1 ma/ ft® current density is very low( -250 mV
Ag/AgCl at 3 days of polarization) and falls significantly short of the proposed -850
mV CSE (-734 mV Agf/AgCl) “instant ofl” potential criterion. The above discussion
indicates that the commonly adopted current densities in the range of 1 to 3 ma/ ft?
would fail to polarize the reinforcing steel sufficiently to achicve the -850 mV CSE
“instant off” potential criterion. Tn particular. a current density of 1 ma/ ft* of the
steel surface arca may satisfy the -850 mV CSE “instant ofl” potential criterion only

if the stee] is polarized for vears.

" 5.1.2.2 Decay Potential Value
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Fig. 5.1.3 shows that the 4 hour decay potential value is also dependent on
polarization period and current density. As polarization time increascs , the 4 hour
decay potential also increases. Higher current densitics polarize the stecl to a greater

extent so that the depolarization level is also higher at higher current densities. After
7 days of polarization, a 1 ma; ft* CP current density provides insignificant (40 mV)
decay potential in 4 hours. ITowever, this low current density satisfies 100 mV
decay criterion if reinforcing steel is polarized for at least 42 days. At 7 days
polarization period, 3 ma; fi’ current density provides 175 mV decay potential in 4

hours. These data support the contention that CP current in the range of 1 to 3 ma/

ft* would satisfy the 100 mV 4 hour decay potential critcrion. To obtain a decay
potential of 100 mV or more at the very beginning of polarization, a current density
of 3 ma/ ft*, or cven somewhat less, would be sufficient as against the fact that a
current density of less than 3 ma/ ft*> would certainly nolg satisfy the -850 mV CSE
“instant off” criterion at the begining of polarization. These findings support
Stratfull’s (24) observations that the decay potential criterion would need
significantly less current density compared to the “instant ofl” potentiai criterion.
The low current density required to satisfy 100 mV decay criterion makes the decay
criterion approach more attractive to the CP practitioners. Iligh current density
could cxacerbate possible secondary deleterious effects such as reduction in steel
concrete bond (26) and enhancement of alkali-silica recactivity (41) if reactive
aggregates are present in concrete. Induction of these secondary delcterious cffects
would be greatly reduced and dclayed if 100 mV decay criterion is adopted instead

of -850 mV CSE "instant off” criterion.

Figs. 5.1.4 through 5.1.7 show the dependence of depolarized stcel potential on
the polarization period and the current density. These presentations show an

asymptotic variation of the depolarization curves for all the four CP current
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densities. Complete depolarization of stecl potential occurs at 70, 140 , 200 and 240
minutes after discontinuing the CP current for current densities of 1, 3, 20 and 60
ma/ ft® respectively. The dependence of a fully depolarized potential on current
density is clearly shown in Figs. 5.1.4 through 5.1.7. For a thrce week polarization
period, fully depolarized potentials were observed to be 240, 330 , 420 and 570 mV
Ag/AgCl at current densities of 1, 3, 20 and 60 ma/ ft* respectively. However, the
data of Figs. 5.1.4 through 5.1.7 show that the depolarized potential is by and large

independent of the polarization period.
5.1.2.3 Effect of the Type of Aggregates

Figs. 5.1.6 and 5.1.7 show the influence of aggregate type on depolarization. Fine
aggregates used have different specific gravities. Figs. 5.1.6 and 5.1.7 clearly show
that the aggregate type has no cffect on the “instant off” potential and decay
potential values. “"Instant ofl” potentials, decay potentials and the fully depolarized

potential values are identical for the two types of aggrcgates used.
5.1.2.4 Polarization Period and CP criteria

It is clear from the discussion of the results presented in Figs. 5.1.2 through 5.1.7
that more rational CP criteria would be formulated if polarization period is included
along with the instant off potential and the decay potential values. Steel polarizes
due to the movement of ions from and toward the stecl concrete interface. 1t is the
current density which controls this ionic movement. Adequate protection as well as
overprotection of steel are directly related to the movement of anions and cations
between the negatively charged steel and positively charged sccondary anode. The
authors feel that it is more logical to develop CP criteria in terms of current density

instcad of steel potential values as used in CP practice.



5.2

EFFECT OF CHLORIDE CONTENT OF CONCRETE ON
CATHODIC PROTECTION CRITERIA

Due to an uneven chloride distribution in a practical reinforced concrete
structure, the steel reinforcement becomes anodic at some locations and cathadic
at other locations. Anode develops due to high concentration of chioride at a
particular location and the corrosion starts at the anodic site. The steel potential
at the anodic site is lower { more negative ) than that at the cathodic site. The
potential differcnce thus developed causes the corrosion current to flow between
the anode and the cathode. The anodic areca corrodes and supplies electrons to
the cathodic area. A practical corrosion situation due to chloride gradient is sim-
ulated in laboratory by inserting macrocell in the specimen; the chloride content
of the macrocell was higher than that of the specimen. When the macrocell steel
is connected to the specimen steel through a small resistor, both the macrocell
stecl and the specimen steel act together as a single system of rcinforcement in
the slab. The specimen achieves an uneven chloride distribution in this way; the
chloride differential in the specimen is created by the difference in chloride con-
tent of the specimen concercte and the macrocell concrete. The chioride gradient
in a specimen is the ratio of the chloride content of the macrocell concrete ana
the specimen concrete. Because of the high chloride presence in the macrocell,
corrosion starts at the macrocell steel first. The macrocell steel becomes anodic
and the specimen steel becomes cathodic in this situation. The stecl potential of
the macrocell is therefore lower than that of the specimen and it is this potential

gradicnt which drives the corrosion current to flow between the macrocell steel
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and the specimen steel when they are connected through an external resistor.

The results obtained in the study arc analyzed by focusing on three factors:
first, the effect of the absolute chloride content of the specimen, second, the effect
of the chloride gradient, third, the effect of the chloride diffcrence between the
specimen and macrocell concrete. Tt is possible that the chloride gradient in a
specimen is relatively higher whercas the chloride difference in the same specimen
is relatively lower. Also a low chioride gradient may correspond to a high chlo-
ride difference in the specimen. For example, for 2-Ibs chloride bearing specimen
having 6 Ibs chloride bearing macrocell, the chloride difference is only 4 Ibs
whercas the chloride gradient is 3.0. On the other hand, for 32 Ibs-chloride bear-
ing specimen having 48 Ibs chloride bearing macrocell, the chloride difference is

16 1bs whereas the chloride gradient is only 1.5.

S.2.1  Voltage Drop Across the Resistor in the Control Specimen Which Never
Received CP Current

Table 5.2.1 shows the efTect of chloride content of concrete specimens and
the chloride gradicnt on the voltage drop across the known resistor which con-
nects the macrocell steel and the specimen steel. As the positive cnd of the voltm-
cter was connected to the lead wirc from the specimen stecl and the negative end
of the voltm-eter was connected to the Icad wire from the macrocell stecl, a posi-
tive voltage drop is indicative of the corrosion current flow between the macroccll
stecl and the specimen stecl. AData of Table 5.2.1 show that the voltage drop

across the resistor is dependent on hoth chloride content of the specimen and the
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chloride gradient. For a chloride gradicnt of 2.0, the voltage drop across the
resistor was found to be 2.5, 5.84, 6.44 and 8.36 mV in the 4, 8, 16 and 32 Ibs
chloride-bearing concrete specimens respectively. For a particular chloride gradi-
ent, a higher voltage drop across the known resistors in high chloride contami-
nated specimen is attributable to the higher difference in chloride content of the
specimen concrete and the macrocell concrete. For example, with a chloride gra-
dient of 2.0, the difference in chloride content of the specimen and macrocell is
only 4 lbs in 4 Ibs chloride-bearing specimen whereas the valuc is 32 Ibs for 32 Ibs
chloride-bearing specimen. Here the voltage drop in the latter case (8.36 mV) is
significantly higher than the voltage drop ( 2.5 mV) in the former case. For a
specified chloride content of the specimen, the voltage drop depends on the chlo-
ride gradient ifx the specimen. For example, in 32 Ibs chloride-bearing concrete.
voltage drops were fox'md to be 3.8, 8.36 and 14.9 mV for chloride gradients of
1.5, 2 and 3 respectively. Iigher voltage drop at higher gradient is attributable to
the greater difference in the potentials of the macrocell steel and the specimen
steel. A higher potential difference between the macrocell and the specimt;n steel
drives a higher amount of current flow through the known resistor which con-
nects the macrocell steel and the specimen steel. FFor 8 Ibs chloride differcnce
between the specimen and the macrocell concrete, the voltage drop in 0 Ib speci-
men was found to be higher than that in 2 Ibs chloride bearing specimen; this is
because the potential difference between the steel embedded in 0 1b chloride bear-
ing concrete specimens and 8 Ibs chloride-bearing macrocell concrete is much
higher than the potential difference between the steel embedded in 2 Ibs chloride
bearing specimens and 10 Ibs chloride bearing-macrocell concrete. The voltage
drop across the known resistor is dependent morc on the chloride differential

within the same specimen and less on the chloride content of the specimen. As an
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cxample, for an 8 lbs chloride diffcrential in 8 Ibs-and 16 Ibs- chloride bearing
spccimens, the voltage drop. across the resistor in 16 Ibs specimen is only 3.12
whereas the value is 5.84 for 8 Ibs chloride bearing specimen. Because of the fact
that the macrocell steel and the specimen st(é:cl were connected through known 51
ohm resistors in all of the specimens, the vti:]tage drop is an indirect indicator of
the flow of corrosion current between the s?tee] in relatively higher chloride con-

taminated macrocell and relatively lower chloride contaminated specimen.

5.2.2  Static Potentials

The static potentials of steel for dif:Tcrent chloride bearing specimens at
different ages are shown in Fig 5.2.1. This Figure clearly shows the dependence of
static potential on the chloride content of concrete; a higher static steel potential
is measured in higher chloride-bearing specimen. All the curves show the highest
static potential values initially which subsequently dropped to a slightly lower
value and than continued to show a nearly steady trend. This is possibly because
a passive potential of steel is obtained | when a gamma ferric oxide ﬁlm
(y— Fe,0; ) forms around the steel. Due to the presence of excessive water in the
specimen during the early ages, a significantly reduced oxygen ingress takes place
to the steel interface which may not be sufficient for the formation of the gamma
ferric oxide film. Subsequently, formation of this film around the steel surface at
a later age due to the availability of sufficient oxygen around it lowers the static
potential to a value smaller than the initial highest value. Static potential of the
stecl measured in the concrete specimens without chlorides alwavs staved in the
range of -200 mV CSE which is numerically higher than -350 mV CSE, the Van

Davecr corrosion potential. For 2 Ibs chloride bearing spccimen (0.364 percent
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by weight of cement), the static potential remained below the threshold corrosion
potential(-350 mV CSE) value throughout the observation period. This suggests

that the ACI chloride limit of 0.15 percent frec chlorides by weight of cement
(approximatcly 1 1b/ yd3 of concrete) as well as the B.S. total chloride limit of

0.4 percent by weight of cement (approximatcly 2.5 Ibs/ yd3 of concrete) for the
no corrosion situation can be safcly adopted as the threshold chloride limit values
in the concrete mix. The static potentials measured in the 4 Ibs and higher chlo-
ride bearing specimens are found to be numerically lower than the corrosion
potential, i.e., < -350 mV CSE. A passive potential, > -350 mV CSE, was never
measured in 4 Ibs and other higher chloride bearing specimens. This is presum-
ably because when steel is embedded in concrete containing sufficient internal
chloride salts, it is brought into contact with an aggressive chloride-rich environ-
ment right at the time of casting, before an cffective passive film of gamma ferric
-oxide and a surrounding lime-rich zone of hydration products have had time to
form. The direct dependence of static potential on the chloride content of con-
crete is possibly due to a higher degree of corrosion aggressivity in environments

characterized by a higher chloride content of concrete.

5.23 Instant Off Potential

Figs. 5.2.2 and 5.2.3 show the instant ofT potential necded for overcoming
the chloride gradients of 1.5 and 2.0. The data of these Figures clearly show the
dependence of instant off potential value on the chloride content of the specimen
as well as the chloride gradient. Tor a chloride gradient of 1.5, instant ofT protec-
tion potential values of 470, 525 and 620 mV CSE are required initially in 8, 16

and 32 Ibs per cu. yds chloride bearing concrete specimens respectively, whereas
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for a macroccll to specimen chloride content ratio of 2.0, the corresponding pro-
tection levels are recorded to'505, 555 and 640 mV CSE. For a particular chloride
bearing concrete, higher instant off protection potential is nceded when the chlo-
ride gradient is higher. This is because of the fact that static potential of stecl
(Fig. 5.2.1) is found proportional to the chloride content of concrete. For a given
chloride content in concrete, a higher difference in static potential between the
specimen steel and the macrocell steel is noticed when the chloride gradient is
higher. In a situation of higher chloride gradient, when the specimen steel and the
- macrocell steel are connected through an external resistor and the voltage drop
across the resistor is measured by placing the positive end of the voltmeter to the
resistors end connecting the specimen steel, and the ncgative end of the voltmeter
to the resistors end connecting the macrocell steel, a higher positive voltage drop
has been measured (Table 5.2.1). To cancel this higher voltage drop across the
resistor, a higher current density is needed; a higher current density gives a high
instant off potential rcading. The direct dependence of instant ofl potential on
the chloride content of concrete for a particular chloride gradient is ascribable to
the highér static potential obtained for stcel embedded in higher chloride-bearing

concrete.

Fig. 5.2.4 shows the protection level needed for 4 Ibs chloride difference
between the specimen and macrocell. For a 4 Ibs chloride difference, the instant
of protection potential needed for 0 and 2 Ibs spccimens are more or less same.
From the standpoint of higher chloride gradient existing in the 0 Ib specimen
compared to the 2 Ibs chloride bearing specimen, a higher instant off potential is
indicated for protecting the higher gradient 0 Ib specimen. On the other hand,
from the standpoint of higher chloride presence in the 2 Ibs chloride bearing spec-

imen compared to the 0 Ib specimen, a higher instant off potential is needed to
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attain protection in 2 Ibs specimen. The same instant off protection potential
needed for the 0 and 2 Ibs c-hloridc bearing specimens with 4 Ibs chloride differ-
ence between the specimen and the macrocell suggests that the chloride gradient
cffect and the chloride level cffect somewhat balance cach other in this case.
Instant off potential needed for the protection of 8 Ibs chloride bearing specimen
is higher than that needed for 4 Ibs ch]oride.:. bearing spccimen. Although the
chloride gradient in 4 Ibs specimen being 2.0, is higher than that of 8 Ibs speci-
men being 1.5, the higher instant off potential needed for protecting the 8 lbs
specimen demonstrates that the effect of chloride level in the specimen is a domi-
nant factor in this case. Moreover, whereas the static potentials measured in the
4 Ibs chloride bearing specimen are slightly lower ( more negative than -350 mV
CSE) than the threshold potential, the static potential values measured in the 8§
Ibs chloride-bearing specimens are significantly more negative than the -350 mV
CSE value. Due to this higher static potential of steel in 8 Ibs chloride bearing
specimen compare to the 4 Ibs specimen and also due to a higher corrosion activ-
ity in the 8 Ibs chloride-bearing specimen in comparison to 4 Ibs specimen, higher
instant off protection potential was needed for the 8 Ths chloride-bearing speci-

men.

Fig. 5.2.5 shows the protection level nceded for 8 Ibs chloride difference
between the specimen and the macrocell. Here again, the instant off potential
necded for protecting the 0 Ib and 2 Ibs specimens are found to be about the
same. As explained earlier, possibly the effect of highér chloride gradient in 0 1b
specimen in Eomparison to 2 Ibs specimen is balanced by the higher chloride con-
tent of the 2 Ibs specimen in comparison to 0 1b specimen. The protection poten-
tial values for 4 Ibs specimen and 8 lbs-specimen are found to be similar with the

exception of higher instant off protection potential value for § Ibs specimen in
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comparison to 4 Ibs specimen at the very beginning of the activation. In this
case, the chloride gradients b;':twecn spcecimen and the macrocell were 3 and 2 for
4 Tbs and 8 lbs specimens respectively. The effect of high chloride gradient is
again balanced by the effect of high chloride content of the specimen. The instant
ofl' protection values observed in the 16 Ibs specimen are higher than those
observed for the 2, 4 and 8 Ibs specimens although the chloride gradient for the

16 1bs specimen is the lowest; it seems that the higher chloride level of 16 Ibs/

yd3 in concrete is the dominant factor in producing the protection potential
required. The higher corrosion activity and the higher static potential of the stecl
embedded in the 16 Ibs chloride-bearing concrete, in comparison to the corre-
sponding values in the 2, 4 and 8 Ibs-specimens, arc the two factors which con-

trol the instant off potential valucs mcasured in this case.

5.24  Four Hour Decay Potential

Fig. 5.2.6 shows the four hour decay potential nceded for protecting the
specimens having a chloride gradient of 1.5. The decay potential values obtained
from the 8 Ibs-and 16 Ibs-chloride bearing specimens are by and large similar and
in the range of 50 mV. The protection level needed for 32 Ibs chloride-bearing
specimen is about 5-10 mV higher than the level required for 8 and 16 Ibs chlo-
ride specimens; the values are within 60 mV. This marginal clevation of the pro-
tection potential is ascribable to the increased corrosion activity in 32 lbs speci-

men in comparison to those in 8 and 16 Ibs specimens.

Fig. 5.2.7 shows the 4 hour decay potential necded to protect the speci-

mens having a chloride gradient of 2.0. There is significant amount of scatter in
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the data of Fig. 5.2.7 which docs not show a very well defined rclationship
between 4 hour decay potcn.tial and the chloride content of the specimen. The
average protection potential for the 8 and 16 Ibs specimens having a chloride gra-
dient of 2.0 is in the range of 55 mV. For the 32 Ibs specimen, four hour decay

potential as high as 78 mV was recorded.

Figs. 5.2.8 and 5.2.9 show the 4 hour decay potential required for protect-
ing the specimens having 4 and 8 Ibs chloride diffcrential. The data of both of
these presentations do not show a defined dependence of the 4-hour decay poten-
tial on the chloride content of the specimen. Fig. 5.2.9 shows low 4 hour decay
potentials only for the 16 lbs chloride specimen. This low dccay potential value
for the 16 Ibs specimen is mainly attributable to the rclatively low chloride gradi-
cnt between the specimen and the macrocell. The chloride gradient for 16 Ibs
specimen in Fig. 5.2.9 is 1.5 whereas the gradient values arc 5, 3 and 2 for the 2,
4 and 8 Ibs chloride-bearing specimens respectively. However, the results of Figs.
5.2.8 and 5.2.9 clearly show that for reasonably Jow levels of chloride contamina-
tion in the specimens ( 0 to 8 Ibs per cu. yds of concrete), the decay potential is
by and large independent of the difference in chloride content between the speci-
men and the macrocell; for a 4 Ibs chloride difference the dcc;ly potentials are in
the range of 50 mV whereas for & 1bs differcnce, the values are in the range of 65

mV.

The above results clearly demonstrate that the 100 mV decay criterion
commonly adopted is overly conservative. For upto 8 Ibs chloride contaminated
concrete having upto 4 Ibs difference in chloride level of the specimen and the
macrocell, a protection potential of 60 mV decay in 4 hour may be adequate for

cffective protection. The four hour decay potential of 70 mV may be adequatce for
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effective protection for upto 16 Ibs chloride-bearing concrete having a chloride
differential of 8 Ibs. For 16 to 32 Ibs chloride-bearing concrete having a chloride

gradient of 2.0, a four hour decay potential of 80 mV may be sufficient.

5.2.5  Shift Potential

Considering the shift potential values required for protection, the data
show that the shift potential is mainly related to the chloride gradient in the spec-
imen. For this rcason, the shift potential data are plotted scperately for the two
groups of specimens; in one group are the low chloride bearing specimens ( 0 to 4
1bs) having chloride gradients > 2 and in the other group are the high chloride

bearing specimens( 8 to 32 Ibs) having chloride gradients <2.

Fig. 5.2.10 shows the shift potential required for low chlnride bearing
specimens. There is some scatter in the shift potential data with activation period.
The 0 Ibs chloride bearing specimen showed the highest shift potential with val-
ues of 192 mV and 172 mV where the macrocell chioride contents were 8 and 4
Ibs respectively. The 2 Ibs chloride bearing specimens having 10 Ibs chloride bear-
ing macrocell ( a chloride gradient of 5) also showed a high shi[:t potential value
of 150 mV. For the 2 Ibs chloride bearing specimen having 6 Ibs chloride bearing
macrocell, the shift potential is found to be 70 mV only. The data for 4 Ibs chio-
ride bearing specimen with 8 and 12 Ibs chloride macrocells showed that higher
shift potential is required in specimen coupled with 12 Ibs chloride macrocell (a
chloride gradicnt of 3). These data demonstrate that the shift potential is also
dependent on the chioride gradient within the specimen: a high chiloride gradient

needs a higher shift potential for adequate protection against corrosion.

171



172

(p£ *nd/_T1D sqT p-0) 3IULIUCD OPTIOTYD MOT BUTABRH

93040U0) UT [9938 JO uUO0TIIB8j04d JA0J PopasN Terlusljod IJFIyS 01°2°'9 .w.mn_

sApQq ‘poldag co=c>=o<

ogL 091 O¥L 02t 00l 08 09 0¥ 0¢ 0

lledoloey |9 8| ¥ BulARH 8)}81ou02) Bupieag |9 84| 0 suesw $0/00

I 5
o
19 ]

jpi{usiod 40 HIYS

—001.

AlU

—0G1

—002

0S¢




a73

Fig. 5.2.11 shows the shift potentials needed for higher chloride bearing
specimens. This prcscntatior; shows that the shift potential varies from 50 to 100
mV with no apparent relationship between the shift potential value and the chlo-
ride content of the specimens. The variation of shift potential with time is attrib-
utable to the variation of static potential with time; as the shift potential is the
difference between the static potential and the instant off potential. A low shift
potential value of 50 to 100 mV for high chloride content specimens is ascribable

to the low chloride gradient( <2) used in the high chloride specimens( 28 Ibs

cr/ yd3 )- Moreover, since the static potential of the steel in high chloride bear-
ing specimen is relatively highcer, a relatively lower shift in the steel potential is

needed for high chloride contaminated concrete to reach the protection level.

5.2.6  Current Density

Figs. 5.2.12 and 5.2.13 show the current density required for protection of
steel in concrete specimens having chloride gradients of 1.5 and 2.0 respectively.
The data of these Figures clearly show that the current density required at the
steel surface is predominantly dependent on the chloride content of the specimen.
Fig. 5.2.12 shows that the current density required for 32 Ibs chloride bearing
specimen is much higher than the densities required {or protecting § Ibs-and 16
Ibs-chloride bearing specimens. The applied current has to overcome a differential
in potential created by 16 lbs chloride difference in the case of 32 lbs chloride
specimen whereas in 8 and 16 Ibs chloride bearing specimens, the applied current
had to overcome the potentials created by only 4 and 8 1bs chloride differences
respectively. Higher is the chioride difference between the specimen and the mac-

ro-cll, more is the protection current required for overcoming the voltage drop
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across the resistor which connects the steel of the macrocell and the steel of the
spcecimen. The current dcnsi;ies needed are the highest at the beginning of the
activation period and are. somcwhat mitigated with the activation period. The
protection current densities needed at the stecl surface of the specimens having a
chioride gradient of 2.0 are shown in Fig. 5.2.13. This Figurc also shows that at
the beginning of activation period, highest current density of 2.98 ma/sq fi is
required for the 32 Ibs specimen coupled with 64 Ibs chloride bearing macrocell.
The 4 1bs chloride bearing specimen coupled with 8 Ibs chloride bearing macrocell
nceded only a 0.50 ma/sq ft current density for adequate protection. For the
same chloride gradient of 2.0, the 8 Ibs- and 16 Ibs- chloride bearing spccimens
are observed to require protection current density levels in between those necded
for protecting the 4 Ibs and 32 Ibs chloride bearing specimens. Iowever, a big
difference in the protection current density requirement is observed for the § lbs

and the 4 Ibs chloride specimens.

Fig. 5.2.14 shows the protection current density needed to protect the steel in
specimen having 4 Ibs chloride difTerence between the macrocell and the specimen
concrete. The 2 lbs-and 4 lbs-chloride bearing specimens showed almost similar
currcnt density requirements which are of in the order of‘ 0.50 ma/sq ft at steel
surface. The interesting point worth noticing is that the 0 Ib chloride bearing
specimen nceded higher impressed current than the 2 and 4 lbs chloride bearing
specimens. This is attributable to the fact that the difference in static potential of
the macrocell stecl and the specimen stecl in 0 1b chloride bearing specimen is
much highcf than the corresponding static potential difTerences obtained in 2 Ibs-
and 4 lIbs-chloride bearing specimens. A higher current density was needed to
overcome this higher potential difference between the specimen steel and the

macrocell steel in 0 1b chloride specimen. A higher current density was required
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for protecting 8 Ibs-chloride bearing specimens having 4 Ibs chloride differential
within the specimen compar.cd to the densitics nceded for protecting 0, 2 and 4
Ibs specimens having the same 4 Ibs chloride differential within the same speci-
men. The chloride content of 2 1bs is lower than the allowable chloride limit (B.S.
Specification) for corrosion initiation and the 4 Ibs chloride content is slightly
above the threshold chloride value. The levels of corrosion activity in the 2 and 4
Ibs chloride bearing concrete specimens are significantly lower than in the 8 Ibs
chloride bearing specimen. The high current density required in 8 Ibs specimen is

obviously attributed to the higher corrosion activity within the specimen.

Fig. 5.2.15 shows the protection current density needed for stecl in speci-
mens having 8 Ibs chloride differential. The highest protection current is nceded
for the 8 Ibs chioride bearing specimen and a marginally lower current density is
required for the protection of stecl in the 16 Ibs chloride bearing spccimen. Both
of the 8 Ibs-and 16 Ibs-chloride bearing specimens contain chlorides in excess of
the allowable limit. Although the higher chlorides in the 16 lbs specimen would
result in a higher level of corrosion activity compared to the 8 Ibs chloride bear-
ing specimen, the 8 Ibs chloride specimen has a higher chloride gradicnt of 2.0
compared to a lower chloride gradient of 1.5 for the 16 Ibs specimen.  The higher
protection current density for the 8 Ibs chloride specimen shows that it is the
chloride gradient which dominates the current density requirement. The same
trend is noticed in the 0, 2 and 4 Ibs specimens having 8 Ibs chloride differential

within the specimen.

The current density vs. activation period data presented in Figs. 5.2.12
through 5.2.15 clearly show that the current density needed for protection

decrcases somewhat with the activation period with very few exceptions observed

179



180

TBTIUSIBIFTA OPTIOTYD SqT § Bufaey
939I0U0) UT [993§ JO UOTID90IJ JLOF papoaN AITsus(q usaxm) Gr'z's *Sty

sAog .uotcm uoipAljoy
ogL 091 OvL 0ZL 00l 08 09 04 0c 0
| ] ] | ] | | | O0.0

|
o
@

I
@)
0
o
pedinbey Ajisueq jusainy

uswioads |9 sq| 00 -

i

uawioads |9 sq| 20 —+

uswioadg [ sq| 40 -~

uswioadg |0 sq| 90 &

uswioads |0 sq| 9| -m-

peJy ~ing |88yS 10 44 bs /pw



only during the initial period of activation. For example, the current density
requirement was rcduced by 55 percent at the end of six months activation period
for a 2 Ibs-chloride bearing specimen coupled with 10 Ibs chloride bearing macro-
ccll. A decreased level of current density needed with prolonged period of activa-
tion may be attributable to the migration of chloride ions away from the vicinity
of steel concrete interface. When CP current is applied, the negatively charged
steel repulses the chloride ions whereas the positively charged anode attracts this
chloride anions from the concrete pore solutions. The eclcctromigration of chlo-
ride ions from steel concrete interface to a distance away from the steel thus
reduces the chloride concentrations near the steel. This reduced chloride level
near the vicinity of steel surface has a two fnld cffect; first, the reduction of cor-
rosion activity at the steel surface and sccond, the reduction of potential difTer-
cnce between the specimen steel and the macrocell steel. A lower current density
required with prolonged protection period is highly desirable due to scveral bene-
ficial effects. Maintaining a reduced current density at the stecl surface neceds
lesser power thereby implying ecconomical benefits in terms of the cnergy costs as
well a reduction in the secondary deleterious effects related to bond degradation
and increased ASR effects caused by high CP current densities maintained for

prolonged periods at the steel surface.

5.2.7  Effectiveness of CP in Arresting Corrosion of Steel

Table 5.2.2 shows the weight loss data for coupon steel and macrocell
steel removed from the control specimen and cathodically protected specimen at
the cnd of six months activation. The control specimens data show that the mac-

rocell steel lost the weight by a relatively higher percentage in comparison to the
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coupon steel. For example, the weight losses by the coupon stecl and the macro-
ccll stecl were 3.25 and 4.93 i:!crccnts respectively in 8 Ibs chloride bearing speci-
mens coupled with 16 Ibs chloride bearing macrocell. A relatively higher weight
loss observed for the macrocell stecl in comparison to the coupon steel is attribu-
table to a relatively higher chloride presence in macrocell concrete. The data in
this table show that the CP technique significantly control the chloride induced
corrosion. For example, for 8 Ibs chloride bearing concrete having 16 Ibs chloride
bearing macrocell, weight losses by the coupon and macrocell steels of a CP spec-
imen were 3.0 percent and 3.8 percent of the corresponding  weight losses
observed in the control specimen. Similar results were observed for other chloride

bearing specimens when CP current was applied.

5.28 Summarized Overview

Tables 5.2.3 and 5.2.4 show the protection level necded at the beginning
of activation and the maximum protection level recorded during the observation
period respectively. As pointed out before, the instant ofl' potential, the decay
potential, the shift potential and the current density needed for protection at the
beginning of activation period are higher than the corresponding values after
some period of activation with very few cxceptions. The instant off potential and
the current density needed for protection are directly rclated to the chioride gradi-
ent within the specimen as well as to the chloride content of the specimen. For
example, for 16 lbs-chloride bearing spccimen the current densities necded for
protection are 2.5 and 1.79 ma/sq ft for chloride gradients of 2.0 and 1.5 respec-
tively. The corresponding current density valucs are 2.98 and 2.78 ma/sq ft

respectively for 32 Ibs chloride bearing specimen. The data in these tables suggest
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that thc normally used current density of 1 to 3 ma/sq.ft is sufficient to protect
the steel embedded in high.chloridc contaminated concrcte. The 0 1b chloride
bearing concrete having 4 and 8 Ibs chloride differentials within the same con-
crete may need current densities of 1.55 and 1.79 ma/sq ft respectively. However,
for 2 Ibs chioride bearing specimen having 4 and R Ibs chloride differentials inside
the specimen, the current density needed are below 0.50 and 1.0 ma/sq ft respec-
tively. The lowest current density of 0.48 ma/sq ft is observed in the 2 Ibs chlo-
ride bearing specimens having 4 lbs chloride differential within the specimen
whereas the highest current density of 2.98 ma/sq ft is measured for the 32 Ibs
specimen having 32 Ibs chloride differential. The current densities needed for
other chloride bearing specimens lie in between the above two values. Like the
current density requirement, the instant off potential necded is the lowest in the 2
Ibs chloride-bearing specimen coupled with the 6 Ibs chloride bearing macrocell
and is the highest for 32 Ibs chloride specimen coupled with 64 Ibs chloride bear-
ing macrocell. A relatively low 346 mV CSE instant off potential value is
observed in 2 Ibs specimen having 4 Ibs chloride differential within the specimen
whercas 634 mV CSE instant off potential value was noted for 32 Ibs chloride
bearing specimens with 32 Ibs chloride a-iﬂ'crential. The instant off potential
needed for protecting stecl embedded in concrete having other chloride contents
used in this study lie in betwcen the ahove two values. These data indicate that
the -850 mV CSE or -770 mV CSE instant off’ potential value proposed in the lit-
crature are overly conservative and need not to be invoked for protection when
the chloride contents in the concrete are not excessive. The instant ofl potential
value is dependent on the chloride content of the concrete as well as the chloride
differential within the same concrete. The four hour decay potential and the shift

potential needed for protection increase with an increase in the chloride gradicnt.
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However, the data presented in Tables 5.2.3 and 5.2.4 (or Figs. 5.2.6 through
5.2.11) do not show a corrclétion between the decay potential or the shift poten-
tial and the chloride content of the specimen. The higher decay potential of 78
mV was obscrved in 32 Ibs chloride bearing specimen having 32 lbs chloride dif-
ferential and a highest shift potential is observed in the 0 Ib specimen coupled

with 8 Ibs macrocell. These data suggest that the 100 mV decay potential in four

hours is sufficient even for very high chloride content of 32 Ibs/ yd3 in the con-
crete having a chloride gradient of upto 2.0 and the 300 mV shift potential is by

and large an inadequate and overly conservative protection criterion.

5.29  Adegnacy of Theoretical Model (Established in Art. 3.1) in Predicting the

Effect of Chloride in Concrete on Cathodic Protection Potential

The theoretical study carried out for criteria establishment (Art. 3.1) rec-
ommended a potential value more negative than -0.650 V SHE (-0.960 V CSE)
for adequate protection. The experimental results suggest that a potential value
of -0.96 V CSE is significantly excessive even for the protection of steel in very
high chloride content concrete (32 Ibs/ yd®) having a chioride gradient of 2.0
within the same concrete. A -650 mV CSE instant off potential value may protect
steel embedded in concretc containing chlorides upto 32 Ths/ vd® and having a
chloride gradient upto 2.0 within the same concrete. These findings suggest that
a theoretically derived critcrion may cause overprotection of steel. Also the theo-
retical model developed in Art. 3.1 does not demand a further lowering of the
protection potential of stecl for the presence of chlorides in concrete whereas the
cxperimental findings indicated a relationship between the protection level and

chloride contamination of concrete. A relatively higher protection level (higher
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absolute valuc) was nceded in the experimental study for higher chloride bearing

concrete,

5.2.10 Effect of Primary Chloride in Concrete on Current-Potential Relation-

ship

In the criteria evaluation study (Art. 5.1). it was found that a current den-
sity of 1.2 ma/sq ft was nceded to achieve a potential corresponding to 100 mV
decay in 4 hours on the steel in chloride free concrete. However, for chloride con-
taminated concrete having chloride differential within the same concrete, a cur-
rent density value much higher than the above mentioned 1.2 ma/sq ft was
necded to achieve even a 80 mV 4 hour decay potential. For example, for 32 Ibs
chloride bearing specimen coupled with 64 Ibs chloride bearing macrocell, a four
hour decay potential of 78 mV was recorded for adequate protection and the cor-
responding protection current density was 2.98 ma/sq ft. A shift potential value
of 80 mV was found at 2.98 ma/sq ft current density in 32 Ibs chloride bearing
specimen having 64 Ibs chloride bearing macrocell whereas at a current density of
3.2 ma/sq ft a shift potential of 300 mV was obscrved in chloride free concrete
used in criteria reevaluation study. Thus, the presence of chioride and chloride
differential in concrete complicates the current-potential relationship scantly

available in the literature.



5.3

EFFECT OF TEMPERATURE ON CATHODIC PROTECTION
CRITERIA AND CATHODIC PROTECTION APPLICATION

5.3.1  Temperature Effect on CP Criteria

The tempcerature attained by the specimens located in the temperature cham-
ber had a peak value of 60°C for six hours and then it varied in the chamber in
the 24 hours duration with time according to the regime which simulates the
actual variation occurring on a typical summer day at Dhahran. The 24 hour

temperature variation regime is shown in Fig. 4.5(Art. 4.1.3).

53.1.1 Corrosion Activity

Table 5.3.1 shows the comparative voltage drop in the resistor and the static

potential of steel in concrete specimens which experience a constant room temp-

erature of 25°C and a variable tempcrature regime having a peak value of 60°C .

The voltage drop in the resistor, prior to the application of CP, was found to
be higher in the temperaturc treated specimens than that in the specimens
cxposed to the room temperature. For example, for 8 Ibs-chloride-bearing con-
crete coupled with 16 Ibs chloride bearing macroccll, the voltage drop values were
5.84 and 7.55 mV for room temperature exposed specimens and high temperature
treated specimens, respectively. The percentage increasc in the voltage drop value

for high temperaturc treated specimens in comparison to the room temperature
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Table 5.3.1 Comparison of the Voltage Drop in the Macrocell and
the Static Potential of Steel at Room Temperature
Exposure condition and High Temperature Exposure

Condition
Chloride Macro- Voltage Drop Static Potntial
Content cell Cl | Across the of Steel, mV
of the Content |[resistor (nV) CSE
Specin- lb/y63
en, of Con- .
1bsyd of | crete At At At At
Concrete ° o o °
25 C 60 C 25 C 60 C

08 16 +5.84 | +7.55 429 460
32 48 +4.80 | +5.95 543 568




exposcd specimens was observed to he 29 percent for 8 1bs-chloride bearing speci-
men. Similar result was obscx:\'cd for 32 Ibs-chloride-bearing specimen having 48
Ibs-chloride bearing macrocell; the percentage increase in voltage drop duc to
high tempcrature trcatment of the 32 Ibs chloride bearing spccimens was
observed to be 24 percent. The resistor connects the stecl embedded in high
chloride bearing macrocell to the steel located in the relatively lower chloride
bearing specimen. The voltage drop in the resistor is the resalt of corrosion cur-
rent flow between the macrocell steel (anode) and the specimen steel (cathode); a
higher voltage drop in the resistor is indicative of a higher corrosion current. A
significantly incrcased voltage drop obtained in the temperature trcated speci-
mens, in comparison to the specimens cxposcd to room temperature, is attributa-
ble to an increascd corrosion activity at the stecl surface when concrcte cnviron-

ment is characterized by a higher temperature regime.

The static potential of stecl, prior to the application of CP, was found to be
higher (more negative) in the high tempcrature treated specimens in comparison
to the room temperature treated specimens. The static potential valuc obtained in
high temperature treated specimen was 31 mV higher than the value obtained in
room temperatare cxposed specimen for 8 1bs chloride bearing specimen coupled
with 16 Ibs chloride bearing macroccll. For 32 1bs chloride bearing spccimen
coupled with 48 lbs chloride bearing macrocell, the corresponding increasc in
static potential valuc (absolute valuc) was 25 mV. A higher static potential valuc

is indicative of a higher corrosion activity (67,68).

Both of thesc voltage drop data and static potential data indicatc an
increased corrosion activity at the stcel surface when concrete environment is

characterized by a higher temperature regime.
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5.3.1.2 Protection Level Required

Table 5.3.2 shows the comparative protection levels needed for the steel embed-

ded in concrete specimens which cxpericnce a constant room temperature of

25°C and a variable temperature rcgime having a peak valuc of 60°C. The
instant off potential values needed to protect the stecl embedded in the tempera-
ture treated specimens were marginally higher compared to the values needed to
protect steel embedded in the specimens exposed to room t§n1pcrat11re. For
example, instart off protection potential values observed in 8 Ibs chloride bearing
specimens having 16 Tos chloride bearing macrocells were 502 and 530 mv CSE
for the 25°C and higher temperature cxposure conditions respectively. For 32
Ibs-chloride-bearing specimens having 48 Ibs chloride bearing macrocell, the cor-
responding values werc 608 mV and 628 mV respectively. The data obtained in
both 8 and 32 1bs-chloride-bearing specimens indicate only marginal increase in
instant off potential value due to high temperature exposure. Atlcast, the effect
of significantly different corrosion in high temperature treated specimens is not

rcflected that much on instant off potential valuc.

Likewisc the instant off potential values, the 4 hour decay potential values
needed to protect the steel in higher temperature treated specimens were margi-
nally high compared to the values necded to protect stecl in room temperature
cxposed specimens. For example, the four hour decay potential values obscrved
in 8 Ibs-chloride-bearing specimens coupled with 16 Ibs chloride bearing macro-
cclls were 70 and 80 mV for the 25°C and high temperature exposure conditions
respectively. The corresponding valucs for 32 Tbs-chloride-bearing specimen hav-

ing 48 Ibs-chloride-bearing macroccll were: 60 and 66 mV respectively for room
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temperature and high temperature treated specimens. The results indicate that the

cfTect of significantly high corrosion activity in high tempcrature treated specimen

is not rcflected noticeably on four hour decay potential.

The influence of incrcased corrosion activity at high temperature is not
reflected on the shift potential value. The shift potential valucs of 73 and 70 mV
for the 25 C and high temperature exposurc conditions respectively were noticed
for 8 Ibs-chloride-bearing specimen. For 32 Ibs-chloride-hecaring specimens, the

corresponding values were 65 and 60 mV respectively.

The current density needed to protect the steel in temperature treated speci-
men is higher in comparison to the value required for the specimen exposed to
room tempcerature. For example, the current densities in 8 Ibs-chloride-bearing
specimens were 2.06 and 2.54 ma/sq ft for the 25 C and high tcmperature cxpo-
sure conditions respectively. The corresponding values for 32 Ibs chloride bearing
specimens were 2.68 and 3.18 ma/sq i respectively for room temperature exposed
specimens and high tcmperature treated specimens. As explained carlicr, higher
corrosion activity at highcr ambient temperature would cause a higher current to
flow through the resistor which connccts the macrocell steel and the specimen
stecl. As the function of CP current is to reverse this local corrosion current flow,
a higher CP current density would be needed in the temperature treated specimen

to reverse the higher corrosion current gencrated here.

53.1.3 Variation of the Protection Level Needed with Time

Fig. 5.3.1 shows the static potcntial of stecl at different activation ages. The static

potential of stcel varied up and down with activation age; however, the variation
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was very marginal. A marginally higher static potential value was obscrved for
temperature treated spccimcn—s in comparison to the room temperature cxposcd
specimens.  The higher static potential valuc in temperature treated specimens, in
comparison to the specimens exposed to room tempcerature, is ascribable to an

increased corrosion activity at the stcel surface when concrete environment is

characterized by a higher temperature regime.

Tig. 5.3.2 shows the instant off potential nceded at different activation ages.
Data of this Figure show that at the beginning of activation higher instant off
potential values arc needed for the temperature treated specimens in comparison
to the specimens cxposed to room temperature. Since the instant off potential
value is dependent on the static base potential, the higher instant off potential
obtained in the temperature treated specimens in comparison to the room temp-
erature exposed specimens is attributable to the increased static potential of steel
observed at elevated temperature. Data in Fig. 5.3.2 also show that at a later
activation age, the instant ofl’ potential needed for the temperature treated speci-
men was lower(lower absolute value) in comparison to the room temperature

exposed specimen.

Fig. 5.3.3 shows the 4 hour decay potential needed at different ages for the
high temperature exposed specimens and the room temperature cxposed speci-

mens. A marginal up and down variation of the 4 hour decay potential values

with activation period was obscrved.

Fig. 5.3.4 shows the shift potential values needed at different activation ages
for high tcmperature treated specimens as well for room temperature exposed
specimens. Likewise the decay potential, the shift potential values also varicd up

and down with activation period and the variation was marginal as in the casc of
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4 hour dccay potential.

Fig. 5.3.5 shows the current density nceded at different activation ages for
the high tempcrature treated specimens and room temperature treated specimens.
Likewise the room temperature exposed specimens, the current density necded
for elevated temperature cxposed specimens also decreases with activation period.
The temperature treated specimens needed a higher current density for current
reversal and cathodic protection. This higher current density would cause an
increased clectromigration of chloride ions from near the steel surface to regions
away {rom steel in the temperature treated specimens. Enhanced electromigration
of chlorides would result in the natural or base potential shift to a more positive
value requiring lesser level of protection. As shown in Fig. 5.3.5, the current den-
sity needed for protection of the tempcerature treated specimens became cqual to
that needed for room temperaturc trcated specimens after approximately two
months activation period. A decreased level of current density necded at the later
activation age in the temperature treated specimen in comparison to the room
temperature exposed spccimens is attributable to decrease in corrosion activity at
the steel surface due to greater electromigration of chloride ions from the steel

vicinity caused by a higher current density in the temperature trcated specimens.

53.14 Interactive Effect of Higher Corvosion Activity and Electromigration of

ITons at High Temperature with Time

The data presented above show twe distinct ceffects of high temperature on cor-
rosion activity and cathodic protection. First, a relatively higher corrosion activ-
ity at the stecl surface when the concrete is cxposed to a relatively higher temp-

crature, second, an increased clectromigration of ions in high temperature treated
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spccimens in comparison to the room temperature treated specimens. Due to
higher current in tc_mpcraturc-trcatcd specimens, there will be increased clectromi-
gration of both of chloride and alkali jons. This would result in two advantages:
(i) clectromigration of chloride ions away from the stecel resulting in lowering the
corrosion activity at the stecl surface, (ii) incrcased migration of alkali ions to
steel surface resulting in an enhanced build-up of alkalinity at the stecl-concrete
interface. Both will cause a shift of base potential to a more positive value. The
interactive effccts of higher corrosion activity and incrcased clectromigration of
ions at a relatively high temperature exposcd specimens controls the protection
level required; the increased corrosion activity warrants for a higher protection
level whercas the increased clectromigration of ions warrants for a lower protee-
tion level. A decreased level(more positive) of instant ofl’ potential valuc needed
at the later activation age for the high temperature treated specimens in compari-
son to thc room temperature exposed specimens indicates that the cffect of the
increased electromigration of ions really surpassed the cffect of the increased cor-
rosion activity. A decrcased value of current density at a later activation period
for both the high temperature treated specimen and room tempcerature exposed
specimen is attributable to the rcduction of corrosion activity necar the stecl
causcd by the clectromigration of chloride ions from the vicinity of stecl surface.
As cxplained for instant off potential value, a decreased level of current density
needed at the later activation age for the high temperature trcated specimens in
comparison to the room temperaturc cxposcd specimens indicates that the eflect
of the increased clectromigration of ions exceeded the cffect of the increased cor-
ro§ion activity. Tlowever, the effect of the above stated interactive action of high
corrosion activity and increased clectromigration at high tempcerature exposure,

on the 4 hour decay potential and shift potential could not be confirmed from the



data presented in this study.

53.1.5 Adequacy of the Theoretical Model (Art. 3.1) to Predict the Tempera-

ture Effect on Cathodic Protection Potential

The theoretical model established for prediction of cathodic protection potential
(Art. 3.1) suggests a 20 mV increasc (absolute value) of the protection potential
for an incrcasc of ambicent temperature from 25°C to 60°C . The corresponding
incrcasé of the protection potential was found to be 25 mV in the experimental

study. These findings suggest that the theoretical model is adequate [or predict-

ing the temperature cffect on protection potential.

5.3.2  Difficulties in Supplying Impressed Current to Steel in Concrete Speci-

mens Kept at Hot-dry Environment at Outdoors

The specimens were kept in hot-dry outdoor environment. The purposc ol
the study is to check the capacity of an casily available current source such as a
15 V DC battery in terms of supplying current to the steel on a long run basis. A
current density range of 1-3 ma/ft* has been reported widely as the CP current
used in practical CP installations. When the current supplied by this 15 V DC
source gets reduced to below 1 ma/ ft?, the supply may be tcrimed as completely
inadcquate. A supply source may be termed as inadcquate or partially adequate
when the current density at the steel surface drops below 3 ma/fit?. The exposure
ﬁcriod, the clectrical resistivity of concrete and the moisture co.ntcnt of concrete

corresponding to current density valucs of 1 and 3 ma/ ft? are reported here.



The current passing to cach of the specimens was divided by the steel area to
obtain the current density. Fié. 3.3.6 shows the plot of current density that could
be attained on the steel by a 15 V D.C. supply at different cxposure periods. This
Fig. shows that at the beginning of activation, a high current density closc to 540
ma/ ft? was attained cven by a low voltage supply source of 15 V D.C. However,
the current passing to the steel, under the action of this constant voltage source,
decrcascs rapidly with the exposure time. For a better picture of the current pass-
ing capacity at the later exposure periods, Fig. 5.3.7 is drawn which is a repro-
duction and enlargement of the later part of Fig. 5.3.6. At an cxposure period of
94 days, the current density was at the level of 3 ma/ ft? and at the exposure
period of 110 days, the current density dropped to a valuc closc to 1 ma/ 2. At
an exposure period of 120 days, the current density reduces to a value as small as
0.02 maf fi?. The results demonstrate that in a period of less than 4 months, a
constant D.C. supply of 15 V became unable to supply an adequate amount of
current to the steel embedded in concrete specimens when the specimens are

exposed in a hot and dry cnvironment outdoors.

Fig. 5.3.8 shows the variation of concrete resistivity with cxposure period. It

is seen from the above paragraph that at 94 days cxposure, the current density

dropped below 3 ma/ ft?. Tor this cxposure eriod, the concrete resistivity value
PP P P y

was 34,000 ohm-cm. It was also found in the above paragraph that at the age of

110 days, the current density dropped to a value less than 1 ma/ t?, and for this
exposure period, the resistivity measured from the cylindrical specimen was
reported to be 40,000 ohm-cm. This data shows that when the concrete resistivity
measured in the concrete cylinder increased to a value of above 34,000 ohm-cm,

the 15 V DC source was partially able to supply adequate current to the steel. At
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a resistivity of 40,000 ohm-cm, the current passing to the steel dropped below 1

ma/ ft* and hence the 15 V DC supply source at this resistivity may be termed as

completely inadcquate in sufficiently polarizing the steel.

Fig. 5.3.9 shows the variation in the moisture content of concrete with the
cxposure peried in the outdoor environment. As the powdered concrete samples
were heated up to only 110°C for the moisture content measurement, it is only
the uncombined water which has left the concrete at this temperature. A value of
5.4 percent uncombined water by weight of concrete was found in concrete sam-
ples cxposed to the outdoor environment for 7 days. The moisture content, how-
ever, reduced from this peak value of 5.4 percent to a low value of 1.30 pereent
at an cxposure period of 70 days. It is scen carlier that at 94 days and 110 days,
the current density dropped below 3 ma/ ft* and 1 ma/ ft respectively. The
moisture content at these two ages were found to be 1.24 and 1.20 percent
respectively. The moisture contents reported here were measured from representa-
tive samples which consist of powder from all depths of the concrete slab. The
overlay concrete and the concrete immediately below the anode dried out almost
completely and com;sponding moisture contents were found to be 0.54 and 0.75
percent respectively. Although the moisture content of the representative sample
was found to be in the range of 1.2 percent at the final day of exposure, hecause
of the low moisture content of the concrete immediately below the anode layer,
an adequate quantity of current could not flow from the anode to the cathode.
Thus, it is not the moisture content of the representative concrete, but the mois-
turc content of the concrete immediately below the anode layer that really con-
trols the flow of current from anode to stecl. To maintain sufficient current flow

from anode to stecl, the moisture from the concrete immediately below the anode
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layer should not be allowed to cvaporate. This is possible by properly designing
the overlay concrete. A low slump, highly densc water retaining overlay will help
in stopping thc cvaporation of water [rom the concrete immediatcly below the
anode layer. A conductive polymeric paint as an anode may supply current to
steel relatively casily in concrete exposed to a hot-dry environment because of the

high anode to cathode area ratio in this situation.

Fig. 5.3.10 shows the plot of current density against the resistivity of con-
crete. As expected, the current density decreases with the increase of the concrete
resistivity. The current density falls to an inadequate level with respect to the

protection of steel against corrosion at a concrete resistivity of 35,000 to 40,000

chm-cm.

DEPTH EFFECT ON CATHODIC PROTECTION CRITERIA

In the test program, both the top and bottom mat rcinforcements of a two
mat reinforced concrete slab were protected by placing anode ncar the top sur-
face of the slab. Current reversal technique was used to sclect the Ievel for ade-
quatc protection. Artificial corrosion macrocclls were positioned at the levels of
the reinforcements. Two scts of specimens were used; in the first sct the difTerence
in chloride content of the specimen and the macrocell was 64 Tbs Cl/cu vds of
concrete and in the other set the difference was 16 Ibs/cu yds of concrete. The
specimen chloride content was 32 Ibs /cu. yds of concrete. The top mat protec-

tion was achieved first and the corresponding current density and the steel
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potentials were noted. Subscquently, the bottom mat protection was achicved
and the protection levels for the bottom mat as well as the overprotection levels
of the top mat reinforcements were recorded. The protection of the steel was con-

tinued for an activation period of six months.

The data obtained from the control specimens (never reccived current) are
shown in Tables 5.4.1 and 5.4.2. Table 5.4.1 shows thc static potential of the

main stcel and the current flow through the resistor which connccts the main

212

stecl embedded in 32 Ibs-chloride-bearing concrete and the macrocell steel ecmbed-

ded in 96 lbs-chloride-bearing macrocells concrete. Table 5.4.2 shows the results
obtained from 32 Ibs chloride bearing specimens having 48 Ibs chloride bearing
macrocclls. Data from both these Tables suggest a marginal variation of the
static potential with time. Most of the static potential values are around 550 mV
CSE. The voltage drop across the resistor also varies slightly with time. The dif-
ferential in potentials of the macrocell steel and the specimen stecl causes the cor-
rosion current to flow in the circuit; the voltage drop across the resistor is caused
by this current flow. The variation of voltage drop across the resistor, with time,
is attributable to the variation of stecl potential with time. The voltage drop in
the resistor observed in the specimens having 96 Ibs-chloride-bearing macrocells
was higher than the corresponding value obscrved in the specimens having 48
Ibs-chloride-bearing macrocells. Static potential of stecl is directly related to the
chloride content of concrete around the steel. A higher differential in chloride
content between the specimen concrcte and the macrocell concrete causes a
higher difTerential in static potential of specimen stecl and the macrocell steel. At
this higher static potential differential, an incrcased corrosion current will flow

through the resistor connecting the main steel and the macrocell steel.
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Table 5.4.3 shows the cathodic protection level needed for the reinforcements

in the two mat reinforced concrete slabs.

To protect the top mat stecl in 32 Ibs chloride bearing specimen having
pockets or zoncs of 96 Ibs chloride concentration within the specimen, the instant
off potential, the decay potential and the current density recorded were 620 mV
CSE, 78 mV and 4.40 ma/sq ft respectively. When attempt was madce to protect
the bottom mat reinforcement, adequatc protection was achicved at 632 mV CSE
instant ofl potential, 82 mV decay potential and at a current density of 3.87
may/sq ft in the bottém steel. At the time when bottom mat is protected, the situ-
ation in the top mat is characterized by 726 mV CSE instant ofT potential, 126
mV decay potential and a current density of 9.6 ma/sq ft. The overprotection of
the top mat is to the extent of: 116 mV CSE instant off potential, 48 mV dccay
potential and 5.2 ma/sq ft current density. Tt may be observed that when bottom
mat has adequate protection {current densities in top and bottom mats were 9.6
and 3.87 ma/sq ft respectively), the four hour decay potential value for the top
mat (126 mV) was higher than the 100 mV 4 hour decay critcrion used in certain

CP installations.

A 590 mV CSE instant off potential, 60 mV 4 hour decay potential and 2.84
ma/sq ft current density were nceded to protect the top mat steel embedded in 32
Ibs-chloride-bearing concrete having 48 Ibs chloride rich pockets within the speci-
men. The bottom mat protection level was achieved at 592 mV CSE instant off
potential, 58 mV 4 hour decay potential and 2.89 ma/sq It current density. When
the bottom mat had just adequate Icvel of protection, the top mat was overpro-
tected and had achieved 654 mV CSE instant off potential, 90 mV 4 hour decay

potential and 5.44 ma/sq ft current density. Thus, whereas the bottom mat



216

[ TT®00X
68°2 89 268 €1°0- 18°1 8h 9hs hiL'2+ 90° S+ 3od -oey ufy
sqT 8h

uUBUTO

hh'S 06 hs9 l1§°2- hg* 2 09 065 s1°0~- hg'h + doa ~-odg uy
SqT 2¢€

TT®00X

L8 € 8 (4] §50°0- hi'2 (4 h8s 891+ 08° 2L+ yod -0el uf
sqT 96

‘uBUTO

09°'6 921 924 h9'h~ Oh'h 8L 02Z9 0iL°0-~- 06°21+ doy ~-8dg uy
sSqT 2€

AU a8d AW AW ‘4D Au SO Au (Aw) 4D (Au)

‘3IF ‘TeT2 ‘TeYy} X93}FV 3F ‘TeT} ‘TeT} x93 ¥e dd Feu uou
‘bgseu -uajzod ~uajod futrpeay *bgseu -uejzod -uej3od fuyrpesx Bx0FdY woy ~To9dg
‘A3 TsUaq Aeoe(q ¥¥O TT80 K3 ysuaq Avoo(q FFO 1190 but | -30¢ aY3 uTF
avwexxnd INOH jJue3 suy -0XINBY jJuexINd INOH # Juel sUT -0X08N ~pedy 30 juezuod
) TT90 38w ep

NOILDILOUd LVH HOLLOY XTHO HOXIDILOUd LYH dOX ~-ox0ey doy, =I0TYD

918} pojexodIooUl VIV FOOFFH JUSTPRXH VPFIOTYD pue 3JF08FFJ

yjdeq °MoTd FUOIIND BY3} BEIVABY 03 POVPOSN TOABT UOoFyINez0Igd ¢£°'P°S BTqel

oge



achicves protection at a valuc of current density which is less than 3 ma/sq ft,
this being the upper limit in CP practice of protecting rcinforcing steel in con-
crete structures (72,73), the top mat current density of 5.5 ma/sq ft is indicative

of overprotection.

Results of Table 5.4.3 show that the top mat steel cxpericnces overprotection
when both the top and bottom mat reinforcements are treated from the same
anode source located close to the top mat steel (Fig. 4.19). The cffect of chloride
gradients which arc obtainable due to commonly occurring unavoidable signifi-
cant differentials in the chloride concentrations within the chloride-bearing con-
cretc on the protection level is also observable in the results presented in this
Table. For a chloride gradicnt of 3 which is obtainable when the steel is embed-
ded in 32 Ibs chloride bearing specimen having 96 Ibs chloride rich concrete nock-
ets within the specimen, protection of the bottom mat was achicved at a current

density of 3.87 ma/sq ft and the corresponding overprotection of the top mat was

found to be at a level of 9.6 ma/sq ft current density. On the otherhand, for a -

chloride gradient of 1.5 which is obtainable when the steel is embedded in 32 Ibs
chloride bearing concrete specimens having 48 Ibs chioride rich concrete pockets
within the same spccimen, protection is achieved for ,the bottom mat at a current
density of 2.89 ma/sq ft, whereas the corresponding top mat steel current density
was obscrved to be 5.44 ma/sq ft. A higher chloride gradient within the concrete
also adversely affects the instant ofT potential valucs and the 4 hour decay poten-

tial valucs as shown in Table 5.4.3.

Table 5.4.4 shows the current density and the potentials of steel for the just
adequate protection of the bottom mat rcinforcement and the corresponding

overprotection values for the top mat stecl at different activation ages for the 32
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Ibs-chioride-bearing specimens having 96 Ibs chloride rich pockets within the
specimen. A maximum hqttor.n mat current density of 5 ma/sq ft and a top mat
current density of 9.60 ma/sq ft were obscrved over a 195 dayvs activation period.
Both the bottom and top mat steel current densities varied with éctivation ‘period;
no well defined effect of activation period on the protection current density was
noticed. The 96 Ibs chloride bearing concrete diffcrential pocket probably induces
a progressively higher level of corrosion activity in the steel with time so that a
current density higher than the initial current density of 3.89 ma/sq ft was
required at a later phase of the activation period. The instant off potential values
rccordc_d for the top and bottom mat steels were highest at the beginning of the
activation period and then vary with the activation period without showing any
apparent rclationship between the instant ofT potential value and the activation
period. Although the instant off potential value varied up and down with the
activation period. the valucs measurced at the end of a 195 days activation period
were relatively higher (Jower absolute value) than those obtained at the begining
of activation period. For example, at a nine days activation period, the instant off
potential values for tc;p and bottom mats were measured to 726 and 632 mV CSE
respectively whereas the cpncsponding values were measured to 670 and 610 mV
CSE for top and bottom mats respectively after 195 days of activation. A low
instant off potential value at a later activation age is ascribable to the impressed
current which progressively reduces the chloride level at the steel surface. The
electromigration of chloride ions from ncar the stecl towards the anode causes a
reduction in chloride lcvel near the stecl; a relatively lower (in absolute valuc)
instant off potential is needed for a rclatively Jower chloride content concrete (
Figs. 5.2.2 through 5.2.5, the results of chloride cffects study). The decay poten-

tial values also varicd up and down with activation period and the maximum 4



hour decay potential valucs of 122 and 86 mV werce reported at the top and bot-

tom mat stecels respectively.

Table 5.4.5 shows the current density and the potentials of steel for protec-
tion of bottom mat and the corresponding overprotection level of the top mat
stecl at different activation ages for the 32 Ibs-chioride-bearing specimen having
48 1bs chloride rich pockets. Both the top and bottom mat current densities were
highest at the begining of the activation and varied up and down during the acti-
vation period. The instant off potential mecasured at top and bottom mat rein-
forcements also varied in an irrcgular fashion during the activation period. Like-
wise is the situation for the decay potentials recorded for the top and bottom mat

steels.

As discussed before, the top mat steel is overprotected in the process of pro-
tecting the bottom mat steel if the anode source is the same one placed at the top
of the slab close to the top rcinforcement. Both the top and bottom mat steels
were connected to the negative terminal of the same supply source; the voltage
difference, generatcd by the DC supply, between the anode and the top or the
bottom mat reinforcement was the same. Top mat reinforcement being nearer to
the anode, the resistance between the anode and the top mat is significantly
lower than between the anode and the bottom mat steel. Since the current always
flows along the path of relatively lower resistance, the top mat would reccive
more current than the bottom mat. The current densities of 9.60 and 5.44 ma/sq
ft for the top stcel surface as reported in Tables 5.4.4 and 5.4.5 respectively
would clearly have adverse cffects. These higher current densitics may causc pos-
sible sccondary dcleterious cffects such as stcc]-concrcfc bond degradation and

increased cracking duc to an cnhancement of alkali-silica rcaction if reactive
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aggregates arc uscd in the construction.

Results of Tables 5.4.4 and 5.4.5 show that when steel is embedded in con-
crete having chloride differentials within the concrete resulting a chloride gradi-
cnt, a high protection level is required and the extra level of protection will have
to commensurate with the value of the chloride gradient determined by the extent
of chloride differential. This is attributable to the fact that higher chloride differ-
entials and thercfore higher chloride gradicnts within the concrete surrounding
the steel would create a higher potential differences on the steel. When points
having the above mentioned high potential diffcrential are connected through an
external resistor, a hi-gh corrosion current will flow through the resistor. There-
fore a higher CP current would be nceded in the circuit to reverse the flow of this

high corrosion current.

From the results obtained in this scction of the study, it may reasonably be
concluded that the -770 mV CSE or -850 mV CSE instant ofl potentials valucs
are higher than required to attain for adequate protection. Even the instant off
potential value corresponding to significant overprotection of the top mat rein-
forcement lies below ( i.e. more positive) the -770 mV CSE. An instant off poten-

tial of 632 mV CSE was found sufficicnt to protect steel embedded in chloride

rich concrete (32ibs / yd3 ) even in the presence of extremely high chioride rich
pockets corresponding to chloride gradient of 3. The 100 mV 4 hour decay
potential was found to be just cnough to protect steel embedded in 32 Tbs-chio-
ride-bearing concrete having 96 Ibs chloride bearing concrete pockets (chloride
gradient: 3) within the same concretc member. A maximum 4 hour decay poten-
tial of 126 mV was recorded as the overprotection potential for the top mat steel.

When the steel was cmbedded in 32 1bs chloride bearing concrete having 48 Ibs

N



chloride bearing concrete pocket (corresponding to a chloride gradient of 1.5). a
maximum valuc of 60 mV 4 i'zour dccay potential was measured to achicve pro-
tection of the bottom mat. The overprotection potential of the top mat reinforce-
ment in this casc was below 100 mV value as a maximum overprotection poten-

tial of 96 mV dccay in 4 hour was rccorded at the level of top mat steel.

To examine the effects of CP current on decply buried rcinforcing stecl
shaded by steel lying closer to the anode network, two current pickup probes
were placed onc behind the other at distances of 25 in and 3.5 in from the anode.
Each of the current pickup probes was attached to a lead wire which was con-
nected to the anode. Table 5.4.6 shows the current drawn by the pick up probes
at difTerent circuit currents. The results show that higher amount of current was
received by the probes located near the stecl in comparison to the probes located
away from the steel. The current reccived by the probe located at 3.5 in away
from the anodc was 40 % of the current received by the probe at 2.5 in away
from the anode. A relatively lower current received by the probe located at a rel-
.atively higher distance from the anodc in comparison to the one located at a rela-
tively lower distance from the anode is ascribable to the higher resistance
between the anode and steel in the former case. Since both of the pickup probes
are able to draw current from the supply system, the anode system emploved here
can be considercd an cfTicient system in terms of supplying currents at different
depths. It can also be inferred that the current pickup probes proved uscful in

examining current distribution rclative to anode positions.

The cffectivencss of CP in arresting the corrosion may be checked from the

results provided by the corrosomcter probes. These corrosometer probes were

placed at the level of steel during casting of the specimen.  The corrosion rates of

(8]
(7]
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the stecl embedded in control specimen as well as in cathodically protected spcci-
mens were measurcd. The C-K-3 corrosomcter dial rcadings obtaincd from the
cmbedded corrosion probes were converted to mills per year(MPY) using the
standard formula. The corrosion rate in the control specimen was found to be
0.198 MPY comparc to an insignificant avcrage corrosion rate of 0.013 MPY

rccorded in the cathodically protected specimens.

The effectivencss of CP may also be checked from the weight loss data of
the coupon steel and macrocell steel. Table 5.4.7 shows the weight loss data for
coupon and macrocell steels removed from the control and CP specimens at the
end of six months activation. The data in this table show that the CP technique
significantly control the chloride induced corrosion. For example, for 32 Ibs chio-
ridc bearing specimen having 96 Ibs chloride bearing macrocell, the weight losses
for the top and bottom macrocell stecls of a CP specimen were 0.90 percent and
3.9 percent of the corresponding weight losses observed in top and bottom mac-

rocell stecls of the control specimen.

5.5 ENHANCEMENT OF ALKALI-SSILICA REACTION DUE TO
CATHODIC PROTECTION

The effect of current density on the cnhancement of alkali-silica reaction is

studied in this scction. Steel embedded in mortar specimens made of high alkali

cement and reactive crushed pyrex glass were subjected to 20 and 100 ma/ft?
cathodic protection (CP) current densitics for a period of 80 days. The observa-

tions madc in alkali-silica rcaction study are: time for appearcence of the first sign

225
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of crack, total cxpansion at thc cnd of the observation period, compressive
strength and hardness number of mortar removed from different locations with
respect to the cathode position, possible change in stecl propertics due to CP cur-

rent and the volume of the alkali-silica gel formed at the steel concrete interface.

5.5.1 Initiation of Cracks and Total Expansion at the End

Table 5.5.1 shows the effect of the CP current on cxpansion and the initia-
tion of cracks due to alkali-silica rcaction at the end of the observation period.
In specimens with nonreactive aggrcgéte and no CP current, as expected no crack
appeared. In control specimens (no current) made with rcactive aggregates. the
first sign of crack appcared after 75 days from the time of casting. In control
specimens, total expansion at failure based on 2 in (50.8 mm) gauge length, was
measurcd cqual to 0.151 mm. A CP current of 20 ma/sq. ft ( 215 ma/ sq m)
advanced the cracking initiation period to 45 days. At a current density of 100
ma/ sq. ft (1076 ma/sq m) the first sign of cracks appcared at a very carly age of
30 days. Even without CP, disruptive alkali-silica reaction would commence in
due course of time il reactive aggregates arc used; but the application of CP in
concrete made with reactive aggregates would cause disruption at a significantly
carlier age. Fig. 5.5.1 shows the cracking patterns in different specimens. Tt is
notable that the first sign of crack appeared just above the steel in specimens
where CP currents were applied. The cracks at other locations in these specimens
appearcd at a later age. The cracks above the stecl could not widen duc to the
possible restraining cffect of the steel presence. For widening of these cracks the
mortar has to move over the circumference of the steel bar when it is presumed

that for the movement the mortar has to overcome the friction of the steel sur-
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face. The first crack in the control specimen having crushed pyrex glass as aggre-
gatc appeared at a Jocation a\-vay from the stecl. As expected, no crack appecared
on the control specimen where nonrcactive sand was used as aggregate. The
much carlicr appearence of the first sign of crack ncar the steel in specimens sub-
jected to CP current is attributable to the negative polarities of stecl which
attract Na and K ions near the steel. This high concentration of cations in the
steel vicinity togcther with O formation duc to electrolysis of water creates an
environment most conducive to an incrcased alkali-silica reaction. These results
provide warning to the CP users when CP corrosion prevention technique is
employed in reinforced concrete structures where reactive aggregates have been

used in construction.

5.5.2  Compressive Strength

Due to the formation of alkali-silica gel, the mortar may get softecned. This
softening cffect should be reflccted in a reduction in the compressive strength of
the mortar. Fig. 5.5.2 sﬁows the effect of CP current densities on compressive
strength of 1;2 in (12.7 mm) mortar cubes removed from different locations of
the alkali-silica reactive specimens with respect to the position of the
cathode(stcel). It scems significant amount of alkali-silica gel formed near the
steel due to CP current causes appreciable softening of concrete. This is reflected
in the considerable reduction in the compressive strength of mortar near the steel
of the specimens in which CP currents were applied. In specimens subjected to
100 ma/sq. it (1076 ma/sq m) of CP current, the compressive strength of cubes
taken from ncar the stecl is 34 percent lower than that of the cubes taken from a

distance away from the stcel ncar the anode. The corresponding compression

9
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strength reduction valuc is 15 percent in specimens subjected to 20 ma/ sq ft (215
ma/ sq m) of CP current. Fig. 5.5.2 also shows that compressive strength of
cubes removed from similar locations of control specimens (never received cur-
rent) is not dependent on the locations from which the cubes were taken. This
reduction in thc compressive strength is most likely to reduce the bond between
stecl and concrecte when CP is applied for a long period of time in a rcinforced
concrete structure where reactive aggregate is used. It is to be noted that the
results presented here show a highly accelerated cffect duc to the fact that a very
high current density of 100 ma/sq. ft was applied. Such a current density is very
high in comparison to the normal protection current of 1 to 3 ma/sq. ft required
to satisfy different CP criteria(72). Also the use of reactive crushed pyrex glass
with a cement to aggregate ratio of unity also gives an accclerated disruptive
cffect. These two measures were adopted to study the phenomena of possible sof-
tening within a reasonable period of time. The results do show that CP current
will strongly promote the alkali-silica reaction in the vicinity of steel and that a
softening phenomena would take place due to the alkali-silica rcaction in the

concrete surrounding the steel.

5.5.3 Hardness of the Mortar

Rockwell hardncss numbers were mcasured on mortar plate specimens

rcmoved from different locations with respect to the position of the cathode
(stecl); these positions were near the steel, near the anodc and at midpoint
between steel and anode. Fig. 5.5.3 shows the effect of current density on the
hardncss of ccment mortar removed from the aforcsaid locations. Ilardness

numbers for control specimens (nonreactive sand used as aggregate and no CP
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current, reactive crushed pyrex glass and no CP current) are almost same at all
the threc locations for which the tests were performed. However, considerable
reduction in the hardness number at locations near the cathode (the stecl) 1s
observed in specimens where CP current was applicd. In specimens subjected to
100 ma CP current per squarc ft of stecl surface area, an average hardness num-
ber of 67 is mecasured ncar the cathode whereas the corresponding value is

around 75 ncar the anode (farthest point from the cathode).

S5.5.4  Effect on Steel Properties

The effect of CP current on steel properties is shown in Table 5.5.2. It is
reported elsewhere(27) that a CP current reduces the ductility of steel thereby
imparting brittleness. From the total clongation data reported in Table 5.5.2, it is
clear that the CP current has no definite adverse effect on the ductility of steel.
Thus the effect of CP current on the induction of britticness in the steel embed-
ded in concrete structures is not supported by these data for the short term tests
conducted in this study. A small reduction in ultimate load is noticed at high
current density; however, this reduction is rather insignificant. It is also clear that

there is no effect of CP current on the rupture strength of steel embedded in con-

crete.

5.5.5 Volume of Gel Formed

Simple staining tcchnique was employed on powdered sample taken from
near the stecl. In this technique, the measured absorbance is the indicator of the

volumc of the gel forms. Table 5.5.3 shows the cffect of current densitics on the
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mcasurcd absorbance. A high absorbance has been obscrved in powdercd sam-
ples removed from specimens in which 100 ma/ sq. ft current density was applicd.
Higher absorbance implying the higher volume of the gel formed in the spcci-

mens subjected to CP current indicates an acccleration of the disruptive activity

due to the alkali-silica gel when CP is applicd.

55.6  Scanning Electron Microscopy

Scanning electron microscopy analysis have been performed on control speci-
mens as well as specimens where CP current was applied. Prescnce of massive gel

were noticed as shown in Fig. 5.5.4.

5.5.7 Summarized Overview

Results of the alkali-silica reaction study indicate an increased disruption of
concrete due to an enhanced alkali-silica reaction when CP current was applicd.
In the laboratory sample, a normal reactive environment was created by using
high alkali cement and a reactive aggregate simulated by crushed pyrex glass. The
test was accelerated by using a cement to aggregate ravio of unity and a high cur-
rent density of 100 ma/sq ft. The results of the criteria establishment study (Art.
5.2) show that a maximum current density of the order of 3.0 ma/sq ft is required
for protecting stecl in concrete located in Gulf environment. It was also found in
the criteria cstablishment study that the current density requircment dccrecascs
with activation period. Under the action of a low CP current of the order of 3
ma,}sq ft, the alkali-silica reaction will be relatively much slower and will take

much more time to manifest disruptive deterioration than observed in the present
accelerated test.

SV



1))

Fig. 5.5.4 Photographs of Scanning Electron Microscopy Analysis. The

Mortar Samples were removed from Steel-Concrete Interface
(a) Control Specimen (No CP Current), (b) CP Specimen



5.6

DEGRADATION OF STEEL-CONCRETE BOND DUE TO
CATHODIC PROTECTION

Four constant current densities of 3, 10, 20 and 50 ma/ ft* (32.3, 108. 215
and 538 ma/ m?) at the steel surface were used in the test program which also
include chloride content of concrete as the sccond variable. Chloride contents of
2 and 8 lbs/ yd® (0.364 and 1.455 percent by weight of cement) were added to

concrete as sodium chloride (NaCl) through mix water. After 14 months of

~ impressed current, the cathodically protected specimens along with control

specimens were tested for bond strength. After the completion of the bond test
on each specimen, the steel bar was removed and inspected for the corrosion
condition. Concrete powdered samples were obtained for testing from three
locations; near the steel, ncar the anode and midpoint of the steel and the anode.
The powdered samples were chemically analyzed for determination of K*, Na*

and CI” . Bond strength and chemical analysis results obtained from current-
treated specimens were compared with the corresponding values measured in the

control specimens.

5.6.1  Degradation of Steel-Concrete Bond

Fig. 5.6.1 shows the typical load versus free-end slip and loaded-end slip
relationship. This presentation shows a nearly linear relationship between load
and slip upto 70 percent of the ultimate bond strength. Thercafter at 35 KN the
load-slip curve changes trend sharply, signifying a breakdown of bond between
reinforcing steel and concrete. The descending portion o the load-slip curve after

a slip of 3 mm indicates progressive deterioration of bond at the steel-concrete
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interface, till the curve becomes horizontal, indicating continued slip at about 50
percent of the ultimate load. The load cventually decreased to near-zero at a very
high slip value not shown in Fig. 5.6.1, as it is of little significance. The behavior
also shows that during the increasing bond resistance phase, as well as the early
stage of the bond breakdown phase, the loaded-end slip is somewhat higher than
the free-cnd slip. This is attributable to the elastic deformation of steel bar which

is reflected only in the loaded-end slip values.

Figs. 5.6.2 and 5.6.3 show the load and free-end slip relationships for 2 Ibs/
vd® (1.19 kg/ m*) chloride-bearing concrete specimens trcated with 3 ma/ fit?

(32.3 ma/ m®) and 50 ma/ fi* (538 ma/ m®) impressed current densities along

with the behavior of control specimens. It is seen that after the 14 months of
treatment with 3 ma/ fi’ impressed current, the reduction in the ultimate bond

strength is only an insignificant 2 percent. However, for the 50 ma/ ft? current
density, there is a 20 percent reduction in the bond strength. Also, whereas the
control specimens show virtually no slip upto a pullout load of 30 KN, the 50
ma/ ft* current-treated specimens show appreciable slips even in the early stage
of loading; the slip at 30 KN being 0.75 mm in CP specimens compared to near-

zero in control specimens.

Fig. 5.6.4 shows the percentage reduction in the ultimatc bond strength
between reinforcing steel and the two chloride bearing concretes for the four
current densities impressed for a period of fourteen months. Bond strength
reduction evaluation is based on the differential in the values of the CP
specimens and the corresponding control specimens. Thesc data show a good
co.rrelation between the impressed current density and reduction in the bond
strength, and shows that the_loss of bond is roughly proportional to the applicd

current for both levels of chloride content in concrete. The data also show that
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for the same current density, significantly higher bond reductions occur when the
chloride content is incrcased from 2 to 8 lbs/ vd® (1.19 to 4.76 kg/ m*). For
example, for a 50 r-na/ &2. current density the ultimate bond reduction is increased
from 19 to 33 percent when the chloride concentration in concrete increases from

2 to 8 Ibs/ yd®.

5.6.2 Movement of Alkali-Cations Due to CP Current

Figs. 5.6.5 and 5.6.6 show the effect of current density and chloride (supplicd
as NaCl) content of concrete on the concentration of Na' and K* near the steel
surface, with contrbl specimens providing results corresponding to zero current
density. Fig. 5.6.5 shows that the concentration of Na* near the stecl surface is a
function of current density as well as chloride content of concrete. The positively
charged sodium ions get attracted and accumulated near the negatively charged
steel. Since current is carried from anode to cathode (steel reinforcement) through
ionic movement, a higher CP current density impressed on steel causes a greater
concentration of sodium ions close to the steel-concrete interface. A significantly
higher concentration of sodium ions was measured in the 8 Ibs-chloride

specimens in comparison with those containing 2 lbs/ yd* of chloride. For CP

current densities of 0, 3, 10, 20 and 50 ma/ fi*, Na* concentrations, cxpressed as
the percentage weight of ccment, for 2 Ibs- and 8 Ibs-chloride specimens were
0.359, 0.395, 0.581, 0.746, 0.983 and 1.29, 1.65, 1.77, 1.89, 2.41 respectively.
These data show that for the 8 Ibs-chloride concrete, the Na* concentration was,
on an average, 200 percent higher than for the 2 Ibs-chloride concrete. The
significantly incrcased presence of Na* at the stecl level for the 8 Ibs-chloride

concrete is ascribable to higher concentration of Na* in the pore solution from
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the increascd NaCl addition. Undcrstandably, a similar situation is not
obtainable for K* (Fig. 5.6.6) which shows similar order of concentration for
both 2 Ibs- and § Ibs-chloride concretes with increase in CP current density. K*
concentration in the pore solution being a function of the potassium associated

alkali content in the portland cement composition, is unaffected by chloride

addition as NaCl.

It is interesting to note that for a given current density and chloride
contamination in concrete, the accumulation of K* necar the steel surface is

much higher than that of the Na' . For example, the percentage increases (in
. . -4 . . .

comparison to the control specimens, zero ma/ ft° of CP current) in sodium ions

accumulated near the steel at current densities of 3, 10, 20 and 50 ma/ t? were

respectively 10, 62, 108 and 174 for specimens having 2.0 Ib CI /yd3 of

concrete. The percentage increases (in comparison to the control specimen, zcro
2 . . . -

ma/ ft~ CP current) in K* ion concentration near the stecl for current densities

of 3, 10, 20 and 50 ma/ ft®> were respectively 46, 146, 342 and 488 for specimens

having 2 Ib CI™ / yd3 of concrete. These data show that K* migrates by an
average of 173 percent faster than the Na* . The experimental results found here
are in line with the theoretical findings reported in Art. 3.2 wherein the K*
migration was found to be 153 percent faster than the Na*. A possible
explanation of this relatively higher accumulation of K* in comparison to Na®
lies on the fact that the conductance of concrete depends upon the velocities as
well as the concentrations of the jons present in the pore solutions. These ions
move through the concrete electrolytic medium at different velocitics. The

absolute velocities of K* and Na' ions are reported to be 0.000665 and 0.000456

cmy/sec respectively at a pariicular condition(78). It is this higher velocity of the



K* ion which causes the rapid migration of this cation toward the cathode.

Typical concentration profiles for Na' ions as a function of distance
from the rebar are shown in Figs. 5.6.7 and 5.6.8. The results show that the
concentration of Na* ions accumulated at the rcgions ncar the rebar is higher
than that at the mid section ( 25.4 mm from the rebar) and at regions near the
anode (50.8 mm from the rcbar). Ilowever, for the control specimen the general
trend is opposite and the Na* ion concentration in the anode vicinity is slightly

higher than at the mid section and the regions near the rcbar.

Figs. 5.6.9 and 5.6.10 show the concentration profiles for K* ions as a
function of distance from the rebar. The results show that in the cathodically
protected specimen the K* ions, like the Na' ions. migrate toward the rebar
section (cathode). However, like Na* ions, the general trend is opposite in the
control specimen and the concentration of K* ions increases with the distance
from the the cathode. Like CI” ions, the migration of Na* and K* ions from the
regions near the rcbar toward the concrete surface in the control specimen is
probably due to the cvaporation of water from the concrete which will carry the

ions toward the concrete surface.

5.6.3  Relationship Between the Bond Reduction and Alkali Cations

Concentration at Steel Surface

Fig 5.6.11 shows the rclationship between bond reduction and the two alkali
ion concentrations (K* + Na® ) in the vicinity of the reinforcing stecl for the 2
Ibs-and 8 Ibs-chloride concretes. The bond reduction is found to be roughly
proportional to the concent:_'_ations of sodium and potassium ions ncar the steel-

concrete interface. A bond loss of upto 33 percent is measured when the

250
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potassium and sodium accumulation level reaches 3.74 percent by weight of
cement for a current density of 50 ma; ft* impressed on steel embedded in the §

Ibs/ vd® chloride-b-caring concrete.

5.6.4 Movement of Chloride Tons Due to CP Current

Plot in Fig. 5.6.12 is the result of chloride analysis on concrete powder taken
from the rcgion near the rcinforcing stcel for the 2 lbs-and 8 Ibs-chioride
concretes. Chloride data corresponding to zcro ma/ ft? current density show the
results for control specimens (never received current). This prescntation shows
that impressed current causes an electromigration of chlorides away from the
reinforcing steel toward the concrete surface. The removal of chlorides from the
vicinity of reinforcement increases with the current density. The percentage
reductions of CI” from ncar the steel at current densities of 3, 10, 20 and 50 ma/
ft’ are 26, 38, 58, and 69 respectively for the 2 Ibs/ yd® (1.19 kg/ m*) chloride-
bearing specimens, whereas the corresponding reductions for specimens with 8
Ibs-chloride (4.76 kg/ m®) are 9, 16, 36 and 51 respectively. The level of chloride
migration is found to decrease with an increase in the chloride content of
concrete. This is possibly because in high chloride contaminated concrete, in
addition to chloride anions, a higher concentration of sodium ions are available
for carrying the current from anode to cathode. In order to maintain a constant
current flow between anode and cathode (the steel), a significantly higher
percentage of available chloride anions have to take part in transferring the

currents from anode to cathode in the low chloride contaminated concrete.

Figs. 5.6.13 and 5.6.14 show the chloride concentration profiles for

specimens having 2.0 and 801bC hloride/ yd?’ of concrete respectively. It is clear
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from thesc Figures that the Chloride ions in the CP specimens moved away from
the regions ncar the rebar toward the anode area. This is expected because the
anions in the concrete pore solutions have an affinity towards the positively
charged electrode (anode); as a result the C1” ions will migrate toward the anode
arca. In some cases, in bridge decks, this technique is used to remove the ClI~

ions from the vicinity of the stecl surface in the reinforced concrete bridge deck.
The CI” ions determined in the control specimens showed that a little amount of
this anion moved away from the regions ncar the rcbar toward the anode arca.
This is probably due to evaporation of water from the concrete which will carry

the ions toward the concrete surface.

Fig. 5.6.15 shows the condition of the reinforcing bars removed from the
specimens after 14 months of activation period. Of the five bars shown in this
Figure, four are retrieved from specimens subjected to CP current whereas one is
from thé control specimen. The bars retrieved from CP current trcated specimens
were totally rust-free and shiny, whereas significant rust is found on the bars
removed from the control specimens. This significant corrosion differential in the
conditions of the bars shows the effectiveness of CP as a corrosion control

measure in reinforced concrete structures.

5.6.5 Discussion

The data show that a sustained impressed current on reinforcing steel in
concrete will cause a deterioration in the bond between steel and concrete. The
magnitude of bond deterioration is shown to hc a function of the current density
and chloride(NaCl) content of concrete, these being the two variables included in

this study. Other studies show that it also depends on the polarization time. The
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Fig. 5.6.15 = Corrosion Conditions of Steel Bars Removed From
Cathodic Protection Current-treated and Control
Specimens (First Bar From Left is From Control

- . Specimen, Other Four Bars Are From Current-
treated Specimens)
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14 month treatment data show only an insignificant 1.5 and 3 percents reduction
in bond in 2 Ibs-and 8 Ibs-chloride concrete specimens respectively for a 03 ma/
ft’ practical cathodic protection current density used to protect reinforcing stecl
from chloride bascd corrosion. A relatively much higher current density of 50 ma/
ft’ results in a bond reduction of the order of 19 and 33 percents in 2 Ibs-and §
Ibs-chloride specimens respectively with reductions Iying in between these values
for other current densities (10 and 20 ma/ ft?) used in this study. The data
related to bond reduction with current density show, that for both levels of
chloride content in concrete, bond loss is roughly proportional to the current
density. Assuming no appreciable change in the intrinsic mechanism of bond
degradation at the steel-concrete interface, 50 ma/ ft* for 14 months ( 504 amp-
hour! ft?) is equivalent to some 30 years at a cathodic protection current density
of 2 ma/ ft* (average of 1 - 3 ma/ ft?, which is the usual range of practical CP
current densities). However, in certain structural situations, characterized by
high chloride gradients and significant depth effect due to an increased distance
between bottom steel and the anode, cathodic current densitics as high as 10 ma/
fi’ may be employed. In such a situation, 504 amp-hour/ fi® is equivalent to
about 6 years at a current density of 10 ma/ ft>. These data, however, indicate
that practical values of CP current densities ( 1-3 ma/ ft*) do not cause loss of

bond to an extent which would cause concern.

Data developed in this study also show that when CP current is impresscd
on reinforcing steel in concrete, it causes clectromigration of cations and anions
present in the pore solution of concretc due to the hydration kinetics and
adﬁitives. Na® and K' undergo ionic migration between anode and cathode
(steel reinforcement) with an accumulation at regions near the reinforcing stecl

which increases with current density. The concomitant reduction in bond and a
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build up of Na‘' and K* in the vicinity of the stecl-concrete interface is
indicative of a wcakening of concrete in this region, most probably due to a
softening cffect of “these cations. Na* and K' form alkali hydroxides with the
hydroxyl ions which are abundantly present in the alkaline pore fluid. These
hydroxides are known to rcact with the calcium silicate hvdrate binder in the

cement system producing soluble silicates which render the concrete relatively

soft(26,42,43 44).

Softening of the concrete at the stecl-concrete interface is indicated by the
form of the load-slip curve(Figs.5.6.2-5.6.3) for the current treated specimens. It
is observed that contrary to the position for the control specimens, slip starts in
the treated specimens at quite low loads and is about 4 fold the value for control
specimens by the time pull out load reaches ultimate bond strength for the
treated specimens. Hardness tests carricd out on small concrcte specimens

removed from the steel-concrete interface also confirm the softening of concrete.

The data also show that- for the same current densitv.increase in chlorides
inducted into concrete as NaCl, increase bond reduction significantly. For the
range of current densities applied in this program, loss of bond increased about
1.75 fold when chlorides were iﬁcreased from 2 Ibs/ yd® (1.19 kg/ m®) to 8§ Ibs/
yd® (4.76 kg/ m®). The cffect is attributable to a very significant increase in the
Na* build up near steel-concrete interface with higher levels of chlorides with
associated sodium cation. This is clearly demonstrated by a near-lincar

relationship between increase in the (K™ + Na*) concentration and reduction

in bond as shown in Fig. 5.6.11

Another phenomenon of some significance is the electromigration of

chlorides away from the rcgion of the rcinforcing steel. Chloride migration is



activated by the mechanism of attraction of negatively charged chloride ions by a
positively charged electrode( anode). Since the chloride concentration at the steel-
concrete interface is the controlling factor in the initiation and subsequent
kinetics of corrosion of reinforcing steel. the removal of chlorides from the
vicinity of steel significs an appreciable reduction in the corrosion risk. For 2 Ibs-

and 8 Ibs-chloride concretes, reductions of 69 and 51 percents were obtained with

a CP current density of 50 ma/ ft*. The initial concentrations of 0.40 and 1.30
percent by weight of cement were thus reduced to 0.124 and 0.61 percent by
weight of cement for the 2 Ibs-and 8 Ibs-chloride bearing concretes respectively.
The after-treatment chioride level(0.124 percent by weight of cement) for 2 Ibs-
chloride bearing concretc is reduced below the threshold chloride content(0.15
percent, ACI specification), whereas for the 8§ Ibs-chloride bearing concrete it is
reduced to half its original value which may fall below the threshold value after a
longer activation period. Also the condition of the retricved bars from current-
treated and control specimens showed that active corrosion had ccased. This is
possibly due to the interactivé beneficial effect of the cathodic polarization of the
reinforcing steel and the rcmofral of chlorides from the vicinitv of reinforcing

steel.

In the criteria formulation study (Art. 5.2) which incorporated the cffect
of chloride and temperature, 2 maximum protection current density of 3.18 ma/sq
ft was found for the temperature treated specimens. The bond degradation study
showed that a current density of 3 ma/sq ft causes a verv insignificant bond
reduction (< 2 %} in 14 months activation period. A positive point which merits
importance is that the protcction current densitics for temperature treated
specimens and also for the room temperaturc f:xposcd spccimens decrease with

the activation period. Under the action of the above mentioned lower current



density at a later activation age, the bond dcterioration will be insignificant and
negligible. Hlowever, in a high chloride contamination (32 Ibs/ vd® and high
chloride gradient (5 gradicnt equal to 3.0) situation, when the bottom mat had to
be protected through an anode near the top surface in a two mat rcinforced
concrete slab, a current density as high as 9 ma/f ft* was observed in the top mat
reinforcement (Art. 5.4). Bond deterioration is a severe problem in this situation.
It seems that in a two mat structural situation in slab, attempts should be made
to develop mechanisms specially in new construction to provide well distributed
paths of lesser clectrical resistivity to facilitate the flow of current to the bottom

mat.



CHAPTER 6

(i)

(iif)

2.

CONCLUSIONS AND RECOMMENDATIONS

Theoretical study shows:

Temperature effect on CP criteria is relatively small. At a higher con-

crete temperature of 80°C, the absolute value of CP potential of steel

necded to be increased by around 33 mV from the normal potential

value at a room temperature of 25°C . A CP potential value more neg-

ative than -960 mV CSE can be used for adequate protection.

Ambient relative humidity has an indirect effect on cathodic protection
potential as at higher humidities more iron ions go into pore solution

thereby requiring higher protection potentials.

The concentrations of alkali cations near the steel increase with the

increase in current density and activation period.

Tests on chloride-frce concrete establish the following potential-current rela-

tionship at the very beginning of the polarization period:
Potential Current

100 mV potential decay 1.2 ma/sq.ft
-850 mV CSE instant off potential 14.0 ma/sq.ft

300 mV potential shift 3.2 ma/sq.ft
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However, cathodic protection is facilitated with time as instant ofl potential

and decay potential values increase with continued polarization at a given cur-

rent density. For cxample whereas 1 ma/ft? CP current density achicved a
decay potential of only 40 mV at the beginning of the activation period, the
same 1 ma/ft® satisfied 100 mV decay potential after 6 wecks of polarization.
Similarly, whereas a 3 ma/ft® practical CP current density completely fails to
provide the -850 mV CSE instant ofT potential at the beginning of activation
period, the trend of data show that this same 3 ma/ft’> CP protection current

density is likely to provide the -850 mV instant ofl’ potential after several

months.

The static potential of reinforcing steel is dircctly dependent on the chloride
content of the concrete; a higher static potential of steel is observed for a
higher chloride content. This is attributable to an enhanced aggressivity of the

corrosion environment in concrete contaminated with a higher level of chlo-

rides.

The corrosion current flow between the anode and the cathode is more
strongly dcpendent on the chloride gradients and less on absolute chloride
content of concrete. The corrosion current flow increases significantly iwith
the chloride gradient in the concrete. Also for a given chioride gradient, the

corrosion current flow increcases with an increase in the chloride content of the

. concrcete.



The instant ofl potential, shift potential, decay potential and current density
nceded for adequate protection of steel are all dependent on the chloride gra-
dient as well as the chloride content in concrete. The prevalent -850 mV CSE
instant ofl potential, 100 mV decay potential and the 300 mV shift potential
were all found to be conservative for chloride contents of upto 32 Ib/vd® and

a chloride gradient of 2.

An instant off potential of -500 mV CSE can be safely adopted as a criterion
to protect steel embedded in chloride-bearing concrete containing upto an
average of 8 Ibs chloride and having upto 12 1bs chloride rich zones within the
same concrete. This indicates that steel cxperiencing high chloride gradients
can be protected with 500 mV CSE provided the maximum chloride content

does not exceed 12 Ibjvd®.

A -650 mV CSE instant off potential value would protect steel embedded in

concrete containing chlorides upto 32 Ibs/ yd3 and having a chloride gradient

of upto 2.0 within the same concrete.

The decay potential was found to be least scnsitive to chloride content and

chioride gradients. For a change of chloride from a small value to 32 Ibs/ vd* .

the decay potential variation was only 20 mV.

A 60 mV decay in 4 hours was found to be adequate for upto 8 Ibs chloride

contaminated concrete having upto 12 Ibs chloride rich 7ones within the same

- concrete.

A 70 mV four hour decay potential was found to be adequate for upto 16 Ibs - -
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chloride contaminated concrete having upto 24 Ibs chloride rich zones within

the same concrcte.

A 80 mV decay potential was found to be sufficient for 16 and 32 Ibs-chloride

bearing concretes having a chloride gradient of upto 2.0.

Shift potential is mainly controlled by the chloride gradient and not by the
average absolute values of chloride content. In a low chloride contaminated
concrete with high gradients a larger shift will be necessary to protect stecl
compared to the situation when chloride contents may be very high but the
gradients relatively low. For a chloride gradients of 2, 4 and 8, potential shifts
of the order of 100 mV, 140 mV and 200 mV respectively were required for
adequate protection. In terms of absolute chloride contents a shift of 100 mV
was found sufficient for as high as 32 Ibs/ yd® chloride bearing concrete with
low chloride gradient whereas a shift of 200 mV was required for almost chlo-

ride free concrete but having a high gradient of about &.

" Protection current density was found to be dependent more on chloride gradi-

ent than on absolute avcrage chloride content of concrete. FFor example, a

protection current density of 2.1 ma/ ft* was required for § Ibs chloride bear-

ing concrete having a chloride gradient of 2.0 whereas a current density of 1.7

ma/ ft’ was required for 16 Ibs chloride bearing concrete having a chloride

gradient of 1.5.

A CP current density level of 1 to 3 ma/sq ft was found to be adequate for
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protection of stcel embedded in concrete having a chloride content of upto 32
Ibs and a chloride gra‘dicn—t of upto 2.0. A current density of 2 ma/sq ft may be
safely adopted to protect stecl in chloride bearing concrete containing upto 16
Ibs chloride and having a maximum 8 Ibs chloride differential within the same
concrete. A current density of 3 ma/sq [t may be safcly adopted to protect

steel ecmbedded in concrete containing upto 32 lbs chlorides having a chloride

gradient of 2.0.

A higher static potential as well as a higher intensity of corrosion current
observed for concrete exposed to a higher temperature of 60°C (as compared

to 20°C) indicate an increased corrosion activity with an increase in the

ambient temperature to which concrete is exposed.

Increased corrosion activity at 60°C required an increased level of cathodic
protection as indicated by higher protection current density, higher instant ofl

protection potential and marginally highcr decay potential at the beginning of

polarization period.

As polarization continues a higher protection current density required for

60°C cxposure results in an increased clectromigration of jons. This electromi-
gration of jons provides a two fold benefits in reducing corrosion activity.
Firstly, chloride ions move away from steel-concrete interface reducing chlo-
ride attack on steel and secondly, alkali cations move toward the steel-concrete
interface resulting in an enhanced build-up of alkalinity at the steel-concrete
interface. Both these effects cause a shift of base potential to a more positive

value. The reduction in corrosion activity is confirmed by a reduction in the



required level of protection with the progress of polarization. The Ievel of pro-
tection at 60°C after 2 months was obscrved to be lesser than required for

25°C concrete exposure as well as the protection required at the beginning of’

the activation period.

The reduction in required cathodic protection at higher temperature exposure
is indicative of a dominant influcnce of the electromigration factor in the inter-
active relationship between increased corrosion activity and the bencficial elec-

tromigration of ions caused by the higher temperature.

The temperature effect therefore requires only about 20 percent higher level of
protection in terms of current density/instant off potential/decay potential for
an initial polarization period of two months. Thereafter no additional protec-
tion is required for temperature. These data also indicate that significant ben-
efits in reducing long term cathodic protection requirement could be derived
by adopting a higher level of protection in terms of higher protection current/
instant off/decay potentials in the initial period of activation. The longer is the
period of this enhanced activation the greater would be the reduction in the
corrosion activity due to beneficial clectromigration eventually requiring
reduced protection in a long term basis. It is also possible that in low or mod-
erate conditions of chioride corrosion with initial high level of protection for a
finite period the corrosion activity may stop completely. This needs further

research.

" In case of usual primary chloride-bearing concrete in the Gulf region, both the

top and bottom reinforcement mats have to be protected against corrosion. In
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such cases the cathodic protection data show that the top mat is significantly
overprotected when the bottom mat is just adequatcly protected for the anode

source located above the top mat.

In a 32 Ibs chloride bearing concrete with chloride gradients of 3.0 and 1.5, the
top mat received 9.6 ma/ fi® and 5.44 ma/ ft* CP current comparcd to 3.87
ma/ ft> and 2.89 ma/ ft? respectively rcquired to protect the bottom mat.
Likewise, the instant ofT potential and decav potential values of 730 mV CSE

and 128 mV respectively for the top mat also indicate significant overprotec-

tion of the top mat.

The bond deterioration data presented subscquently indicates that in high
chloride bearing concretes with high chloride gradients the protection of bot-
tom mat would result in the overprotection of top mat to such an extent that
an appreciable 30 percent reduction in steel-concrete bond may occur in a
period of approximately 8 years. However, in concrete subjected to high cur-
rents of 100 ma/ f* for upto 80 days no reduction in steel ductility and ulti-

mate/rupture strength were observed.

It seems that in two mat structural situation in slabs attempts should be made
to develop mechanism specially in new construction to facilitate the flow of

current to the bottom mat.

When reinforcing steel is subjected to an impressed current of 50 ma/ ft> for

- 14 month period, softening of the concrcte at the stecl-concrete interface is

indicated by the form of the load-slip curve for the current-treated specimens.

Slip starts in the treated specimens at quite low load and is about 4 fold the
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[
(2]

value of control specimens by the time pull out load rcaches uitimate bond

strength for the treated specimens.

Bond deterioration is a function of current density and chloride content of
concrete from NaCl source. This degradation of steel concrete bond increases
with an increase in the impressed current density and chloride content of con-

crecte.

Bond reduction in a 14 month polarization period for a practical CP current
density of 3 ma/ ft* is negligible. However, a 19 percent reduction in bond
strength is observed in specimens having 2 Ibs CI™/yd® (0.364 percent by
weight of cement) of concrete subjected to a CP current of 50 ma/ ft* (538
ma/ m’*) applied over a period of 14 months. The corresponding value for

specimens having 8 1bs ClI” / yd® (1.45 percent by weight of cement) of con-

crete was found to be 33 percent.

A 50 ma/ ft* current applied for 14 menths required 504 amp-hr/ ft? to cause
19 to 33 percent bond loss. 504 amp-hr/ ft? is cquivalent to some 30 vears at a

practical cathodic protection current density of 2 ma/ 1% (21.5 ma/ m?).

Accumulation of sodium ions in the vicinity of reinforcing steel is a function

" of sustained impressed current density at the stecl surface and the NaCl sup-

plied chloride content of the concrete, whereas the potassium build up near
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the steel surface is a function of current density only and is independent of the
chloride content of concrete specimen. Potassium ions migrate towards the
cathode at a higher rate when compared with the migrations of sodium ions

present in the concrete pore solutions.

The degradation of bond between steel and concrete is most probably caused
by the build up of sodium and potassium ions at the steel-concrete interface
which results in the softening of the concrete. Bond loss is shown to be
almost proportional to the accumulation of sodium and potassium ions in the

vicinity of reinforcing steel.

Electromigration of negatively charged chloride ions away from the reinforcing
steel is caused by the attraction of the positively charged. anode. The migration
of chloride ions increases with current density but is found to be relatively
more effective in low chloride contaminated concrete in comparison to the
high chloride contaminated concrete. The migration of chlorides away from
the steel significantly brings down the chloride ion concentration at the steel

concrete interface thereby reducing the corrosion risk.

In control specimens where CP current was not applied, the concentrations of
ClI" ,Na' ,and K" increase with the distance from the steel. Evaporation of

water from the concrete carries the ions toward the concrete surface.

In high alkali-cement concrete containing reactive aggregates CP current
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significantly advances the cracking time and soften the mortar at the steel-con-
crete interface reducing compressive strength and hardness. This is attributable
to the formation of alkali-silica gel as evidenced in absorbance tests and scan-
ning electron microscopy. The absorbance measurcd in 20 ma/ ft* and 100
ma/ fi’ current treated specimens were 0.855 and 1.029 respectively whereas

an absorbance of only 0.391 was observed in control specimen which was not

treated with CP current.

Current densitics of 20 and 100 ma/ ft* advanced the cracking time by 40 and
60 pcrcents respectively compared to cracking time in specimens which were
not current-treated. 34 and 15 percents rcduction in strength were observed
when treated with 100 ma/ ft> and 20 ma/ f? respectively for 80 days. For the

same specimens the hardness number was reduced to 66 and 72 from 77.

In a normal cathodic protection situation for a high alkali-cement concrete
made with reactive aggregate and a CP current of the order of 3 ma/ ft?, the
alkali-silica reaction will be relatively much slower and will take significantly
more time to manifest disruptive deterioration than was observed in the
present accelerated test. The data indicate that CP applied to structures with
alkali-silica reaction problem will result in cracking and deterioration of con-

crcte.

At an outdoor cxposure period of 4 months, a 15 V D.C. supply was found to

be inadequate to supply the normally requircd amount of current of 1-3 ma/
ft* to the stecl embedded in a reinforced concrete slab. In the typical hot-dry

exposure the current supply dropped below 3 ma/ ft? in 95 days and below 1
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ma/ ft? in 110 days.

An clectrical resistivity value of 35,000 ohm-cm resulied in currents below 3
ma/ ft’ whercas a value of 40,000 ohm-cm reduced the current flow below 1
ma/ ft®. These data indicate that to achicve normal CP current of 1-3 ma/ ft

the concrete resistivity should be below 35,000 ohm-cm for a normally avail-

able 15 V DC supply.

The moisture content data show that the in overlay region and in the vicinity
of the anode the concrete was very drv (0.6 percent moisture content) com-
pared to concrete sufficiently remote from the anode areca. The difficulty in the
flow of current may be attributable to this loss of moisture from the overlay
region. This indicates that overlays designed with moisture retaining material
would significantly reduce the problem of current flow from the anode to the
reinforcing steel. Further research is needed for the designing of such mois-

ture retaining overlays.

The cffectiveness of cathodic protection was confirmed through measurements

by:

(i) Weight Toss data for coupon steel and macrocell steel. For chloride bearing
concrete, the weight loss was reduced to negligible values in coupon steel and

macrocell stcel compared to corresponding control specimens (0.9 to 4.3 per-

. cent of the loss in corroding control specimens).

(i) Corrosion rate data from corrosometer probes. When cffective CP was
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applicd the corrosion rate decreased from 0.197 MPY (for corroding control

specimen) to 0.013 MPY for protected specimen.

The decay potential data were found to be least sensitive to chloride content,
chloride gradient and temperature effect although it does not explicitly indi-
cate the level of protection current flow which is automatically adjusted to
accommodate the various factors influencing the level of corrosion activity.
Based on its capacity to accommodate large fluctuation in coriusion condi-
tions without showing significant variations in the numerical decay valuc and
its independence of IR drop and measuring reference cell, a decay potential

concept is recommended as a preferred cathodic protection approach.

The current-potential relationship obtainable in chloride-free concrete is differ-
ent from the one applicable to concrete having primary chlorides and chioride
differential. For example, a current density of 1.2 ma/ ft* was needed to
achieve a potential of 100 mV decay in 4 hour for a chloride free concrete as
compared to current density of 2.98 ma/ ft* rcquired to attain 80 mV decay in
32 Ibs chloride bearing concrete with a chioride gradient of 2. Similarly, cur-
rent-instant off and the current-shift potentials relationships obtained in chlo-
ride free concrete were different from those obtained in primary chloride-bear-
ing concrete. An clucidation of current-potential relationship in chloride

bearing concrete needs further research.
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