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ACI Committee Reports, Guides, Standard Practices,
and Commentaries are intended for guidance in planning,
designing, executing, and inspecting construction. This
document is intended for the use of individuals who are
competent to evaluate the significance and limitations of
its content and recommendations and who will accept re-
sponsihility for the application of the material it contains.
The American Concrete Institute disclaims any and all re-
sponsihility for the stated principles. The Ingtitute shall
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in con-
tract documents. If items found in this document are de-
sired by the Architect/Engineer to be apart of the contract
documents, they shall be restated in mandatory language
for incorporation by the Architect/Engineer.

Chapter 1—Introduction, p. 222R-2
1.1—Background

1.2—Scope

Chapter 2—Mechanism of corrosion of steel in
concrete, p. 222R-3

2.1—Introduction

2.2—Principles of corrosion

2.3—Reinforcing bar

2.4—The concrete environment

Chapter 3—Protection against corrosion in new

construction, p. 222R-9

3.1—Introduction

3.2—Design and construction practices

3.3—Methods of excluding external sources of chloride ion
from concrete

3.4—Corrosion control methods

Chapter 4—Procedures for identifying corrosive
environments and active corrosion in concrete,
p. 222R-18

4.1—Introduction

4.2—Condition evaluation of reinforced concrete structures
4.3—Corrosion evaluation methods

4.4—Concrete evaluation test methods

ACI 222R-01 supersedes ACI 222R-96 and became effective September 25, 2001.

Copyright O 2001, American Concrete Institute.

All rights reserved including rights of reproduction and use in any form or by any
means, including the making of copies by any photo process, or by electronic or
mechanical device, printed, written, or oral, or recording for sound or visual reproduc-
tion or for use in any knowledge or retrieval system or device, unless permission in
writing is obtained from the copyright proprietors.

222R-1



222R-2

Chapter 5—Remedial measures, p. 222R-28
5.1—Introduction

5.2—General

5.3—Applicability

5.4—The remedies and their limitations
5.5—Summary

Chapter 6—References, p. 222R-32
6.1—Referenced standards and reports
6.2—Cited references

6.3—Other references

CHAPTER 1—INTRODUCTION
1.1—Background

The corrosion of metals, especialy reinforcing stedl, in
concrete has received increasing attention in recent years be-
cause of its widespread occurrence in certain types of struc-
tures and the high cost of repairing the structures. The
corrosion of steel reinforcement wasfirst observed in marine
structures and chemical manufacturing plantsl'3 Recently,
numerous reports of its occurrence in bridge decks, parking
structures, and other structures exposed to chlorides have
made the problem particularly prominent. Extensive re-
search on factors contributing to steel corrosion has in-
creased our understanding of the mechanics of corrosion,
especially concerning therole of chlorideions. It isanticipat-
ed that the application of the research findings will result in
fewer instances of corrosion in new reinforced concrete
structures and improved methods of repairing corrosion-in-
duced damage in existing structures. For these improve-
ments to occur, the research information should be
disseminated to individuals responsible for the design, con-
struction, and maintenance of concrete structures.

Concrete normally provides reinforcing steel with excel-
lent corrosion protection. The high-alkaline environment in
concrete creates a tightly adhering film that passivates the
steel and protects it from corrosion. Because of concrete’s
inherent protective attributes, corrosion of reinforcing steel
does not occur in the majority of concrete elements or struc-
tures. Corrosion of steel, however, can occur if the concrete
does not resist the ingress of corrosion-causing substances,
the structure was not properly designed for the service envi-
ronment, or the environment is not as anticipated or changes
during the service life of the structure.

While several types of metals may corrode under certain
conditions when embedded in concrete, the corrosion of
stedl reinforcement isthe most common and is of the greatest
concern, and, therefore, is the primary subject of this report.

Exposure of reinforced concreteto chlorideionsisthe ma-
jor cause of premature corrosion of steel reinforcement. Cor-
rosion can occur, however, in some circumstances in the
absence of chloride ions. For example, carbonation of con-
crete reduces concrete’ salkalinity, thereby permitting corro-
sion of embedded steel. Carbonation is usualy a slow
processin concreteswith alow water-cementitious materials
ratio (w/cm). Carbonation-induced corrosion is not as com-
mon as corrosion induced by chlorideions.
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Chloride ions are common in nature and very small
amounts are normal in concrete-making materials. Chloride
ions may also be intentionally added into the concrete, most
often as a constituent of accelerating admixtures. Dissolved
chloride ions may also penetrate hardened concrete in struc-
tures exposed to marine environments or to deicing salts.

The rate of corrosion of steel reinforcement embedded in
concrete is influenced by environmental factors. Both oxy-
gen and moisture must be present if electrochemical corro-
sion is to occur. Reinforced concrete with significant
gradients in chloride-ion content is vulnerable to macrocell
corrosion, especially when subjected to cycles of wetting
and drying. This condition often occurs in highway bridges
and parking structures exposed to deicing salts and in struc-
tures in marine environments. Other factors that affect the
rate and level of corrosion are heterogeneity in the concrete
and the reinforcing steel, pH of the concrete pore water, car-
bonation of the portland cement paste, cracksin the concrete,
stray currents, and galvanic effects due to contact between
dissimilar metals. Design features and construction practices
also play an important role in the corrosion of embedded
steel. Mixture proportions of the concrete, thickness of con-
crete cover over the reinforcing steel, crack-control mea-
sures, and implementation of measures designed specifically
for corrosion protection are some of thefactorsthat help con-
trol the onset and rate of corrosion.

Deterioration of concrete due to corrosion of the reinforc-
ing steel results because the solid products of corrosion (rust)
occupy a greater volume than the original steel and exert
substantial expansive stresses on the surrounding concrete.
The outward manifestations of the rusting include staining,
cracking, and spalling of the concrete. Concurrently, the
cross-sectional area of the reinforcing stedl is reduced. With
time, structural distress may occur either because of loss of
bond between the reinforcing steel and concrete due to
cracking and spalling or asaresult of the reduced steel cross-
sectional area. This latter effect can be of special concernin
structures containing high-strength prestressing steel in
which asmall amount of metal loss could induce failure.

Research on corrosion has not produced a carbon steel or
other type of reinforcement that will not corrode when used
in concrete and which isboth economical and technically fea-
sible. Serious consideration is being given to the use of stain-
less steel reinforcement for structures exposed to chlorides®
and several structures have been built using stainless stedl. In
addition, practice and research indicate the need for quality
concrete, careful design, good construction practices, and
reasonable limits on the amount of chlorides in the concrete
mixture ingredients. Measures that are being used and further
investigated include the use of corrosion inhibitors, protec-
tive coatings on the reinforcing steel, and cathodic protection.
In general, each of these measures has been successful. Prob-
lems resulting from corrosion of embedded reinforcing steel
and other metals, however, have not been eliminated.

1.2—Scope
This report discusses the factors that influence corrosion
of reinforcing steel in concrete, measures for protecting em-
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bedded reinforcing steel in new construction, techniques for
detecting corrosion in structures in service, and remedial
procedures. Consideration of these factors and application of
the discussed measures, techniques, and procedures should
assist in reducing the occurrence of corrosion and result, in
most instances, in the satisfactory performance of reinforced
and prestressed concrete structural members.

CHAPTER 2—MECHANISM OF CORROSION OF
STEEL IN CONCRETE

2.1—Introduction

This chapter describes the thermodynamics and kinetics of
the corrosion of steel embedded in concrete. Subsequent sec-
tions explain the initiation of active corrosion by chlorides,
carbonation of the concrete cover, and the rate-controlling
factors for corrosion after it has been initiated. Finaly, the
influence of reinforcement type and of the concrete environ-
ment are discussed.

2.2—Principles of corrosion

2.2.1 The corrosion process—The corrosion of sted in
concreteisan electrochemical process; that is, it involvesthe
transfer of charge (electrons) from one species to another.
For an electrochemical reaction to occur (in the absence of
an external electrical source) there must be two half-cell re-
actions—one capable of producing electrons (the anodic re-
action, the oxidation of iron, [Fe], to form ferrous ions) and
one capable of consuming electrons (the cathodic reaction,
the reduction of oxygen to form hydroxyl ions, [OH™]). When
the two reactions occur at widely separated locations, they are
termed amacrocell; when they occur close together, or essen-
tially at the same location, they are termed amicrocell.

For steel embedded in concrete, the anodic half-cell reac-
tionsinvolve the oxidation or dissolution of iron, namely

Fe> Fe'* +2e” (2.1a)

2Fe™* + 40H™ > 2Fe(OH), (2.1b)
2Fe(OH), + 1/20, > 2FeO0H + H,0 (2.10)
Fe+ OH™ + H,0 > HFeO, + H, (2.1d)

and the most likely cathodic half-cell reactions are
2H,0 + O, + 4e > 4 (OH)~ (2.2
2H" +2e" > H, (2.3)

Which of these anodic and cathodic reactions will actu-
ally occur in any specific case depends on the availability
of oxygen and on the pH of the cement paste pore solution
in the vicinity of the steel. Thisis shown by the Pourbaix
diagram,® illustrated in Fig. 2.1, which delineates the
thermodynamic areas of stability for each of the speciesin-
volvedin the previously mentioned reactions as afunction of
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Fig. 2.1—Smplified Pourbaix diagram showing the poten-
tial pH ranges of stability of the different phases of iron in
aqueous solutions.®

electrochemical potential* and pH of the environment. For
the reaction shown in Eq. (2.2) to occur, the potential must
belower than that indicated by the upper dashed line, whereas
thereaction shownin Eq. (2.3) can only proceed at potentials
below the lower dashed line. In general, if all other factors
are kept constant, the more oxygen that is available, the more
positive (anodic) will be the electrochemical potential.

For sound concrete, the pH of the pore solution rangesfrom
13.0 to 13.5, within which the reactions shown in Eq. (2.1a)
and (2.1b) are the most likely anodic reactions. In the absence
of any other factors, the iron oxides, Fe30, and Fe,O3 or
hydroxides of these compounds, will form as solid phases
and may develop as a protective (passive) layer on the steel,
described asfollows. If the pH of the pore solution isreduced,
for example, by carbonation or by a pozzolanic reaction, the
system may be shifted to an area of the Pourbaix diagram in
which these oxides do not form a protective layer and active
dissolution is possible. Theoretically, active corrosion
could also be induced by raising the pH to avalue at which
the reaction shown in Eq. (2.1d) can take place and for
which HFeO,™ is the thermodynamically stable reaction
product. The reaction shownin Eq. (2.1c) can also take place
at normal concrete pH at elevated temperatures (> 60 C,
140 F).6 No examples of thisreaction have been reported.

2.2.2 Nature of the passive film—A passive film can be
relatively thick and inhibit active corrosion by providing a

“The electrochemical potential is a measure of the ease of electron charge transfer
between a metal and its environment, in this case, between the steel and the cement
paste pore solution. It is a property of the steel/concrete interface and not of the steel
itself. It is not possible to determine the absolute value of the potential and, therefore,
it is necessary to measure the potential difference between the steel surface and aref-
erence electrode. This might be a standard hydrogen electrode (SHE), a saturated
calomel electrode (SCE), or a Cu/CuSO, electrode (CSE). The value of the potential
in a freely corroding system is commonly known as the corrosion potential, the open
circuit potential, or the free potential.
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Fig. 2.2—Schematic polarization curve for an actively cor-
roding system without any diffusion limitations.
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Fig. 2.3—Schematic polarization curve for passive system
with limited access of oxygen.

diffusion barrier to the reaction product of the reacting spe-
cies (Feand O,). Alternatively, and more commonly, it may
be thin, often less than a molecular monolayer. In this case,
the oxide molecules simply occupy thereactive atom siteson
the metal surface, preventing the metal atoms at these loca-
tions from dissolving. A passive film does not actually stop
corrosion; it reducesthe corrosion rate to an insignificant lev-
el. For steel in concrete, the passive corrosion rateistypically
0.1 mm/yr;” without the passive film, the steel will corrode at
rates at least three orders of magnitude higher than this.

2.2.3 The kinetics of corrosion—All metals, except gold
and platinum, are thermodynamically unstable under normal
atmospheric conditionsand will eventually revert to their ox-
ides (or other compounds), asindicated for iron in the Pour-
baix diagram in Fig. 2.1. Therefore, the information of
importance to the engineer who would use a metal is not
whether the metal will corrode, but how fast the corrosion
will occur. The corrosion rate can be determined asacorrosion
current by measuring the rate a which eectrons are removed
from the iron in the anodic reactions described previously.
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The corrosion current can be converted to a rate of loss of
metal from the surface of the steel by Faraday’s law

M = HAw (2.4)
nF
where
= mass of metal dissolved or converted to oxide, g;
| = current, A;
t = times
A, = atomic weight;
n = valency; and
F = Faraday’sconstant (96,500 coulombs/equivalent mass).

By dividing by the density, the mass can be converted to
thickness of the dissolved or oxidized layer, and for iron (or
steel): 1 uA/cm2 =11.8 um/yr. The current density, which is
equivalent to the net current divided by the electrode area,
however, cannot be determined directly. Thisis because the
requirement of a charge balance means that the rates of pro-
duction and consumption of electrons by the anodic and ca-
thodic half-cell reactions, respectively, are always equal and,
therefore, no net current can be measured. Consequently, to
determine the corrosion current, the system must be dis-
placed from equilibrium by applying an external potential
and measuring the resultant net current” (potentiostatic mea-
surements). The difference between the applied potential E,
and the original corrosion potential E.q,,, is termed the po-
larization and given the symbol h.

In the absence of passivity, the net current would in-
crease with anodic polarization as shown by the upper
curve in Fig. 2.2, and cathodic polarization would result in
the lower curve. Tafel® has shown that for values of h in the
range + 100 to 200 mV, h isdirectly proportional to the log-
arithm of the current density

h=a+ blog(i) (2.5)
where
a = constant; and
b = Tafel dope

A véueof thecorrosion current density i o, Can be obtained
by extrapolating the linear part of the curves to E.q, 8
shown by the dashed linesin Fig. 2.2.

For steel in concrete, however, the chemical protection
given to the steel by the formation of a passive film reduces
the anodic current density by several orders of magnitude, as
shown in Fig. 2.3. The transition from the active corrosion
part of the polarization curve to the passive region occurs as
aresult of the formation of a passive metal oxidefilm. More-
over, the physical barrier of the concrete limits the oxygen
access for the cathodic reaction and can result in a decrease
in the cathodic current, also illustrated in Fig. 2.3. Both of
these factors significantly reduce the corrosion rate. They
also limit the accuracy by which the actual corrosion rate can
be determined, because the linear part of each curve no

*Alternatively, apply a known current and measuring the resulting shift in electro-
chemical potential (galvanostatic measurements).
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longer exists. Thislack of accuracy is irrelevant, however,
because a precise knowledge of the passive corrosion rate” is
of no practical interest. Polarization curves (Tafel plots) for
reinforcing steel in concretes of different qualities have been
documented by Al-Tayyib and Khan.®

Asillustrated in Fig. 2.3, the value of the net anodic cur-
rent density is approximately constant over a wide range of
potential but increases at high potentials. This increase, re-
ferred to as transpassive dissolution, can result from dielec-
tric breakdown of the passive film. It can also be due to the
potential being above that indicated by the upper dashed line
in Fig. 2.1. At these potentials, O, can be evolved at atmo-
spheric pressures by the reverse of the reaction shown in
Eq. (2.2) or by the hydrolysis of water

2H,0 > O, + 4H* + 4e” (2.6)

adding a second anodic reaction to that of the (passive) cor-
rosion of iron. A third reaction would involve the corrosion
of steel into Fe*®, which isan anodic reaction.®

2.2.4 Initiation of active corrosion—Active corrosion of
stedl in concrete must be preceded by the breakdown of the
protective passive film. This can occur over the whole sur-
face of the steel because of a general change in the thermo-
dynamic conditions, or locally due to localized chemical
attack or mechanical failure. Theformer isusually aresult of
adecrease in pH to the level at which the passive filmis no
longer stable. The latter is usually caused by attack by ag-
gressive ions such as chlorides, but could result from crack-
ing in the concrete cover.

2.2.4.1 Corrosion initiation by chlorides—The most
common cause of initiation of corrosion of steel in concrete
isthe presence of chlorideions. The source of chlorides may
be admixtures, contaminants, marine environments, indus-
trial brine, or deicing salts.

The actual detailed mechanism of breakdown of the pas-
sive film by chlorides is not known because of the difficul-
ties in examining the process on an atomic scale in the
extremely thin passive layers. It isbelieved that in the thicker
films, the chlorideionsbecomeincorporated in thefilm at lo-
calized weak spots, creating ionic defects and allowing easy
ionic transport. In the case of sub-monolayer passivity, the
chloride ions may compete with the hydroxyl ions for loca-
tions of high activity on the metal surface, preventing these
reactive sites from becoming passivated.

In either case, the net result isthat active corrosion can oc-
cur at these locations and, once started, it proceeds autocata-
Iyticaly, that is, in a self-feeding manner. The chloride and
ferrous ions react to form a soluble complex that diffuses
away from the anodic site. When the complex reaches are-
gion of high pH it breaks down, precipitating an insoluble
iron hydroxide and liberating the chloride to remove more
ironfrom thereinforcing steel bar. Moreover, becausethere-
gion of local breakdown of the passive film becomes anodic,

*Polarization resistance’ (also known as linear polarization) and electrochemical
) 0 : h
impedance spectroscopy~" (EIS) measurements can be used to determine the passive
corrosion current densities where they are needed for scientific reasons.
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Fig. 2.4—The relative volumes of iron and its reaction
product.!

more chloride ions are attracted to that area of the steel than
to the surrounding cathodic areas and so the local concentra-
tion of chlorideions increased.

Theinitial precipitated hydroxide has alow state of oxida-
tion and tendsto react further with oxygen to form higher ox-
ides. Evidence for this process can be observed when
concrete with active corrosion is broken open. A light green
semisolid reaction product is often found near the steel
which, on exposure to air, turns black and subsequently rust
colored. The iron hydroxides have a larger specific volume
than the steel from which they were formed, as indicated in
Fig. 2.4.11 Consequently, the increases in volume as the re-
action products react further with dissolved oxygen leads to
an internal stress within the concrete that may be sufficient
to cause cracking and spalling of the concrete cover. A sec-
ond factor in the corrosion process that is often overlooked
because of the more dramatic effect of the spalling isthein-
creased acidity in the region of the anodic sitesthat can lead
to local dissolution of the cement paste.

2.2.4.1.alncorporation of chloridesin concreteduring
mixing—The use of calcium chloride (CaCl,) as a set accel-
erator for concrete has been the most common source of in-
tentionally added chlorides. With the current understanding
of the role of chlorides in promoting reinforcement corro-
sion, however, the use of chloride-containing admixturesis
strongly discouraged for reinforced concrete, and for many
applicationsit is not permitted. When chlorides are added to
concrete during mixing, intentionally or otherwise, rapid
corrosion can occur in the very early stages when the con-
crete mixture is still plastic, wet, and the akalinity of the
pore solution is not well developed. Once the concrete has
begun to harden and the pH has increased, there is normally
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Fig. 2.5—The critical chloride content according to CEB recommendations.?

adecrease in corrosion rate, depending on the concentration
of the chlorides.

Chlorides added to the mixture have three additional effects
on subsequent corrosion rates. First, it has been shown that the
accelerating effect of the chloridesresultsin acoarser capillary
pore-size distribution at a constant water-cement ratio (w/c),?
which allows faster ingress of additional chlorides, faster
carbonation rates, and also reduces the resistivity of the con-
crete. Second, the chlorides increase the ionic concentration
of the pore solution and its electrical conductivity. Both of
these factors lead to an increase in the corrosion rate. Third,
the chlorides alter the pH of the concrete pore sol ution; sodi-
um chloride (NaCl) and potassium chloride (KCl) increasethe
pH whereas CaCl,, in high concentrations, reduces the pH.13
This affects both the chloride binding and the chloride thresh-
old value for corrosion as described as follows.

2.2.4.1.b Diffusion of chlorides from the environment
into mature concrete—Diffusion of chlorides can occur in
sound concrete and proceeds through the capillary pore
structure of the cement-paste phase. Therefore, cracksin the
concrete are not a prerequisite for transporting chlorides to
the reinforcing steel. The rate of diffusion depends strongly
on a number of factors, including the w/cm, the type of ce-
ment, 1 the specific cation associated with the chloride, 16 the
temperature, 1’ and the maturity of the concrete.1® Further-
more, there is some indication that penetrating chlorides in-
teract chemically with the cement paste, precipitating

reaction products,19 thereby decreasing the porosity of the
paste phase; that is, they have the opposite effect on porosity
from that of intentionally added chlorides.

2.2.4.1.c Chloride binding and threshold values—Not
all the chlorides present in the concrete can contribute to the
corrosion of the steel. Some of the chlorides react chemically
with cement components, such as the calcium auminates to
form calcium chloroaluminates, and are effectively removed
from the pore solution. Asthe concrete carbonates, the chlorides
are released and become involved in the corrosion process.
Research® indicates that some chlorides also become phys-
ically trapped either by adsorption or in unconnected pores.
The fraction of total chlorides available in the pore solution
to cause breakdown of the passive film on steel isafunction
of a number of parameters, including the tricalcium alumi-
nate (C3A) and tetracalcium aluminoferrite (C4,AF) con-
tents, > pH 22 wicm, 22 and whether the chloride was added to
the mixture or penetrated into the hardened concrete. The
threshold value of chloride concentration below which sig-
nificant corrosion does not occur is also dependent on sever-
al of these same parameters,24 but these factors sometimes
work in opposition. For example, the higher the pH, the more
chlorides the steel can tolerate without pitting, but the
amount of chlorides present in solution for agiven total chlo-
ride content al so increases with pH. Some of these effectsare
summarized in Fig. 2.5, which shows the effects of relative
humidity and quality of the concrete cover on the critical
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chloride threshold.2> The threshold value of 0.4% CI~ by
mass of cement proposed by CEB (approximately 1.4 kg/m?®
or 2.4 Iblyd® of concrete), however, is higher than the acid-
soluble chloride threshold value typically used in the United
States, whichis0.6t0 0.9 kg/m® (1.0to 1.5 Ib/yd?) of concrete.

Some researchers have shown that initiation of reinforcing
steel corrosion is not only dependent on the chloride-ion
concentration, but also on the OH™ concentration and, specif-
ically, the chloride-to-hydroxy! ion ratio (Cl ‘/OH‘).ZE"28
The maximum value of CI7/OH™ that can be tolerated with-
out breakdown of the passive film has been shown to be 0.29
at pH 12.6 and 0.30 at pH 13.3.2%3

2.2.4.2 Initiation of corrosion by carbonation—Carbon-
ation is the general term given to the neutralization of con-
crete by reaction between the alkaline components of the
cement paste and carbon dioxide (CO,) in the atmosphere. Be-
cause the reaction proceeds in solution, the first indication of
carbonation is a decrease in pH of the pore solution to 8.5,2
at which level the passive film on stedl is not stable. Carbon-
ation generally proceedsin concrete asafront, beyond which
the concrete not affected and the pH is not reduced. When
the carbonation front reaches the reinforcing steel, general
depassivation®®3! over large areas or over the whole steel
surface can occur and general corrosion can be initiated.

Fortunately, carbonation rates in sound concrete are gen-
erally low. Concrete in or near an industrial area, however,
may experience higher carbonation rates dueto theincreased
concentration of CO, in industrial environments. Under nat-
ural conditions, the atmospheric concentration of CO, in air
is0.03%; in cities, thisistypically increased to 10 times that
value and in industria sites, it can be as high as 100 times
naturally occurring levels.

The ingress of gases is higher at low relative humidities,
but the reaction between the gas and the cement paste takes
placein solution and is higher at high humidities. Therefore,
the most aggressive environment for concrete neutralization
will be that of alternate wet and dry cycles and high temper-
atures.3? Under constant conditions, an ambient relative hu-
midity of 60% has been the most favorable for carbonation.3
Three other mgjor factors that influence initiation times for
carbonation-induced corrosion are: thin concrete cover, the
presence of cracks,3* and high porosity associated with alow
cement factor and high w/cm.

2.2.4.3 Yynergistic effects of carbonation and chlo-
rides—The chloride content at the carbonation front has
reached higher levels than in uncarbonated concrete and can
be much higher than the levels measured just below the con-
crete surface.3 Thisincreases the risk of corrosion initiation
when the carbonation front reachesthe reinforcing steel. The
decrease in pH of the carbonated concrete also increases the
risk of corrosion because the concentration of chlorides nec-
essary to initiate corrosion, the threshold value, decreases
with the pH.35 This is because the chloroaluminates break
down, freeing the bound chorides as the pH drops.

2.2.5 Corrosion rates after initiation—Depassivation, either
local or general, is necessary but not sufficient for active cor-
rosion to occur. The presence of moisture and oxygen are
essential for corrosion to proceed at a significant rate.
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While the chlorides are directly responsible for the initia-
tion of corrosion, they appear to play only anindirect rolein
determining therate of corrosion after initiation. The primary
rate-controlling factors are the availability of oxygen, the
electrical resistivity, the relative humidity, all of which are
interrelated, and the pH and temperature. As mentioned pre-
vioudly, however, the chlorides can influence the pH, electrical
conductivity, and the porosity. Similarly, carbonation destroys
the passive film but does not influence the rate of corrosion.
After corrosion initiation, corrosion rates may aso be reduced
through the use of a corrosion inhibitor (Section 2.4.5).

Drying of hardened concrete requires transport of water
vapor to the surface and subsequent evaporation. Wetting
dry concrete occurs by capillary suction and is considerably
faster than the drying proceﬂs.36 Consequently, concrete
rarely dries out completely except for athin layer at the sur-
face.3” Below thissurfacelayer, therewill normally beafilm
of moisture on thewalls of the capillaries and the bottlenecks
inthe pore system will normally befilled. Because the diffu-
sion of dissolved oxygen is approximately four orders of
magnitude slower than that of gaseous oxygen,?’8 diffusion
of dissolved oxygen through the bottlenecks will be the rate-
controlling processin concrete at normal relative humidities.
Laboratory studies®® suggest that there is a threshold value
of relative humidity within concrete, in the range of 70 to
85% relative humidity, below which active corrosion cannot
take place. Similarly, a high electrical resistivity can inhibit
the passage of the corrosion current through the concrete.
Thisis particularly important in the case of macrocell corro-
sion where there is a significant separation between the an-
odic and cathodic reaction sites.

Fully submerged concrete structures tend to be protected
from corrosion by lack of oxygen. Therefore, despite being
contaminated by high concentrations of chlorides, structures
continuously submerged bel ow the seamay not be subject to
significant corrosion. The part of a structure in the splash
zone, however, experiences particularly aggressive condi-
tions. It is generally water-saturated, contains high concen-
trations of salts, and is sufficiently close to the exposed parts
of the structure that macrocells can easily be established.
High salt levels arise by salt water being transported by cap-
illary action upward through the concrete cover and evapo-
ration of water from the surface, leaving behind the salts.

2.3—Reinforcing bar

2.3.1 Uncoated bars—Normally, areinforcing bar isabil-
let steel made in accordance with ASTM A 615/A 615M or
ASTM A 706/A 706M. One problem with the use of uncoat-
ed barsiswhen exposed steel comesin contact with steel em-
bedded in the concrete. This combination acts as a galvanic
couple, with the exposed steel becoming anodic and the em-
bedded steel acting as the cathode. In general, the corrosion
rateis proportional to the ratio of the cathodic areato the an-
odic area. Because the amount of embedded steel is often far
greater than the exposed stedl, the rate of corrosion of the ex-
posed steel can be extremely high.

The currently available alternatives to uncoated bars are
epoxy-coated steel or galvanized steel. Stainless steel and
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nonmetallic replacements for steel are under consideration
but are expensive and not generally available.

2.3.2 Epoxy-coated reinforcing steel —Epoxy-coated rein-
forcing bars have been widely used in aggressive environ-
ments since about 1973 and have generally met with success
in delaying corrosion due to the ingress of chlorides. ASTM
A 775 and AASHTO? standard specifications were devel-
oped that outlined coating application and testing.

Many laboratory and field studies have been conducted on
epoxy-coated bars.*1*3 To provide long-term corrosion re-
sistance of epoxy-coated steel reinforcement, the coating
must have few coating breaks and defects, maintain high
electrical resistance; keep corrosion confined to bare aresas;
resist undercutting; and resist the movement of ions, oxygen,
and water. Theseissues are addressed by ASTM A 775. The
standard has the following requirements. 1) the coating
thickness should be in the range of 130 to 300 microns; 2)
bending of the coated bar around a standard mandrel should
not lead to formation of cracks; 3) the number of pinhole de-
fects should be no more than six per meter; and 4) the dam-
age area on the bar should not exceed 2%.

Perhaps the best-known instance of poor field perfor-
mance of epoxy-coated bars was in severa of the rebuilt
bridges in the Florida Keys.***® Florida researchers estab-
lished that the primary causes of corrosion were inattention
to preparation of the bars before coating and debonding of
the coating before placement in the structures.

Since 1991, a substantial improvement in the quality of
epoxy-coated bars and understanding of adhesion of coat-
ingsto steel has developed, primarily asaresult of additional
research and plant certification programs. In 1992, the Con-
crete Reinforcing Steel Institute (CRSI) began a program of
voluntary certification of plants that apply epoxy coatingsto
reinforcement.

Considerable research has been conducted on epoxy-coated
reinforcing barsover thelast 5 years, and field investigations
have been conducted by many state agencies. These studies
have found that structures containing epoxy-coated bars are
more durable than structures with uncoated bars. Laboratory
research has shown that new coating products and test methods
may improve the long-term durability of concrete struc-
tures.*® To assess the long-term durability of epoxy coating
products, these new test methods should be put in the form
of consensus standards.*’

2.3.3 Galvanized steel—Galvanized steel hasbeen usedin
concrete for the last 50 years, and is particularly appropriate
for protecting concrete subjected to carbonation because
zinc remains passivated to much lower levels of pH than
does black steel. Unfortunately, zinc dissolves in a high pH
solution with the evolution of hydrogen (H,) as the cathodic
reaction. When zinc-coated (galvanized) steel isusedin con-
crete, a porous layer of concrete can form around the rein-
forcing bar if steps are not taken to prevent it. The
performance of galvanized bars significantly decreases if
there is carbonation in the concrete surrounding these bars.
A small amount of chromate salt may be added to the fresh
concrete to prevent hydrogen evol ution,*® and calcium ni-
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trite has been used to prevent hydrogen evolution of galva
nized precast concrete forms.

2.3.4 Sainless steel—Stainless steel isunder investigation
asareinforcing material for structuresin particularly aggres-
sive environments. While ASTM A 304 stainless steel can
tolerate higher amounts of chlorides, it isnecessary to usethe
more expensive ASTM A 316L grade to gain significantly
improved properties, particularly in bar mats of welded rein-
forcing steel.#°

2.4—The concrete environment

2.4.1 Cement and pozzolans—From the viewpoint of cor-
rosion of thereinforcing steel, it isthe composition and avail-
ability of the pore solution, rather than the concrete itself, that
are the controlling factors. Therefore, it isthose components
of the concrete that determine the pH of the pore solution, the
total porosity, and the pore-size distribution that are of impor-
tance for the corrosion process.

When portland cement hydrates, the calcium silicatesreact
to form calcium silicate hydrates and calcium hydroxide
[Ca(OH),]. The Ca(OH), provides a substantial buffer for
the pore solution, maintaining the pH level at 12.6. The pH
isgenerally higher than thisvalue (typically 13.5) because of
the presence of potassium and sodium hydroxides (KOH and
NaOH), which are considerably more soluble than Ca(OH),.
They are present in limited quantities, however, and any car-
bonation or pozzolanic reaction rapidly reduces the pH to that
of the saturated Ca(OH),, solution. Thus, from the viewpoint of
corrosion, the higher the total alkali content of the cement, the
better the corrosion protection. On the other hand, reactive
aggregates that may be present in the mixture can lead to
expansive and destructive alkali-aggregate reactions.

For a given w/cm, the fineness of the cement and the poz-
zolanic components determine the porosity and pore-size
distribution. In general, mineral admixtures such as fly ash,
dag, and silica fume reduce and refine the porosity.50 Con-
cretes containing these minerals exhibit considerably en-
hanced resistance to penetration of chlorides from the
environment. If too much pozzolanisused, however, al of the
Ca(OH), may be used in the pozzolanic reaction, effectively
destroying the pH buffer and allowing the pH to drop to levels
at which the reinforcing steel is no longer passivated.

Traditionally, the binding capacity of a cement for chloride
ions has been considered to be directly related to the C3A con-
tent of the cement. Thisis because the chloride ions can react
toforminsoluble chloroaluminates. The chlorideions, howev-
er, cannot betotally removed from solution by chemical bind-
ing. An equilibrium is always established between the bound
and the free chloride ions, so that even with high C3A con-
tents, there will always be some free chlorideionsin solution.

There isincreasing evidence that a reaction with C3A is
only one of several mechanisms for effectively removing
chloride ions from solution. In ordinary portland cements,
there is no direct relationship between the concentration of
bound chlorideions and the C;A content. Thereis, however,
aqualitative relationship with both the (C;A + C4,AF) con-
tent and pH of the pore solution.°! Moreover, chloride
binding is enhanced by the presence of fly ash even if the
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fly ash does not contain C3A. The literature contains con-
tradictory results on the effect of silica fume on chloride
binding,®? but there is general consensus that limited
amounts of silica fume are beneficial in providing resis-
tance to chloride-induced corrosion, primarily by reducing
the permeability of the concrete. Some adsorption of chlo-
rides on the walls of the pores, or in the interlayer spaces,
and some trapping in unconnected pores may account for
the higher chloride binding in blended cements with very
fine pore structures.>®

There has been some controversy concerning the effects of
supplementary cementitious materials, particularly fly ash,
on carbonation rates. It appearsthat the decreasein buffer ca-
pacity, by the pozzolanic reaction, can allow the neutraliza-
tion of the cement paste by atmospheric gases to proceed at
a higher rate than in ordinary portland cement concretes.
This effect is a strong function of the amount and type of fly
ash and the curing procedures.

2.4.2 Water-cementitious materials ratio—The porosity
and the rate of penetration of deleterious species are directly
related to the water-cementitious materials ratio (w/cm). For
high-performance concretes, the ratio is generally less
than 0.40 and can be as low as 0.30 with the use of suitable
water-reducing admixtures. In general, areduced w/cmresults
inimproved corrosion resistance.

2.4.3 Aggregate—Unless it is porous, contaminated by
chlorides, or both, the aggregate generally haslittleinfluence
on the corrosion of reinforcing steel in concrete. Free mois-
ture on aggregate will contribute to the water content of a
concrete mixture and effectively increase the w/cmif it isnot
accounted for by adjusting the batch water accordingly. The
porosity of the pasteimmediately surrounding the aggregate
isusualy higher than that of the paste.ZO"r’0 Therefore, if the
size of the aggregateisnearly equivalent to the concrete cover
over the reinforcement, the ability of the chloride ions to
reach the reinforcement is enhanced. If reactiveaggregatesare
used and akalis are present in the binder, alkali-silicareactions
may take place. This can damage the concrete and potentially
accel erate the corrosion processin certain environments.

2.4.4 Curing conditions —The longer concrete is allowed
to cure before being exposed to aggressive media, the better
it resists penetration by chloridesor CO,. Thisis particularly
important for blended cements, especially those containing
fly ash, in which the pozzolanic reaction is much slower than
the portland cement hydration reactions. At an early age, fly
ash concrete usually exhibits lower resistance to penetration
of chlorides than an ordinary portland cement concrete,
whereas at greater maturity, the fly ash concrete may have
superior properties.>*°

2.4.5 Corrosion inhibitors—A corrosion inhibitor for met-
al in concrete is a substance that reduces the corrosion of the
metal without reducing the concentration of the corrosive
agent. This is a paraphrase from the ISO definition (1SO
8044-89) of a corrosion inhibitor and is used to distinguish
between a corrosion inhibitor and other additions to concrete
that improve corrosion resistance by reducing chloride ingress
into concrete. Corrosion inhibitors are not a substitute for
sound concrete. They can work either as anodic or cathodic
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inhibitors, or both, or as oxygen scavengers. A significant
reduction in the rate of either anodic or cathodic reactions
will result in asignificant reduction in the corrosion rate and
anincreasein the chloride-induced corrosion threshold level.
There isamore pronounced effect when an anodic inhibitor
is used. Adding an anodic inhibitor promotes the forma-
tion of limonite, ahydrous gammaferric oxide, g-FeOOH,
which is a passive oxide at typical concrete pH levels.
Adding a cathodic inhibitor or oxygen scavenger stifles
the reaction in Eq. (2.2), reducing corrosive oxidation as
shown in Eq. (2.1a) and (2.1b).

Numerous chemical admixtures, both organic and inor-
ganic, have been shown to be specific inhibitors of steel cor-
rosion in concrete.®®°8Among the inorganic corrosion
inhibitors are potassium dichromate, stannous chloride, sodi-
um molydbate, zinc and lead chromates, calcium hypophos-
phite, sodium nitrite, and calcium nitrite. Sodium nitrite has
been used with apparent effectiveness in Europe.®® Calcium
nitrite is the most widely used inorganic corrosion inhibitor
in concrete,>61 and it has the advantage of not having the
side effects of sodium nitrite, namely low compressive
strength, erratic setting times, efflorescence, and enhanced
susceptibility to alkali-silica reaction. Organic inhibitors
suggested have included sodium benzoate, ethyl aniline,
morpholine, amines, and mercaptobenzothiazole.

As in the case of other admixtures, corrosion inhibitors
might affect plastic and hardened concrete properties. Before
using them, their effects on concrete properties should be un-
derstood and, where necessary, appropriate steps should be
taken in consultation with theinhibitor manufacturer to over-
come or minimize detrimental interactions. Since corrosion-
inhibiting admixtures are water soluble, thereis concern that
leaching from the concrete can occur, particularly of inor-
ganic salts, effectively reducing the concentration of the
inhibitor at the level of the reinforcement. When used in
sound concrete with w/cms less than or equal to 0.4 and
adequate concrete covers, the effects of leaching are sig-
nificantly reduced.®?

CHAPTER 3—PROTECTION AGAINST
CORROSION IN NEW CONSTRUCTION

3.1—Introduction

Measures that can be taken in reinforced concrete con-
struction to protect reinforcing steel against corrosion can be
divided into three categories:

1. Design and construction practices that maximize the
protection afforded by the portland cement concrete;

2. Treatments that penetrate, or are applied on the surface
of, the reinforced concrete member to prevent the entry of
chlorideion into the concrete; and

3. Techniquesthat prevent corrosion of the steel reinforce-
ment directly.

In category 3, two approaches are possible—to use corrosion-
resistant reinforcing steel or to nullify the effects of chloride
ions on unprotected reinforcement.
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3.2—Design and construction practices

Through careful design and good construction practices, the
protection provided by portland cement concrete to embedded
reinforcing steel can be optimized. It is not the technical
sophistication of the structural design that determines the
durability of a reinforced concrete member in a corrosive
environment, but the detailing.63 The provision of adequate
drainage and a method of removing drainage water from the
structure are particularly important. In reinforced concrete
structural members exposed to chlorides and subjected tointer-
mittent wetting, the degree of protection against corrosion is
determined primarily by the depth of concrete cover to the
reinforcing steel and the permeability of the concrete.54-69
Estimates of theincreasein corrosion protection provided by
an increase in concrete cover have ranged between dlightly
more than a linear relationship®® 7 to as much as the square
of the cover. '

Corrosion protection of cover concrete is a function of
both depth of concrete cover and wicm.®® A concrete cover
of 25 mm (1in.) wasinadeguate, even with aw/cmaslow as
0.28. Adding silica fume, however, made the 25 mm (1in.)
concrete cover effective. The time to spalling after the initi-
ation of corrosion is afunction of the ratio of concrete cover
to bar diameter,”® the reinforcement spacing, and the con-
crete strength. Although conventional portland cement con-
creteisnot impermeable, concrete with low permeability can
be made through the use of appropriate materials, including
admixtures, a low w/cm, good consolidation and finishing
practices, and proper curing.

In concrete that is continuously submerged, the rate of cor-
rosion is controlled by the rate of oxygen diffusion, whichis
not significantly affected by the concrete quality or thethick-
ness of concrete cover.’2 Asmentionedin Chapter 2, however,
corrosion of embedded reinforcing steel is rare in continu-
ously submerged concrete structures. In seawater, the per-
meability of the concrete to chloride penetration is reduced
by the precipitation of magnesium hydroxide.”®

Limits on the allowable amounts of chloride ion in con-
creteisan issue still under active debate. On the one side are
the purists who would like to see essentially no chloridesin
concrete. On the other are the practitioners, including those
who must produce concrete under cold-weather conditions,
precast-concrete manufacturers who wish to minimize cur-
ing times, producers of chloride-bearing aggregates, and
some admixture companies, who would prefer the least re-
gtrictive limit possible. A zero-chloride content limit for any
of the mixture ingredients is unrealistic, because trace
amounts of chlorides are present naturally in most concrete-
making materials.”* The risk of corrosion, however, increases
as the chloride content increases. When the chloride content
exceeds a certain vaue, termed the chloride-corrosion
threshold, corrosion can occur provided that oxygen and
moi sture exist to support the corrosion reactions. It isimpos-
sible to establish a single chloride content below which the
risk of corrosion isnegligible for all mixture ingredients and
under all exposure conditions, and that can be measured by a
standard test.
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The chloride content of concrete is expressed as water-
soluble, acid-soluble, which includes water-soluble and
acid-insoluble chlorides, depending on the analysis method
used. Special analytical methods are necessary to determine
thetotal chloride content. Three different analytical methods
have been used to determine the chloride content of fresh
concrete, hardened concrete, or any of the concrete mixture
ingredients. These methods determine total chloride, acid-
soluble chloride, and water-soluble chloride. Acid-soluble
chlorideis often, but not necessarily, equal to total chloride.
The acid-soluble method measures chloride that is solublein
nitric acid. The water-soluble chloride method measures
chloride extractable in water under defined conditions. The
result obtained varieswith the andytical test procedure, particu-
larly with respect to particle size, extraction time, temperature,
and the age and environmental exposure of the concrete.

It isimportant to clearly distinguish between chloride con-
tent, sodium chloride content, calcium chloride content, or any
other chloride salt content. In this report, all references to
chloride content pertain to the amount of acid-soluble chloride
ion (CI7) present. Chloride contents for concrete or mortar are
expressed in terms of the mass of cement, unless stated other-
wise, and must be calculated from analytical datathat measure
chloride as a percent by mass of the analyzed sample.

Lewis’™ reported that, on the basis of polarization tests of
stedl in saturated cal cium hydroxide solution and water extracts
of hydrated cement samples, corrosion occurred when the
chloride content was 0.33% acid-soluble chloride or 0.16%
water-soluble chloride based on a 2-h extraction in water.
The porewater in many typical portland cement concretes,
made using relatively high-alkali cements, isastrong solution
of sodium and potassium hydroxides with a pH approaching
14, well above the 12.4 value for saturated calcium hydrox-
ide. Because the passivity of embedded steel is determined
by the ratio of the hydroxyl concentration to the chloride
concentration,”® the amounts of chloride that can be tolerated
in concrete are higher than those that will cause pitting cor-
rosion in a saturated solution of calcium hydroxide.””

Work at the Federal Highway Administration (FHWA)
laboratories’” showed that for hardened concrete subject to
externally applied chlorides, the corrosion threshold was
0.20% acid-soluble chlorides. A later study,69 sponsored by
FHWA at another laboratory, found the threshold to be
0.21% by mass of cement, which isin excellent agreement.
The average content of water-soluble chloride in concrete
was found to be 75 to 80% of the acid-soluble chloride con-
tent in the same concrete. This corrosion threshold value was
subsequently confirmed by field studies of bridge decks, in-
cluding several in California’® and New York,”® which
showed that under some conditions a water-soluble chloride
content of aslittle as 0.15%, or 0.20% acid-soluble chloride, is
sufficient to initiate corrosion of embedded mild steel in con-
crete exposed to chlorides in service. The FHWA-sponsored
study,69 however, found that for an unstressed prestressing
strand, the chloride threshold was 1.2% by mass of cement,
nearly six times that of nonprestressing reinforcing steel.
When stressed, the strand was more susceptible to corrosion,
but was still more resistant than mild steel. The authors later
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found that commercially available strand wires are coated
with zinc phosphate, calcium stearate, and other lubricants
before drawing. These coatings may provide corrosion pro-
tection to the strands.

In determining a limit on the chloride content of the mix-
ture ingredients, several other factors need to be considered.
Asnoted in the values already given, the water-soluble chlo-
ride content is not a constant fraction of the acid-soluble
chloride content. It varies with the amount of chloridein the
concrete, ™ the mixture ingredients, and the test method. All
the materials used in concrete contain some chlorides, and
the water-soluble chloride content in the hardened concrete
varies with cement composition, as discussed previoudly.
Although aggregates do not usually contain significant
amountsof chloride,” there are exceptions. There are reports
of aggregates with an acid-soluble chloride content of more
than 0.1%, of which less than one-third is water-soluble,
even when the aggregate is pulverized.80 The chloride is not
soluble when the unpulverized aggregate is placed in water
over an extended period, and thereisno differencein the cor-
rosion performance of reinforced concrete structures in
southern Ontario made from this aggregate compared with
that of other chloride-free aggregatesin that region.

The Ontario aggregate is not duplicated with most other
aggregates. Some aggregates, particularly thosefrom arid areas
or dredged from the sea, can contribute sufficient chlorides
to the concrete to initiate corrosion.

The chloride-corrosion threshold value may depend on
whether the chloride is present in the mixture ingredients or
penetrates the hardened concrete from external sources.
When chlorides are added to the mixture, somewill chemically
combine with the hydrating cement paste, predominantly
the aluminate phase. The amount of chloride that forms cal-
cium chloroaluminates is a function of the C3A content of
the cement.8! Chlorides added to the mixture also tend to be
distributed relatively uniformly and, therefore, do not have a
tendency to create concentration cells.

Conversely, when chlorides permeate from the surface of
hardened concrete, uniform chloride contents will not exist
around the reinforcing steel because of differences in the
concentration of chlorides on the concrete surface, local
differences in permeability, and variations in the depth of
concrete cover to the reinforcing steel, including the spacing
between the top and bottom mats. All these factors promote
differences in the oxygen, moisture, and chloride-ion con-
tents in the environment surrounding a given piece of steel
reinforcement. Furthermore, most reinforced concrete struc-
tural members contain steel reinforcement at different depths
that usually get connected electrically because the proce-
dures used to position and secure the reinforcing steel, such
as the use of bent bars, chairs, or tie wires, permit metal-to-
metal contact. Therefore, when chlorides penetrate the con-
crete, some of the reinforcing steel isin contact with chlo-
ride-contaminated concrete, while other reinforcing steel isin
relatively chloride-free concrete. The difference in chloride
concentrations within the concrete creates a macroscopic cor-
rosion cell that can possess alarge driving voltage and alarge
cathode-to-anode ratio that accelerates the rate of corrosion.
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Table 3.1—Chloride limits for new construction

Chloride limit for new construction
(% by mass of cement)
Test method
Acid-soluble Water-soluble
Category ASTM C1152 | ASTM C1218 | Soxhlet”

Prestressed concrete 0.08 0.06 0.06
Reinforced concrete

in wet conditions 0.10 0.08 0.08
Reinforced concrete

in dry conditions 0.20 0.15 015

“The Soxhlet test method is described in ACI 222.1.

In laboratory studies®? where sodium chloride was added to
themixtureingredients, asubstantial increasein corrosion rate
occurred between 0.4 and 0.8% chloride by mass of cement,
although the moisture conditions of the test specimens were
not clearly defined. Other researchers have suggested® that
the critical level of chlorides in the mixture ingredients to
initiate corrosion is 0.3%, and that this value has an effect
similar to 0.4% chlorides penetrating the hardened concrete
from external sources. In studieswhere calcium chloridewas
added to portland cement concrete, the chloride-ion concen-
tration in the pore solution remained high during thefirst day
of hydration.3* Although it gradually declined, a substantial
concentration of chloride-ion remained in solution indefinitely.

Chloride limits in national building codes vary widely.
ACI 318-95 allows a maximum water-soluble chloride-ion
content by mass of cement of 0.06% in prestressed concrete,
0.15% for reinforced concrete exposed to chloridesin service,
1.00% for reinforced concrete that will be dry or protected
from moisture in service, and 0.30% for all other reinforced
concrete construction. The British Code, CP 110, allows an
acid-soluble chloride-ion content of 0.35% for 95% of the
test results with no result greater than 0.50%. These values
arelargely based on an examination of several structuresthat
had alow risk of corrosion with up to 0.4% chlorides added
to the mixture.®° Corrosion has occurred at values less than
0.4%,89.86:87 particularly where the chloride content was not
uniform. The Norwegian Code, NS 3420-L, alows an acid-
soluble chloride content of 0.6% for reinforced concrete made
with normal portland cement, but only 0.002% chloride ion
for prestressed concrete. Other codes have different limits,
though their rationale is not well established.

Corrosion of prestressing stedl is generally a greater con-
cern than corrosion of nonprestressed reinforcement because
of the possibility that corrosion may cause alocal reduction
in cross section and failure of the prestressing steel. The high
stressesin the prestressing steel also render it more vulnerable
to stress-corrosion cracking and, where the loading is cyclic,
to corrosion fatigue. Most reported examples of failure of
prestressing steel #8889 have resulted from macrocell corro-
sion reducing the load-carrying area of the steel. Because of
the potentially greater vulnerability and the consequences of
corrosion of prestressing steel, chloridelimitsfor prestressed
concrete are lower than those for reinforced concrete.

Based on the present state of knowledge, the chloride limits
in Table 3.1 for concrete used in new construction, expressed
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asapercentage by massof portland cement, are recommended
to minimize therisk of chloride-induced corrosion.

The committee emphasizes that these are recommended
limits for new construction and not thresholds for electro-
chemical corrosion.

Normally, concrete materials are tested for chloride con-
tent using either the acid-soluble test described in ASTM C
1152 or the water-soluble test described in ASTM C 1218. If
the concrete materials meet the requirements given in either
of the relevant columnsin Table 3.1, they should be accept-
able. If the concrete materials do not meet the relevant limits
given in the table, then they may be tested using the Soxhlet
Test Method. Some aggregates contain a considerable

4

amount of chloride that is sufficiently bound and does not
initiate or contribute towards corrosion. The Soxhlet test ap-
pears to measure only those chlorides that contribute to the
corrosion proceﬁs,90 thus permitting the use of some aggre-
gates that would not be allowed if only the ASTM C 1152 or
ASTM C 1218 tests were used. If the concrete materials fail
the Soxhlet test, then they are not suitable.

For prestressed and reinforced concrete exposed to chlo-
ridesin service, it is advisable to maintain the lowest possible
chloridelevelsin the concrete mixture to maximizethe service
life of the concrete before the critical chloride content is
reached and a high risk of corrosion develops. Consequently,
chlorides should not be intentionally added to the mixture in-
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gredients even if the chloride content in the materias is less
than the stated limits. In many exposure conditions, such as
highway and parking structures, marine environments, and
industrial plants where chlorides are present, additional pro-
tection against corrosion of embedded reinforcing steel is
necessary.

Because moisture and oxygen are always necessary for
electrochemical corrosion, there are some exposure condi-
tions where corrosion will not occur even though the chlo-
ride levels may exceed the recommended values. For
exampl e, reinforced concrete that is continuously submerged
in seawater rarely exhibits corrosion-induced distress because
insufficient oxygen is present. If a portion of a reinforced
concrete member is above and a portion below water level, the
portion above can promote significant corrosion of the lower
portion due to an oxygen-concentration cell. Similarly,
where concrete is continuously dry, such asthe interior of a
building, there is little risk of corrosion from chloride ions
present in the hardened concrete. Interior locations that are
wetted occasionally, such as kitchens and laundry rooms, or
buildings constructed with pumped lightweight concrete
that is subsequently sealed before the concrete dries out,
for example with vinyl tiles, are susceptible to corrosion
damage. The designer has little control over the change in
use or the service environment of a building, but the chlo-
ride content of the concrete mixture ingredients can be con-
trolled. Estimates of whether a particular environment will
be dry can be misleading. Stratfull%* has reported case stud-
ies of approximately 20 bridge decks containing 2% calci-
um chloride built by the California Department of
Transportation. The bridges were located in an arid area
where the annual rainfall was about 125 mm (5in.), most
of which fell during a short period of time. Within 5 years
of construction, many of the bridge decks were showing
signs of corrosion-induced spalling, and most were re-
moved from service within 10 years. For these reasons, a
conservative approach is necessary.

The maximum chloride limits recommended in Table 3.1
for reinforced concrete differ from those published in ACI
318-95. As noted previously, Committee 222 has taken a
more conservative approach because of the serious conse-
guences of corrosion, the conflicting data on corrosion-
threshold values, and the difficulty of defining the service
environment throughout the life of a structure. Potentially,
some or all of the water-insoluble chloride in concrete, like
that combined with C3A, may become water-soluble at alater
age dueto reactionswith carbonate or sulfate that displace or
release the chloride in the insoluble compound of the con-
crete and free it into the pore water.

Various nonferrous metalsand alloyswill corrodein damp
or wet concrete. Surface attack of aluminum occurs in the
presence of akali-hydroxide solutions, which are always
present to some degree in concrete. Anodizing provides no
protection.

Much more serious corrosion can occur if the concrete
contains chloride ions, particularly if there is electrical
(metal-to-metal) contact between the aluminum and steel
reinforcement because a galvanic cell is created. Serious
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Fig. 3.3—FEffect of water-cement ratio and depth of concrete
cover on relative time to corrosion.2*

cracking or spalling of concrete over aluminum conduits has
been reported.®2% Certain organic protective coatings have
been recommended® where aluminum must be used and
where it isimpractical to avoid contamination by chlorides.
Other metal's, such aszinc, nickel, and cadmium, which have
been evaluated for use as coatings for reinforcing steel, are
discussed elsewhere in this chapter. Additional information
is contained in Reference 95.

Where concrete will be exposed to chlorides, the concrete
should be made with the lowest w/c consistent with achiev-
ing adequate consolidation. The effects of w/c and degree of
consolidation on the rate of ingress of chloride ions are
shown in Fig. 3.1 and 3.2. Concrete with a w/c of 0.40 was
found to resist penetration by deicing salts significantly bet-
ter than concretes with w/cs of 0.50 and 0.60. A low wi/c is
not, however, sufficient to ensure low permeability. As
shown in Fig. 3.2, concrete with aw/c of 0.32 but with poor
consolidation is less resistant to chloride-ion penetration
compared with good consolidated concrete with a w/c of
0.60. The combined effect of w/c and depth of concrete cover
is shown in Fig. 3.3, which illustrates the number of daily
applications of salt before the chloride content reached the
critical value (0.20% acid soluble) at the various depths.
Thus, 40 mm (1.5 in.) of 0.40 w/c concrete was sufficient to
protect embedded reinforcing steel against corrosion for 800
salt applications. Equivalent protection was provided by 70
mm (2.75 in.) of concrete cover with a w/c of 0.50, or 90
mm (3.5 in.) of 0.60 w/c concrete. On the basis of thiswork,
ACI 201.2R recommends a minimum of 50 mm (2 in.) con-
crete cover for the top steel in bridge decks if the w/cis 0.40
and 65 mm (2.5in.) if the w/c is 0.45. Even greater cover, or
the provision of additiona corrosion protection treatments, may
be required in some environments. These recommendations can
also be applied to other reinforced concrete structural com-
ponents similarly exposed to chloride ions and intermittent
wetting and drying.

Even when the recommended cover is specified, construction
practices should ensure that the specified concrete cover is
achieved. Placing tolerancesfor reinforcing sted, the method of
congtruction, and thelevel of ingpection should be consideredin
assuring that the pecified concrete cover is achieved.

The role of cracks in the corrosion of reinforcing stedl is
controversial. Two viewpoints exist.?¢97 One viewpoint is
that cracks reduce the service life of reinforced concrete
structures by permitting deeper and rapid penetration of car-
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bonation and a means of access of chloride ions, moisture,
and oxygen to thereinforcing steel. The cracks accelerate the
onset of the corrosion processes, and at the same time, pro-
vide space for the deposition of the corrosion products. The
other viewpoint isthat while cracks may accelerate the onset
of corrosion, such corrosion is localized. Because the chlo-
ride ions eventually penetrate uncracked concrete and ini-
tiate more widespread corrosion of the reinforcing steel, the
result is that after a few yearsin service there is little dif-
ference between the amount of corrosion in cracked and
uncracked concrete.

The differing viewpoints can be partly explained by the fact
that the effect of cracks is a function of their origin, width,
depth, spacing, and orientation. Where the crack is perpendic-
ular to the reinforcement, the corroded length of intercepted
reinforcing barsis likely to be no more than three bar diame-
ters.%’ Cracksthat follow theline of areinforci ng bar (asmight
be the case with a settlement crack) are much more damaging
because the corroded length of the bar is greater and theresis-
tance of the concrete to spalling is reduced. Studies have
shown that cracks less than approximately 0.3 mm (0.012 in.)
wide have little influence on the corrosion of reinforcing
steel.”! Other investigations have shown that thereisno rela
tionship between crack width and corrosion; %1% however,
one study102 showed that closely spaced cracks can actualy
cause greater corrosion rates with more widely spaced, wider
cracks. Furthermore, there is no direct relationship between
surface crack width and the internal crack width. Consequent-
ly, it has been suggested that control of surface crack widthsin
building codes is not the most rational approach from adura
bility viewpoi nt.2%% A detailed discussion relati ng to cracking
isavailablein ACl 224R.

For the purposes of design, it is useful to differentiate be-
tween controlled and uncontrolled cracks. Controlled cracks
can be reasonably predicted from knowledge of section ge-
ometry and loading and are generally narrow. For cracking
perpendicular to the main reinforcement, the necessary con-
ditionsfor crack control are sufficient reinforcing steel so that
it remains elastic under all loading conditions and the steel
should be bonded at the time of cracking, that is, cracking
must occur after the concrete has attained sufficient strength.

Uncontrolled cracks are often wide and usually cause
concern, particularly if they are active. Examples of uncon-
trolled cracking are cracks resulting from plastic shrinkage,
settlement, or an overload condition. Measures should be
taken to avoid their occurrence, or if they are unavoidable,
to induce them at places where they are unimportant or can
be conveniently dealt with, for example, by sealing.

3.3—Methods of excluding external sources of
chloride ion from concrete

3.3.1 Waterproof membranes—Waterproof membranes
have been used to minimize the ingress of chloride ionsinto
concrete. A barrier to water will also act as a barrier to any
externally derived dissolved chlorides. Some membranes of -
fer substantial resistance to chloride and moisture intrusion,
even when pinholes, bubbles, or preformed cracks are
present. To measure the resistance of a membrane to an hy-
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drostatic head over a preformed crack in concrete, the mem-

brane should be tested in accordance with ASTM D 5385.

The requirements for the ideal waterproofing system are
straightforward: 19
 Beeasytoinstal;

* Have good bond to the substrate;

e Be compatible with all the components of the system
including the substrate, prime coat, adhesives, and
overlay (where used); and

e Maintainimpermesbility to chlorides and moisture under
service conditions, especially temperature extremes,
crack movements, aging, and superimposed |oads.

The number of types of products manufactured that satisfy
these requirements makes generalization difficult, though
one of the most useful is the distinction between the pre-
formed sheet systems and the liquid-applied materials. 103
The preformed sheets are formed under factory conditions
but are often difficult to install, usually requiring adhesives,
and are highly vulnerable to the quality of the workmanship
at critical locations in the installation, such as at slab pene-
trations. Although it is more difficult to control the quality of
the workmanship with the liquid-applied systems, they are
easier to apply and tend to be less expensive.

Given the different types and quality of available water-
proofing products, the differing degrees of workmanship,
and the wide variety of applications, it is not surprising that
laboratory194196 and field’®107108 eyaluations of mem-
brane performance have also been variable and sometimes
contradictory. Sheet systems generaly perform better than
liquid-applied systems in laboratory screening tests because
workmanship is not a factor. Although there has been little
uniformity in methods of test or acceptance criteria, perme-
ability, usually determined by electrical-resistance measure-
ments, has generaly been adopted as the most important
criterion. Some membranes, however, offer substantial resis-
tance to chloride and moisture intrusion even when pinholes
or bubbles are present.1%6

Field performance depends not only on the type of water-
proofing material used, but also on the workmanship, weather
conditions, design details, and the service environment.
Experience has ranged from satisfactory® to failures that
have resulted in the membrane having to be removed. 109110

Blistering, which affects both preformed sheets and liquid-
applied materials, isthe single greatest problem encountered
in applying waterproofing membranes.*!! It is caused by the
expansion of entrapped gases, solvents, or moisture in the
concrete after application of the membrane. The frequency
of blistering is controlled by the porosity and moisture con-
tent of the concrete!? and by atmospheric conditions. Water
or water vapor is not necessary for blistering, but is often a
contributing factor. Blisters may result from an increase in
concrete temperature or a decrease in atmospheric pressure
during or shortly after membrane application. The rapid
expansion of vapors during the application of hot-applied
products sometimes causes punctures, termed blowholes, in
the membrane.

Membranes can beinstalled without blistering if the atmo-
spheric conditions are suitable during the curing period.
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Once cured, the adhesion of the membrane to the concreteis
usually sufficient to resist blister formation. To ensure good
adhesion, the concrete surface should be carefully prepared,
dried, and free from curing membranes, laitance, and con-
taminants such as oil drippings. Sealing the concrete before
applying the membrane is possible but rarely practical.113
Where the membrane is to be covered, for example, with
insulation or a protective layer, the risk of blister formation
can be reduced by minimizing the time between placing the
membrane and the overlay.

Venting layers have been used in Europe to prevent blister
formation by allowing the vapor pressures to disperse beneath
the membrane. The disadvantages of using venting layers are
that they require controlled debonding of the membrane, leak-
age through the membrane is not confined to the immediate
areaof apuncture, and they increase cost. Vent tubes oriented
away from exposed surfaces have aso been used.

3.3.2 Polymer impregnation—RPolymer impregnation con-
sists of filling some of the voidsin hardened concrete with a
monomer and polymerizing in place. Laboratory studies
have demonstrated that polymer-impregnated concrete (PIC)
is strong, durable, and almost impermeable.}* The proper-
tiesof PIC are largely determined by the polymer loading in
the concrete. Maximum polymer loadings are achieved by
drying the concreteto remove nearly al the evaporable water,
removing air by vacuum techniques, saturating with amono-
mer under pressure, and polymerizing the monomer while
simultaneously preventing evaporation of the monomer. The
need for severe drying and the subsequent cracking in
full-scale applications, plus the high cost, have prevented
this technique from becoming a practical solution to chlo-
rideingress.'1® Additional information on PIC isgivenin
ACI 548.1R.

There have been a few full-scale applications of PIC to
protect reinforcing steel against corrosion, but itistill largely
experimental. Some of the disadvantages of PIC are that the
monomers are expensive and that the processing is lengthy
and costly.*® The principal deficiency identified has been
the tendency of the concrete to crack during heat treatment.

3.3.3 Polymer concrete overlays—Polymer concrete over-
lays consist of aggregate in a polymer binder. The polymer
binders commonly used are polyesters, acrylics, and epoxies.
Polymer overlays can be placed either by spreading theresin
over the concrete deck and broadcasting the aggregate into
the resin, 117 or by premixing all the ingredients and placing
the polymer concrete with a screed. Polymer concretes are
rapid setting, can be formulated for a wide variety of
strengths and flexibility, are highly abrasion-resistant, and
areresistant to water and chloride-ion penetration. They are
placed between 5 to 40 mm (1/4 to 1-1/2 in.) thick. High
shrinkage and high coefficients of thermal expansion make
some resins incompatible with concrete decks; therefore,
careful selection of the polymer binder and aggregate grada-
tionisrequired. Additional information on polymer concrete
isgivenin ACI 548.5R.

Most monomers have alow tolerance to moisture and low
temperatures when applied; therefore, the substrate should be
dry and in excess of 4 C (40 F). Improper mixing of the two
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(or more) components of the polymer has been a common
source of problems in the field. The concrete substrate and
aggregates should be dry so asnot to inhibit the polymerization.

A bond coat of neat polymer is usually applied ahead of
the polymer concrete. Blistering, acommon phenomenon in
membranes, has also caused problems in the application of
polymer concrete overlays. A number of applications were
reported in the 1960s.11811° Many lasted only a few years.
More recently, experimental polymer overlays based on a
polyester-styrene monomer have been placed using
heavy-duty finishing equipment to compact and finish the
concrete, 120:121

Workers should wear protective clothing when working with
many polymers because of the potential for skin sensitization
and dermatitis.’?? Manufacturers recommendations for safe
storage and handling of the chemicals should be followed.

3.3.4. Portland cement concr ete overlays—Portland cement
concrete overlays for new reinforced concrete are applied as
part of two-stage construction. The overlay may be placed
before the first-stage concrete has set, or several days later,
in which case a bonding layer is used between the two lifts
of concrete. The advantage of the first alternative is that the
overall time of construction is shortened, extensive prepara-
tion of the substrate is not required, and costs are minimized.
In the second alternative, concrete cover to the reinforcing
steel can be ensured and small construction tolerances
achieved because dead-load deflections from the overlay are
very small. No matter which sequence of construction is
used, materials are incorporated in the overlay to provide
superior properties, such asimproved resistance to salt pen-
etration and wear and skid resistance.

Where the second-stage concrete is placed after the first
stage has hardened, sand, steel shot, or water blasting is
required to remove laitance and to produce a clean, rough,
and sound surface. Resin curing compounds should not be
used on thefirst-stage construction because they will prevent
bonding and are difficult to remove. Etching with acid was
once a common means of surface preparation, 123124 put is
now rarely used because of the possibility of contaminating
the concrete with chlorides and the difficulty of disposing of
the runoff. It also weskens the surface, whereas mechanical
preparation removes any soft surficial material.

Several different types of concrete have been used as con-
crete overlays, including conventional concrete,1?® concrete
containing steel fibers,'?® and internal ly sedled con-
crete. 12126 Two types of concrete, silica fume-modified
and latex-modified concrete—each designed to offer maxi-
mum resistance to penetration by chloride ions—have been
used most frequently.

3.3.5 Silica fume-modified concrete overlays—T he perfor-
mance of thistype of concreteis superior to that of the previ-
ously used low-slump concrete and is much easier to
consolidate and finish. Using silica fume and a high-range
water-reducer, low permeability to chloride intrusion can be
obtained. Only moderate cement contents are needed to pro-
duce a w/cm well below 0.40 due to the ability of the high-
range water reducer to greatly reduce concrete water require-
ments. The concrete should be air-entrained if used outdoors.



222R-16

Following preparation of the first-stage concrete, either
mortar or cement paste slurry, typically supplied in truck
mixers, is usually brushed into the base concrete just before
the application of the overlay concrete. The base concreteis
not normally prewetted. It is sometimes specified that mortar
from the overlay concrete be worked into the surface using
stiff-bristle brooms instead of using a separate bond coat.

Curing is performed the same as conventional concrete.
Because of greatly reduced bleeding, the potential for plastic
shrinkage cracking isincreased. Therefore, early and proper
curing is especially important.

3.3.6 Latex-modified concrete overlays—L atex-modified
concrete is conventional portland cement concrete with the
addition of apolymeric latex. The latex isacolloidal disper-
sion of polymer particles in water. The particles are stabi-
lized to prevent coagulation, and antifoaming agents are
added to prevent excessive air entrapment during mixing.
The water of dispersion in the latex helps to hydrate the ce-
ment, and the polymer provides supplementary binding
properties to produce concrete with a low w/cm, good dura-
bility, good bonding characteristics, and a high degree of re-
sistance to penetration by chloride ions. All of these are
desirable properties of a concrete overlay.

Styrene-butadiene latexes have been used most widely,
although acrylic formulations are becoming more popular.
Therate of adding the latex is approximately 15% latex sol-
ids by mass of the cement.

The construction procedures for latex-modified concrete
are similar to those for silica fume-modified concrete with
minor modifications. The principal differences are:

*  The base concrete should be prewetted for at least 1 h
before placing the overlay because the water aids pene-
tration of the base and delays film formation of the latex;

*  The mixing equipment should have a means of storing
and dispensing the latex;

e An ar-entraining admixture is not required for resis-
tance to freezing and thawing; and

e A combination of initial moist curing for some hydra-
tion of the portland cement and air drying to cause coa
lescence of the latex are required. Typical curing times
are 24 to 72 h wet curing, followed by at least 72 h of dry
curing. Coalescence of the latex istemperature-sensitive,
and strengths develop dowly at temperatures below 13 C
(55 F). Curing periods at lower temperatures may need to
be extended, and application at temperatureslessthan 7 C
(45 F) is not recommended.

Hot weather causes rapid drying of the latex-modified
concrete, which makes finishing difficult. Similar to silica
fume, the latex reduces bleeding and promotes plastic
shrinkage cracking. Some contractors have placed overlays
at night to avoid these problems. The entrapment of exces-
sive amounts of air during mixing has also been aproblemin
thefield. Most project specificationslimit thetotal air content
to 6.5%. Higher air contents reduce the flexural, compres-
sive, and bond strengths of the overlay.

Where atextureisapplied to the concrete, such as grooves
to impart skid resistance, the time of application of the tex-
tureis crucial. If applied too soon, the edges of the grooves
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collapse because the concrete flows. If the texturing opera-
tion is delayed until after the latex film forms, the surface of
the overlay tears, and because the film does not reform,
cracking often results.

High material prices and the superior performance of latex-
modified concrete in chloride penetration tests have led to
latex-modified concrete overlays being thinner than most
low-slump concrete overlays. Typical thicknesses are 40 to
50 mm (1.5t0 2in.).

Although latex-modified overlays were first used in
1957,1%7 the majority of installations have been placed since
1975. Performance has been satisfactory, though extensive
cracking and some debonding have been reported,128 espe-
cialy in overlays 20 mm (0.75 in.) thick that were not ap-
plied at the time of the original deck construction. The most
serious deficiency reported has been the widespread occur-
rence of plastic-shrinkage cracking in the overlays. Many of
these cracks have been found not to extend through the over-
lay and they apparently do not impair long-term perfor-
mance. Additional information on latex-modified concreteis
givenin ACI 548.3R, and ACI 548.4R presents a guide spec-
ification for its use.

3.4—Corrosion control methods
The susceptibility to corrosion of nonprestressed steel rein-

forcement is not significantly affected by its chemical compo-
sition, tensile properties, or level of stress. 12° Consequently,
to prevent corrosion of the reinforcing steel in a corrosive
environment, either the reinforcement should be made of a
noncorrosive material or nonprestressed reinforcing steel
should be coated to isolate the steel from contact with oxygen,
moisture, and chlorides. Corrosion of the reinforcement may
also be mitigated through the use of corrosion inhibitors or
the application of cathodic protection.

3.4.1 Noncorrosive steels—Weathering steels commonly
used for structural steel construction do not perform well in
concrete containing moisture and chlorides® and are not
suitable for reinforcement. Stainless steel reinforcement has
been used in special applications, especialy as hardware for
attaching panels in precast concrete construction, but pres-
ently, relatively high material costsprecludeit from replacing
nonprestressed steel reinforcement in most applications.
Stainless-steel clad bars have been evaluated in the FHWA
time-to-corrosion studies.’3® They were found to reduce
the frequency of corrosion-induced cracking compared
with uncoated carbon steel in the test slabs, but did not pre-
vent it. It was not determined, however, whether the cracking
was from corrosion of the stainless steel or corrosion of the
base carbon steel at flaws in the cladding.

3.4.2 Coatings—Metallic coatings for steel reinforcement
fall into two categories. sacrificial or noble (nonsacrificial).
In general, metals with a more negative corrosion potential
(less noble) than steel, such as zinc and cadmium, give sac-
rificial protection to the steel. If the coating is damaged, a
galvanic coupleisformed in which the coating is the anode.

*“Voluntary Certification Program for Fusion-Bonded Epoxy Coating Applicator
Plants,” CRSI, Schaumburg, Il1., 1991.
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Noble coatings, such as copper and nickel, protect the steel
aslong asthe coating is unbroken because any exposed steel
isanodic to the coating. Even where stedl is not exposed, mac-
rocell corrosion of the coating may occur in concrete through
amechanism similar to the corrosion of uncoated steel.

Nickel, 131132 cadmium, 33 and zinct31 1341 have all been
shown to be capable of delaying, and in some cases preventing,
the corrosion of reinforcing steel in concrete, but only zinc-
coated (galvanized) reinforcing bars are commonly available.

Results of the performance of galvanized reinforcing bars
have been conflicting, in some cases, extending the time-to-
cracking of laboratory speci mens,'3® in others reduci ng
it,237 and sometimes giving mixed results.3® It is known
that zinc will corrode in concrete'3213% and that pitting can
occur under conditions of nonuniform exposure in the pres-
ence of high chloride concentrations.2*° Field studies'3® of
embedded galvanized barsin servicefor many yearsin either
amarine environment or exposed to deicing salts havefailed
to show any deficiencies. In these studies, however, chloride-
ion concentrations at the level of the reinforcing steel were
low, so that the effectiveness could not be established con-
clusively. Marine studies*! and accelerated field studies!*?
have shown that galvanizing will delay the onset of delami-
nations and spalls, but will not prevent them. In general, it
appearsthat only adight increasein servicelifewill be obtained
in severe chloride environments.2*3 When galvanized rein-
forcing bars are used, al bars and hardware in the exposed
portions of the structure should be coated with zinc to prevent
galvanic coupling between coated and uncoated steel 143

Numerous nonmetallic coatings for steel reinforcement
have been evaluated,'*14" but only fusion-bonded epoxy
powder coatings are produced commercially and widely
used. The epoxy coating isolates the steel from contact with
oxygen, moisture, and chlorides and inhibits the passage of
an electrochemically produced current.

The process of coating the reinforcing steel with the epoxy
consists of electrostatically applying finely divided epoxy
powder to thoroughly cleaned and heated bars. Many plants
operate a continuous production line, and many have been
constructed specifically for coating reinforcing stedl. Integrity
of the coating is monitored by electrical holiday detectors
and resistance to cracking during bend tests using procedures
such as those detailed in ASTM A 775. The use of epoxy-
coated reinforcing steel has increased substantially since its
first usein 1973.

The Concrete Reinforcing Stedl Ingtitute (CRSI) hasimple-
mented avoluntary certification program’ for plants applying
fusion-bonded epoxy coating to address concerns over the
quality of the manufactured coated bars. This industry-
sponsored program was developed to provide independent
certification that a particular plant and its personnel are
equipped, able, and trained to produce coated reinforcement
in conformance with the latest industry standards.

The purpose of the certification programisto ensureahigh
level of excellencein plant facilities and production operations,
assist plant management, and provide recognition to plants that
demonstrate a high level of excellence.
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The chief difficulty in using epoxy-coated bars has been
in preventing damage to the coating in transportation and
handling. Specifically, damage can result from poor storage
methods, rough installation, impact from hand tools, and
contact with immersion vibrators. Cracking of the coating
has also been observed during fabrication of precoated bars
where there has been inadequate cleaning of the bar before
coating or the thickness of the coating has been outside
specified tolerances. Padded bundling bands, closely spaced
supports, and nonmetallic slings are required to prevent
damage during transportation, handling, and storage at the
job site. Coated tie wires, coated wire bar supports, and pre-
cast concrete block bar supports are needed to minimize
damage to the bar coating during placing. Current practices
require al damageto berepaired. If thetotal amount of dam-
aged coating exceeds the limit in project specifications, the
coated bar is unacceptable and must be replaced. Damaged
coating isrepaired using atwo-component liquid epoxy, but
it ismore effective to adopt practicesthat prevent damageto
the coating and limit the need for touch-up. Accelerated
time-to-corrosion studies have shown that nicks and cuts in
the coating do not cause rapid corrosion of the exposed steel
and subsequent distress in the concrete.2® The damaged
coated bars, however, were not electrically connected to
uncoated cathodic steel in the early accelerated tests. Subse-
quent tests'*? showed that evenin the case of electrical coupling
to large amounts of uncoated steel, the performance of dam-
aged and nonspecification bars was good but not as good as
when all the steel was coated. Consequently, for long lifein
severe chloride environments, consideration should be given
to coating all the reinforcing stedl. If only some of the steel
is coated, precautions should be taken to ensure that the
coated bars are not electrically coupled to large quantities of
uncoated steel.

Early studieshave demonstrated that epoxy-coated, deformed
reinforcing bars embedded in concrete can have bond
strengths and creep behavior equivalent to those of uncoated
bars.1%0151 Another study®? reported that epoxy-coated
reinforcing bars have less dip resistance than reinforcing
barswith normal mill-scale although, for the particul ar spec-
imens tested, the epoxy-coated bars attained stress levels
compatible with ACI tension development length require-
ments. In all instances, however, tension development
lengths used for design purposes should be in accordance
with ACI 318, which requires an increase in development
lengths for epoxy-coated bars.

3.4.3 Chemical inhibitors—A corrosion inhibitor is an
admixture that will either extend the time to corrosion initi-
ation or significantly reduce the corrosion rate of embedded
metal, or both, in concrete containing chloridesin excessof the
accepted corrosion threshold value for the metal in untreated
concrete. The mechanism of inhibition is complex, and no
general theory is applicableto all situations.

The effectiveness of numerous chemicals as corrosion
inhibitors for reinforcing steel in concrete!?®153-162 pag
been studied. The compound groups investigated have been
primarily chromates, phosphates, hypophosphites, akalies,
nitrites, fluorides, and amines. Some of these chemicals are
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effective; others have produced conflicting results in lab-
oratory tests. Some inhibitors that appear to be chemically
effective may have adverse effects on the physical prop-
erties of the concrete. All inhibitors should be tested in
concrete before use.

Calcium nitrite has been documented to be an effective
inhibitor,61-163 and since 1990, an admixture containing
amines and fatty acid esters, 15718 and another consisting of
alkanolamines!%160 have also been reported to be effective
inhibitors. Studies continue on the effectiveness of corrosion
inhibitorsin new construction and in the repair and rehabili-
tation of existing structures.

Some admixtures, which were used to prevent corrosion of
the reinforcing steel by waterproofing the concrete, notably
silicones, have been found to be ineffective. 153

3.4.4 Cathodic protection—Although cathodic protection
has been used to rehabilitate existing salt-contaminated
concrete structures for over 25 years, its application to
new reinforced concrete structuresis relatively new. The
cathodic current density necessary to maintain a passive
layer on the reinforcing steel before the reinforced concrete
is contaminated with chlorides; however, itisrelatively low,
and the chlorideion tendsto migrate towardsthe anode. Typical
operating current densities range between 0.2 and 2.0 mA/m?
(0.02-0.2 mA/ftz) for cathodic protection of new rein-
forced concrete structures, compared with 2 to 20 mA/m?
(0.2 -2 mA/ftz) for existing salt-contaminated struc-
tures.184 Cathodic protection can be used by itself or in
conjunction with other methods of corrosion control.

CHAPTER 4—PROCEDURES FOR IDENTIFYING
CORROSIVE ENVIRONMENTS AND ACTIVE
CORROSION IN CONCRETE

4.1—Introduction
Corrosion-induced damage in reinforced concrete struc-

tures such asbridges, parking garages, and buildings, and the
related cost for maintaining them in a serviceable condition,
is a source of major concern for the owners of these struc-
tures. There have been many examples of severe corrosion-
induced damage of such structures. The total cost of corro-
sion in reinforced concrete amounts to billions of dollars
annually. The corrosion problem, which is primarily caused
by chloride intrusion into concrete, is particularly acute in
snow-belt areas where deicing salts are used and in coastal
marine environments. Detecting corrosion in its early stages
and developing repair, rehabilitation, and long-term protec-
tion strategiesto extend the servicelife of structuresare chal-
lenging tasks. Effective survey techniques are necessary to
evaluate the corrosion status of structures and facilitate imple-
mentation of appropriate and timely remedial measures while
allocating available resources in the most efficient manner.
Selecting the most technically viable and cost-effective
remedial measure for a deteriorated reinforced concrete
structure in a corrosive environment is a formidable task.
The alternatives span the extremes of ‘do nothing’ to com-
plete replacement of the structure. Most often, some type of
corrosion prevention or rehabilitation measure is deemed
appropriate, and the specific approach to be used needsto be
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made. This process has historically been arduous, with no
standardsor other guidelinesavailableto assistintheanalysis.
A step-by-step process, however, has evolved for the purpose
of selecting atechnically viable and cost-effective solution for
agiven structurein acorrosive environment. This methodol ogy
has been successfully applied to bridge structures and can be
applied to any reinforced concrete structure in a corrosive
environment.16°

The methodology includes the following steps:

1. Obtain information on the condition of the structure and
its environment;

2. Apply engineering analysisto theinformation and defining
ascope of work;

3. Conduct athorough condition evaluation of the structure;

4. Analyze the condition evaluation data;

5. Develop a deterioration model for the subject structure;

6. ldentify rehabilitation options that are viable for that
particular structure;

7. Perform life-cycle cost analysis (LCCA); and

8. Define the most cost-effective aternative for rehabili-
tating the structure.

The first step in the methodology involves reviewing
structural drawings, reports of previous condition surveys,
and availableinformation on the environmental conditionsat
the site. Acquired information should include the following:
« Location, size, type, and age of the structure;

e Any unusual design features,

e Environmental exposure conditions, such as tempera-
ture variations, marine environment, and precipitation;

e Reinforcing steel details;

e Type of reinforcement such as uncoated, epoxy-coated,
galvanized, nonprestressed steel, or prestressing steel;

»  Drainage details, maintenance, and repair history; and

*  Presence of any corrosion-protection systems.

The second step entails engineering analysis of the obtained
information to develop a specific scope of work that is fol-
lowed in the third step in the process, which is to conduct a
thorough condition survey of the structure. The condition
survey involves performing appropriate field and laboratory
tests to quantify the deterioration of the subject structure.
The fourth step focuses on analyses of the field and labora-
tory test results, which then facilitates the next step in the
process. development of a deterioration model. Deteriora
tion models are a set of mathematical relationships between
corrosion condition data and remaining service life, future
condition of the structure, or estimated future damage. Sev-
eral models have been proposed that predict remaining service
life using different definitions of end of life.166-167 For any
of these models to be functional, they have to be correlated
with actual field conditions or a sufficiently large database.
A deterioration model also provides information on the op-
timum time to repair or rehabilitate a given structure. 168
Detailed information on the service life prediction of con-
crete structures can be found in ACI 365R.

The condition survey data, the output from the deteriora-
tion model, and the amount of damage that can exist on apar-
ticular structure before it should be repaired are used in the
next step, identifying rehabilitation options that are viable
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for that particular structure. In this step, anumber of options
for rehabilitation are defined based on technical viability and
desired service life of the structure.

Thelast step in the methodology isthe LCCA, which com-
pares and eval uates the total cost of competing rehabilitation
optionsto satisfy identical functions based on the anticipated
life of the rehabilitated structure.1%616% The value of a par-
ticular rehabilitation option includes not only itsinitial cost,
but also the cost of using that option for the desired time pe-
riod. To perform aLCCA, one must estimate the initial cost,
maintenance cost, and service life for each rehabilitation
strategy being considered. Finally, based onthe LCCA results,
the most cost-effective rehabilitation strategy can be selected.

The focus of this chapter is on technologies and instru-
mentation used for conducting condition evaluations of
reinforced concrete structures, or Step 3 of the methodol ogy,
to identify corrosive environments and active areas of
corrosion.

4.2—Condition evaluation of reinforced
concrete structures
Over the years, a number of techniques and procedures

have been developed to facilitate a proper condition assess-
ment of areinforced concrete structure. Judicious use of these
techniques and proper data interpretation are required before
arriving at a conclusion and implementing corrective action.

Several nondestructive test (NDT) methods are available
for assessing, either indirectly or directly, the corrosion
activity of reinforcing steel in concrete or future propensity for
corrosion. Other test methods are also available for assessing
the condition of the concrete. A typical condition survey
therefore involves two interrelated aspects: corrosion of the
reinforcing steel and concrete evaluation. ACl 228.2R pro-
vides details on the underlying principles of most of theNDT
methods discussed in this chapter.

The objective of the condition survey is to determine the
cause, extent, and magnitude of the reinforcing steel corro-
sion and what can be expected in the future with regard to
continued deterioration. Based on the specific scope devel-
oped for the target structure, some or al of the procedures
listed as follows would be utilized in the condition survey.

Methods for evaluating the corrosion of reinforcing steel:
*  Visua inspection;

e Delamination survey;

»  Concrete cover measurements,

e Chloride-ion content analyses;

*  Depth-of-carbonation testing;

»  Electrical-continuity testing;

»  Concrete moisture and resistivity measurements;

*  Corrosion potential mapping;

»  Corrosion rate measurements; and

»  Determination of cross section loss on reinforcing steel.

Concrete evaluation test methods:

*  Visual inspection;

* Core collection and compressive strength testing (on
cores or in place);

*  Rapid chloride permeability testing; and

»  Petrographic analysis.
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Poston et a. summarizes various methods that can be used
for conducting a.condition assessment of concrete structures. 1™

4.3—Corrosion evaluation methods

Good-quality concrete has excellent compressive strength
but is relatively weak in tension. Hence, reinforcing steel is
incorporated into structural concrete members primarily to
resist tension. The reinforcing steel may be conventional
(nonprestressed reinforcing bars or welded wire fabric), pre-
stressed (high-strength steel tendons), or a combination of
both.

Nonprestressed reinforcing steel usually consists of de-
formed bars and may be uncoated, epoxy-coated, or galva-
nized. Most reinforced concrete structures such as bridges,
parking garages, and buildings contain nonprestressed rein-
forcing steel. Prestressed reinforcing stedl istypically in the
form of seven-wire strands or bars. There are two types of
prestressed concrete: pretensioned and post-tensioned.

In pretensioned structures, the tendons are first stressed to
apredetermined force in a prestressing bed. Concreteisthen
cast in the bed and, once it has gained sufficient strength, the
prestressing force on the tendons is released. The tendency
for the prestressing steel within the hardened concrete to
contract places the concrete in a state of residual compres-
sion and thus the prestressed concrete element is able to
resist greater loads in service. Examples of pretensioned
concrete components include beams, columns, and pilings.

In modern post-tensioned structures, the prestressing ten-
donsare contained in ducts that are, in turn, positioned in the
formwork. Concrete is cast, and after it has hardened and
gained sufficient strength, the tendons in the ducts are ten-
sioned and the two ends are anchored. Asin the case of pre-
tensioned concrete, compressive stresses are imparted to
the concrete. In unbonded post-tensioning, the tendons are
anchored only at anchorages at the ends of the structural
member. Tendons in unbonded post-tensioned concrete are
typically coated with grease that contains a corrosion inhibi-
tor. In some cases, agrout durry is pumped into the duct after
the post-tensioning process. This is referred to as bonded
post-tensioning. Examples of post-tensioned concrete com-
ponentsinclude parking garages, bal cony slabs, and bridges.

Corrosion-evaluation methods are primarily oriented to-
wards concrete structures with nonprestressed reinforce-
ment. Some methods, particularly those that directly
measure corrosion, are not applicable to post-tensioned
structures for reasons that are discussed in Section 4.3.2.

4.3.1 Nonprestressed reinforced concrete structures—
The different test methods that can be used to identify corro-
sive environments and active corrosion in structures with
nonprestressed reinforcement are discussed as follows.

4.3.1.1 Visual inspection—A visual inspection or condi-
tion survey isthefirst step in the evaluation of astructurefor
assessing the extent of corrosion-induced damage and the
general condition of the concrete. A visua survey includes
documentation of cracks, spalls, rust stains, pop-outs, scal-
ing, and other visual evidences of physical deterioration of
the concrete. The size and visual condition of any previous
patch repairs should be also documented. In addition, the
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condition of any existing corrosion protection systems or
materials and drainage conditions, in particular evidence of
poor drainage, should be recorded.

The visual survey information is recorded on a scaled
drawing of the structure. A visual inspection isavital part of
the evaluation because the use of subsequent test proce-
dures depends on the visual assessment of the structure.
Theinspection should follow an orderly progression over the
structure so that no sections of the structure are overlooked.

ACI 201.1R provides guidelines for conducting visual in-
spection surveys on all types of reinforced concrete structures
along with photographic examples of typical concrete defects.

4.3.1.2 Delamination survey—The most important form
of deterioration induced by corrosion of reinforcing steel is
delamination of the concrete. A delamination is a separation
of concrete planes, generally parallel to the reinforcement,
resulting from the expansive forces of corrosion products.
Depending on the ratio of concrete cover to bar spacing, the
fracture planes will either form V-shaped trenches, corner
cracks, or adelamination at the level of the reinforcing steel
parallel to the surface of the concrete. The extent of delami-
nations increases with time due to continuation of the corro-
sion process, cycles of freezing and thawing, and impact of
traffic. Upon attainment of critical size, a delamination will
result in a spal. As part of any repair or rehabilitation
scheme, delaminated concrete should be removed, corroded
reinforcement should be treated, and the areas where con-
crete was removed should be patched. The extent of concrete
delamination influences the selection of cost-effective re-
pair, rehabilitation, and long-term protection strategies.

Several different techniques, based upon mechanical,
electromagnetic, or thermal principles, are presently avail-
able to detect delaminations. Sounding techniques, such as
striking with achain, rod, or hammer, impact-echo (or pulse-
echo), impulse response, and ultrasonic pulse velocity are
examples of mechanical energy-based systems. Short-pulse,
ground-penetrating radar (GPR) is an €l ectromagnetic energy-
based system; infrared (IR) thermography isathermal energy-
based system.

The most commonly used and least expensive method for
determining the existence and extent of delaminations is
sounding with a chain, hammer, or steel rod. Depending
upon the orientation and accessibility of the concrete sur-
face, the concrete is struck with a hammer or rod, or achain
is dragged across the surface. Concrete with no delamina-
tions produces a sharp ringing tone; delaminated areas emit
adull, hollow tone. ASTM C 4580 describes thistest method.
For large horizontal areas, such as highway bridge decks, a
chain is dragged along the concrete surface to locate delam-
inations. The edges of delaminated are then defined using a
steel rod or hammer. Vertical surfacesand the bottom surfaces
of slabs or other overhead areas are more easily tested with a
hammer or steel rod. Delaminated areas are outlined on the
concrete surface and subsequently transferred to survey
drawings with reference to the survey grid coordinates.
Delaminated areas are often approximated as rectangles to
facilitate saw-cutting their perimeter prior to removing the
delaminated concrete.
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The sounding technique depends on operator judgment
and is prone to operator errors. Operator fatigue and high
background noise levels can also reduce the accuracy and
speed of the survey.

To overcome these problems, the Texas Department of
Transportation automated the sounding technique with the
development of the Delamtect® in 1973.171:172 The essential
components of the Del amtect® consist of automated tappers,
a strip chart recorder, and acoustic receivers. The Kansas
DOT and the lowa DOT improved the technique and devel-
oped appropriate software to expedite data processing. Use
of the Delamtect® has been very limited.

Other mechanical energy-based devices, such as the ultra-
sonic pulse velocity, the impact-echo, and the impulse re-
sponse methods, have been evaluated for detecting
delaminations but have not been implemented on a wide-
spread basis. The ultrasonic pulse velocity method is a prov-
en techniquefor detecting flaws, such asvoidsand cracks, in
concrete as well as determining concrete properties, such as
the modulus of elasticity and density (ASTM C 597). This
technique has been demonstrated to accurately detect delami-
nations, if through transmission of the ultrasonic pulseis pos-
sible. A large number of testsis required, however, because
measurements have to be conducted on afine grid.

The impact-echo technique can detect internal concrete
defects, such as voids, cracks, or delaminations in concrete
structures. 1’3174 |n this method, a broad-band displacement
transducer measures surface displacements resulting from
the propagation of stress waves generated by an external im-
pact. Differences in the characteristics of the reflected sig-
nals are used to locate interna defects in the concrete.
Interpreting impact-echo data requires expert knowledge and
experience. Additionally, alarge number of testsis required
because measurements have to be conducted on afinegrid to
obtain meaningful results. The impact-echo method can also
be effectively used to determine the thickness of in-place
concrete slabs and ASTM has developed a standard for this
purpose (ASTM C 1383).

Commercial GPR and IR thermography systems are rela-
tively new developments for detecting delamination. Short-
pulse GPR isaunique type of radar design based on the nec-
essary tradeoff between propagation depth through solid,
nonmetallic materials, and resol ution in the medium. IR ther-
mography relies on thermal differentials in the medium to
detect defects.

4.3.1.2.a GPR survey—The use of GPR as a nonintru-
sive method of detecting deterioration in concrete bridge
decks was first reported in 1977,17° and additional work re-
sulted in improvements in the accuracy of the technique.1’®-
178 GPR technol ogy was studied in depth under the Strategic
Highway Research Program (SHRP) research efforts and is
considered to be aviable technique for detecting deterioration
in reinforced concrete.>”® Based on the SHRPwork, AASHTO
has developed a provisional standard for evaluating asphalt-
covered bridge decks using GPR (AASHTO TP 36). The
use of GPR to detect delaminations is also described in
ASTM D 6087.



PROTECTION OF METALS IN CONCRETE AGAINST CORROSION

GPR is analogous to the echo methods (impact echo or
pulse echo) used for delamination detection, except that
GPR uses electromagnetic waves instead of stress waves.
Echoes and reflections of radio frequency waves originating at
theinterface between materialswith different dielectric or con-
ductive characteristics are analyzed to detect delaminations.

A short-pulse GPR typicaly emits precisely timed, very
short pulses of low-power, radio-frequency energy. Each
pulselastsabout 1 nanosecond and occurs at arate greater than
1 million times per second. The transmitted pulse is radiated
downward toward the concrete surface by an antenna. Asthe
transmitted pul se encounters adifference in didlectric property
or conductivity, a portion of the radio frequency wave is re-
flected and the remaining portion propagates through the me-
dium. Thereflected waves are picked up by the antenna, fed to
areceiver, and processed for display and analysis.

GPR can be used on bare and asphalt-covered concrete to
identify areasthat are obviously or very probably deteriorated.
Depending on the concrete quality, moisture content, and
thickness of the asphalt overlay, GPR will either directly
identify delaminations or detect moisture and chloride ions
in cracks. In dry, low-permeability concrete (a low-loss
medium), radar has difficulty in identifying delaminations
with sufficient accuracy. Accuracy can be further reduced if
either the concrete cover or the asphalt overlay thicknessis
small, or both. GPR is more accurate in detecting delamina-
tions that are filled with moisture and chloride ions.1”®

Rapid improvement of computer hardware and software
over the last few years has had atremendous impact on GPR
technology. Data acquisition, processing, and interpretation
have become much more efficient and relatively simpler.
Expert knowledge, however, is still required. GPR vehicles
with multiple radar antennas have been devel oped. Thelatest
GPR device, recently developed at the Lawrence Livermore
Laboratories under FHWA funding, has a 64-channel anten-
na array covering a width of 1.9 m (6.2 ft) and operates at
normal traffic speeds.180 GPR surveys can be conducted at
highway speeds, but for accurate results, surveys are best
carried out at speeds of 24 to 32 kph (15 to 20 mph). Addi-
tionally, GPR surveys require minimal traffic control, which
makes the technique attractive for application on bridge
structures.

4.3.1.2.b IR survey—IR thermography was initially
developed as a pavement inspection tool in the late 1970s
and early 1980s.181182 The | R technique can be used to iden-
tify delaminationsin reinforced concrete structures by observing
the effects of temperature differential between delaminated
and sound reinforced concrete under certain environmental
conditions. 183 Use of IR thermography asaviable nondestruc-
tive technique for detecting delaminations in concrete bridge
deckswas initiated in the 1980s and was applied successfully
to some bridge structures.184186 ASTM has developed a
standard test method for detecting delaminations in bridge
decks using IR thermography (ASTM D 4788).

Anomaliesin the emission of thermal radiation, surfacera-
diance, from aconcrete surface are picked up in IR thermog-
raphy and analyzed to detect delaminations. A delamination
is marked by a separation of concrete planes. These separa-
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tions are usually filled with air or moisture, both of which
have different thermal properties compared with concrete.
The differencein thermal propertiesimpacts temperature gra-
dients within the concrete and thermal radiation, particularly
during cool-down and warm-up of the structure. With proper
calibration, the thermal radiation can be converted to temper-
ature, and variations in the surface temperatures detected by
IR form the basisfor identifying probable delaminations. Sev-
eral handicaps exist. Differences in thermal gradients can be
created by the sun shining directly on some sections of the
structure and not on others and various other adverse climatic
conditions. Interpretation of data under such conditions be-
comesdifficult, and accuracy isreduced. Also, because IR can
detect a 0.08 C (0.15 F) difference in temperature, even the
outlines of ahuman hand placed on the concrete for 1 min can
be detected. Such sensitivity makesinterpretation of dataeven
more complicated and proneto error.

4.3.1.3 Concrete cover measurements—The depth of con-
crete cover over the reinforcing steel has a great influence on
thetimeto corrosion initiation of thereinforcing steel. A shal-
low concrete cover obvioudy allows easier access of deleteri-
ous substances, which leads to more rapid corrosion of the
reinforcing steel and subsequent deterioration of the structure
if other environmental conditions are conducive. Locating re-
inforcing steel isalso essential in conducting corrosion condi-
tion surveys. The location of the reinforcing steel and the
depth of concrete cover can be determined nondestructively
using adevice called acovermeter, pachometer, or reinforcing
stedl locator. Alternatively, GPR can be used to locate reinforc-
ing steel, and small-diameter holes can be drilled to exposere-
inforcing steel for direct measurement of concrete cover.
Concrete cover information isvaluablein ng the corro-
sion susceptibility of reinforcing steel and deviations from
original contract documents, particularly, the project or as-
built drawings for the reinforcement.

A covermeter measures variations in either magnetic flux
or magnetic fields induced by eddy currents, due to the pres-
ence of steel, to locate reinforcement and determine the
depth of concrete cover. The accuracy of covermetersvaries,
but generaly, it is very accurate. Cover measurements have
less error when the structure is lightly reinforced. For accu-
rate cover measurements, prior knowledge of the size of the
reinforcing steel isnecessary. A few covermeters can estimate
the size of reinforcement within two bar sizes, and some can
also store measurements and transmit them to a computer.

Commercialy available covermeters are compact, with
single-element, hand-held probes, and are very useful for
locating and determining the concrete cover over individual
reinforcing bars. Obtaining cover measurements over large
areas of astructure, however, istime-consuming and tedious.

Single-point covermeters can be used to devel op depth-of -
cover maps in the same way as half-cell potential maps are
produced. The covermeter is used to determine the depth of
cover a individual grid points on the structure. These read-
ings are then recorded on a standard dataform with reference
to the grid coordinates. Results can then be entered manually
into a computer or transmitted directly to generate concrete
cover maps. Thereisno standard test procedure for conducting
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cover measurements. Additiona information on covermeters
isgivenin ACl 228.2R.
4.3.1.4 Chloride-ion content analysis—Chlorideionsare
amajor contributing factor in the corrosion of steel in con-
crete, provided sufficient moisture and oxygen are present.
Chloride sampling and analysis methods for laboratory and
field determinations are discussed in the sections that follow.
4.3.1.4.a Chloride sampling—The chloride content in
concrete is determined through analysis of powdered con-
crete samples. Samples can be collected on site at different
depths up to and beyond the level of the reinforcing steel us-
ing a hammer drill (AASHTO T 260). Care should be exer-
cised to avoid inadvertent contamination of the samples.
Alternatively, cores can be collected and powdered samples
can be obtained at different depthsin the laboratory. The lat-
ter method provides better control on sample depths and
greatly reduces the risk of contamination.
4.3.1.4.b Chloride analysis: laboratory method—The
chloride-ion content of concrete is usually measured in the
laboratory using wet chemical analysis, for example AASHTO
T-260, ASTM C 1152, and ASTM C 1218. Separate proce-
dures are available for determining water-soluble and acid-
soluble chloride content. Another procedure available for
water-soluble chloride content analysis is known as the
Soxhlet extraction technique, which involves a method of
refluxing concrete chipsin boiling water (ACI 222.1). Deter-
mination of chloride concentration in hardened concrete
most often involves acid-soluble chloride content analysis,
which is achieved through the standardized acid extraction
test givenin AASHTO T-260. Tota chloride content analysis
in concrete is typically performed because bound chlorides
in the concrete can become unbound as a result of chemical
reactions within the concrete over a period of time.*®” For
example, relatively insoluble chloroaluminate, which is
formed when chlorides are present in fresh concrete, may
convert with time and exposure to sulfoaluminate and car-
boaluminate, releasing free chloride ions. 87 Additionally,
the acid extraction test is more reproducible and less time-
consuming than water-soluble chloride analysis procedures
and has become more accepted.lB&189
Chloride content results are reported in percent chloride by
mass of concrete, parts per million (ppm) chloride, percent
chloride by mass of cement, or kilograms per cubic meter
(pounds of chloride per cubic yard) of concrete. The results
can be easily converted from one unit to another using appro-
priate conversion factors, 189190
4.3.1.4.c Chloride analysis: field method—Although
laboratory testing is most accurate, it is also time-consuming,
often taking several weeks before results are available. Asa
result, field test kits have been developed. Two commercial
units are available, both of which use a specific ion elec-
trode. Field test kits allow rapid determination of chloride
levelsto be made on site. Some precautions need to be taken.
Recently, areport evaluated the accuracy of the two chloride
test kits against the AASHTO laboratory method.11 The pri-
mary conclusion was that both test kits correlate well with
the AASHTO method at chloride concentrations between
approximately 0.010 and 0.350% (0.20 and 8.10 kg/m3 or
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0.40 and 13.70 Ib/yd®) by mass of concrete. Two kits gave
results that represented approximately 57 to 62% of the
AASHTO values. Therefore, depending on the particular
field kit used, a correction factor must be applied to obtain
accurate results.

The SHRP research effort evaluated one of the field test
kits and arrived at the same conclusion.’®? Accordi ngly,
some modifications were made to the test procedure. The
SHRP-modified field chloride test method has been incorpo-
rated in the latest version of AASHTO T-260 as an aterna
tive to the more frequently used potentiometric titration
method. It is important to note that some errors exist in the
SHRP devel oped equations and these have been partly trans-
ferred to the AASHTO T-260 document.'%3

4.3.1.5 Depth of carbonation testing—Carbonation test-
ing can be carried out on site at alater time using core samples
that have been carefully preserved or during petrographic
analysis. The depth of carbonation is measured by exposing
a fresh concrete surface and applying a solution of phenol-
phthalein in ethanol. Phenolphthalein is a clear pH indicator
that turns magenta (or apink tint) at or above apH of approx-
imately 9. Therefore, when applied to a freshly exposed con-
crete surface, the solution will indicate areas of reduced
alkalinity. The magentaareasindicate uncarbonated concrete;
the colorless areas indicate carbonated concrete. Because of
the presence of porous aggregates, voids, and cracks, the car-
bonation front only approximates a straight line parallel to
the concrete surface. No consensus standard is currently
available for this test technique.

The depth-of-carbonation test is most important for older
reinforced concrete structures. If carbonation is a contribut-
ing factor to the deterioration of agiven structureand it isnot
accounted for, one can expect future premature damage after
repairs are completed.

4.3.1.6 Electrical continuity testing—This test is per-
formed to determine whether or not various embedded metallic
elements are in electrical contact with each other. The test
has three purposes:

1. Results of thistest are needed before conducting corro-
sion potential surveys (corrosion potential mapping) and rate
of corrosion tests on the reinforcing steel;

2. Direct contact between reinforcing steel and other metals
can lead to accel erated corrosion of the steel if the steel ismore
anodic with respect to the metal, for example aluminum; and

3. The state of electrical continuity of all embedded metals
must be known when considering electrochemical options
for protection against corrosion.

The corrosion potential survey is particularly sensitive to
continuity because all thereinforcing steel within agiven po-
tential survey areamust be electrically continuousif dataare
to be collected in a grid pattern. If the ground connection is
made to a reinforcing bar or other metallic element that is
electrically isolated from the reinforcing steel in the survey
areg, thereadingswill essentially be remote corrosion-potential
measurements of the isolated ground and are meaningless.
The same is true for rate-of-corrosion testing. If reinforcing
steel within asurvey areais electrically discontinuous, sepa-
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rate ground connections must be made to each reinforcing

bar where corrosion measurements will be made.

Wire bar supports, direct contact at crossings, and wireties
normally provide good electrical continuity throughout cast-
in-place sections of a reinforced concrete structure. Precast
reinforced concrete members also exhibit good electrical
continuity. Electrical continuity, however, should always be
verified during a condition survey. Continuity across expan-
sion joints, between scuppers and reinforcing steel, and be-
tween railings and reinforcing steel is always suspect and
requires verification. Any metallic element can be used as
the ground location for testing if it is electrically continuous
to the reinforcing steel being tested. During the survey plan-
ning stage, proposed potential grid map locations should be
laid out to avoid spanning obvious discontinuities.

Theoretically, when epoxy-coated reinforcing bars are
used, every bar should be electrically isolated or, in other
words, electrically discontinuous. Testing on existing struc-
tures with epoxy-coated reinforcing bars, however, has
shown that the degree of electrical continuity can range from
none to complete depending upon the structure. Therefore,
before conducting electrical tests on epoxy-coated reinforc-
ing bars, each bar should be tested for electrical continuity.

4.3.1.6.a Test procedure—Reinforcing steel must be
exposed so that electrical contact to individual bars can be
made. If the reinforcing bars are not exposed, a pachometer
should be used to locate them (Section 4.3.1.3). Once locat-
ed, the reinforcing bars can be exposed by coring or rotary
hammer. There are several test methods for checking electri-
cal continuity:

» DC resistance. The resistance between two metallic
elements is measured with a high impedance multimeter
with lead polarity normal and reversed. Resistance values
greater than one ohm indicate discontinuity;

e DC voltage difference. The potential difference
between two metallic elementsis measured with a high
impedance multimeter. Potential differences greater
than one mV indicate discontinuity;

» ACresistance. The AC resistance between two metallic
elements is measured with an AC bridge null resistance
meter. AC resistance values greater than one ohm indi-
cate discontinuity; and

» Half-cell potentials. The potential of several metallic
elements to be tested is measured against a reference
cell placed at a fixed location on the concrete surface.
Potential measurements greater than 3 mV indicate elec-
trical discontinuity.

None of these methods provide a definite assurance of
continuity. Each test requires a degree of interpretation and
experience to confirm electrical continuity, because the cut-
off level of acceptable resultsis not a definite point. All four
test methods, however, will provide a definite indication of
discontinuity. The DC resistance and voltage difference
methods are the most commonly used for electrical continuity
testing. No consensus standard is currently available for
these test methods.

4.3.1.7 Concrete moisture and resistivity measure-
ments—The moisture content in concrete has a significant
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impact on many deterioration processes, including corrosion
of reinforcement, alkali-silicareaction, freezing and thawing,
and sulfate attack. The resistivity of the concrete, which is
afunction of the moisture and electrolyte content, has an
important bearing on the rate of corrosion of embedded rein-
forcing steel. Consequently, it is sometimes desirable to
measure concrete moisture content and resistivity. It is not
common practice, however, to determine these parameters,
and no standard test procedures are currently available.

One method of determining the moisture content of concrete
is to measure the relative humidity in the concrete. Severa
different probes are available that use the dependence of elec-
trical resistivity of certain materialson therelative humidity of
the surrounding environment. To measure humidity, a probe
issealed in a hole in the concrete. A portable meter is then
used to measure the relative humidity inside the hole. This
method can monitor relative humidity changeswith time and
provideinsight into moisture cycling in areinforced concrete
structural member.

A relationship between electrical resistivity of concrete
and rate of corrosion of embedded reinforcing steel iswidely
acknowledged. Studies have been conducted to directly relate
concrete resistivity with corrosion rate of reinforcing
steel. 194197 Under field conditions, there is a direct correla-
tion between concrete resistivity and rate of corrosion of
reinforcing steel.1% Conditions such as high pore-water
content and the presence of electrolyte saltsthat lead to low re-
sstivity usualy favor active corrosion. Conversely, high con-
crete resigtivity implies a high eectrolyte resistance, which
limits the rate of corrosion. Significant corrosion is not likely
when the resistivity exceeds 8500 to 12,000 ohm-cm. 1%

Concrete resitivity can be measured using a modification
of the Wenner four-electrode technique commonly used for
measuring soil resistivity (ASTM G 57). The modified pro-
cedure involves installing four equally spaced probes in a
straight line on the concrete to be tested. The probe spacing
isequal to the depth to which measurement of the averagere-
sigtivity isdesired. The averageresistivity isafunction of the
voltage drop between the center pair of probes with current
flowing between the two outside probes. Unlike resistivity
measurements in soil, particular care has to be taken during
measurements in concrete to overcome the high contact re-
sistance between the probes and the concrete surface. Thisis
achieved by using a conductive interface, such as a sponge
or wooden plug, at the probe tips and by grinding the con-
crete surface before taking measurements at each location.

Less expensive and less accurate two-probe systems are
available. Another approach for measuring resistivity is to
use a single electrode on the concrete surface and another on
the reinforcing steel within the concrete. The advantage of
thistechniqueisthat only theresistivity of the concrete cover
is measured. The disadvantage is that this method suffers
from contact resistance problems. 88

Table 4.1 provides guidelines for interpreting resistivity
measurements from the Wenner four-probe system when
referring to corroding reinforcing steel embedded in con-
crete. 18 Concrete resistivity is a useful additional measure-
ment for identifying problem areas or confirming concerns
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Table 4.1—Relationship between concrete
resistivity and corrosion rate

Resistivity, kW-em

Corrosion rate

>20 Low
10t0 20 Low to moderate
5t010 High

<5 Very high

about poor quality concrete, although the data should be con-
sidered along with other measurements. 188

4.3.1.8 Corrosion-potential mapping—Corrosion is an
electrochemical process, and potential (voltage) isone of the
parametersthat can indicate the state of the process. Corrosion-
potential measurements provide an indication of the state of
corrosion and not the rate of corrosion. The corrosion rateis
afunction of many parameters, such as temperature, equi-
librium potential, concrete resistivity, ratio of anodic and
cathodic areas, and rate of diffusion of oxygen to cathodic
stes. A standard test method for conducting corrosion potential
surveys on uncoated reinforcing steel embedded in concrete,
ASTM C 876, isavailable.

Caution should be exercised in interpreting corrosion poten-
tial data. Many conditions can affect the measured potentials
and lead to inaccurate assessment of the corrosion status of
the embedded reinforcing steel. Examples of these conditions
include carbonated concrete, fully water-saturated concrete,
electrical discontinuity of thereinforcing stedl grid, presence of
stray currents, presence of epoxy-coated reinforcing steel,
presence of galvanized reinforcing steel, presence of other
embedded metals, availability of oxygen, and the effect of
the contact medium used for the survey. In addition, corrosion-
potential measurements should not be taken in areas with
delaminated concrete.

One of the most important applications of the corrosion-po-
tential survey isto develop ahistory of thereinforced concrete
structure. For example, if corrosion-potential surveysare con-
ducted at regular intervals of time, then the corrosion activity
of thereinforcing steel with time can be readily ascertained. In
other words, trends of potential with time can indicate with
good confidence if reinforcing steel corrosion activity in un-
damaged concreteisincreasing with time or if the total areaof
reinforcing steel showing active potentiasisincreasing. Such
information can be valuable in making decisions regarding
maintenance or repair. Corrosion potential mapping has been
used extensively to determine the probability and extent of ac-
tive corrosion of uncoated reinforcing steel in both field con-
crete structures and laboratory specimens,19%-2%5

Another important application of corrosion-potential map-
ping isto delineate active corrosion spots, typically locations
with high negative potentials, on the structure. Rate-of-
corrosion measurements can then be performed in the areas
that are active.

4.3.1.8.a Procedure and instrumentation for corrosion
potential measurement—The voltage reading between a
standard portable half-cell placed on the surface of the con-
crete and the reinforcing steel bar located below the surface
is compared with values that have been empirically devel-
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opedto indicaterelative probabilities of corrosion activity. A
portable copper-copper sulfate (CSE) half-cell electrode is
normally used for field readings. A moist sponge is attached
to the tip of the electrode to reduce the electrical resistance
between the concrete surface and the electrode. A wetting
solution is used for moistening the sponge. Other reference
half-cells, such assilver-silver chloride (Ag-AgCl) or calomel
(Hg-Hg,Cl,) can also be used. The CSE is popular because
itisrugged and stable. Copper is easily maintained at a stan-
dard potential over awide range of conditions provided that
it is submerged in an electrolyte saturated with copper sul-
fate crystals.

Corrosion potentials can be measured manually with any
good-quality 31/2 digit, high-impedance (10 megaohms or
greater) voltmeter, or data loggers. Corrosion potential sur-
veysshould be carried out on aregular interval grid. Depend-
ing on the size of the structure and the grid interval, the
quantity of data collected can vary from a few to severa
thousand numbers. Large areas are usually mapped with an
electrode spacing of 0.6 to 1.5 m (2 to 5 ft), whereas small
areas are usually mapped with a spacing of 0.15to 0.30 m
(6in. to 1 ft). A prerequisite for corrosion-potential surveys
isto establish that the reinforcing steel in the structural com-
ponent iselectrically continuous. If the underlying reinforcing
steel isnot electrically continuous, each areato be surveyed
must have a unique ground point. If electrical continuity
exists, acommon ground point can be used for several sur-
vey areas. The ground point can be established by exposing
an areaon the reinforcing steel and drilling ahole in the bar.
A self-tapping screw is then driven into the hole and the test
lead wire is clamped to the screw head. With this method,
less concreteis removed, and agood connection is achieved.

Aswith many other technical fields, advancesin computer
and electronic technology have significantly enhanced data
collection and processing. Several commercia instruments
that record and store multiple readings are available. These
units are equipped with a data logger to collect data in real
time and store them for later processing. Data stored in the
data logger are transferred to a computer for manipulation
and creating equipotential maps.

Some systems use multicell arrays so that more than one
potential reading can be recorded simultaneously. These
units allow large areas to be surveyed thoroughly and effi-
ciently. Another type of potential measurement device con-
sists of wheel electrodes. One or more miniature reference
electrodes are installed along the periphery of the wheels.
Potentials are recorded in a data logger as the wheels are
rolled along the surface of the concrete. Some degree of fa-
miliarity and experienceis required to use the computerized
equipment. Several systems for mapping corrosion potential
have been evaluated competitively.?%

4.3.1.8.b Corrosion potential data interpretation—
The corrosion potential of reinforcing steel indicates whether
or not the stedl is actively corroding the area of measure at
the time the measurement is obtained. The following guide-
lines are given in anonmandatory appendix of ASTM C 876
for interpreting corrosion-potential data of uncoated rein-
forcing steel in concrete.
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e |If potentials over an area are more positive than
—0.20 V CSE, there is a greater than 90% proba-
bility that no reinforcing steel corrosion is occurring
in that area at the time of measurement;

» |If potentials over an area are in the range of —0.20 to
—0.35V CSE, corrosion activity of the reinforcing steel
in that areais uncertain; and

» |If potentials over an area are more negative than
—0.35 V CSE, there is a greater than 90% probability
that reinforcing steel corrosion is occurring in that area
at the time of measurement.

(Note: These guidelines should only be used for uncoated
conventional reinforcing steel embedded in concrete. Data
interpretati on guidelines have not been devel oped for epoxy-
coated or galvanized reinforcement and prestressing steel).

Differences in corrosion potentials across a structure or in
an area of a particular reinforced concrete member are better
indicators of the level of corrosion activity than the absolute
potential values. For example, a 1.5 m (5 ft) square section of
slab that has potentials that vary 100 mV ismore activethan a
similar section with a 30 mV variation. The chloride level at
the surface of the reinforcing steel and other factors such as
temperature must also be considered when evaluating corro-
sion potential readings. ASTM C 876 stipulates atemperature
correction if the temperature during the corrosion-potential
survey isoutsidetherangeof 22.0+55C (72+ 10F).

4.3.1.9 Corrosion rate measurements—Because corro-

sion is an electrochemical process, it can be monitored with
electrochemical techniques. Severa options are available and
can be broadly classified as either transient or steady-state
techniques. Examples of steady-state techniquesinclude Tafel
extrapolation (E-log 1) and linear polarization resistance
(LPR); while potentia step, small-amplitude cyclic voltame-
try, electrochemical noise, and AC impedance measurements
are classified as transient methods.?’ In the context of re-
inforcing steel in concrete, the LPR, Tafel extrapolation, AC
impedance, and electrochemical noise techniques have been
successfully used for rate of corrosion (ROC) measurements,
and LPR has become the technique of choice.

The LPR technique provides areliable and simple method
for determining instantaneous corrosion rates and has been
used in electrochemical laboratories for decades for measur-
ing corrosion rates of metals in aqueous environments. The
LPR technique was validated as a means of estimating the
rate of corrosion of steel in concrete in laboratory work per-
formed at the U.S. National Bureau of Standards, now
known asthe National Institute for Standards and Technology
(NIST), and equipment and procedures for field applications
on reinforced concrete structures have been devel-
oped.zo&209 The rate-of-corrosion measurement technique
and three rate-of-corrosion devices for concrete were evalu-
ated under the SHRP program.207 Two of the devices used the
LPR technique, while the third device used the AC imped-
ance technique. There is no standard procedure for rate-
of -corrosion measurements; however, AASHTO is develop-
ing a standard practice based on the SHRP work.

Therate-of-corrosion test providesinformation on therate
at which reinforcing stedl is being oxidized. The higher the
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rate, the sooner concrete cracking and spalling will appear.
Therefore, this information can be useful in estimating the
time to additional damage and in selecting cost-effective re-
pair and long-term corrosion-protection systems. Several at-
tempts have been made to correlate corrosion rate to the
remaining servicelife of structures or time to damage. Based
on experience, one manufacturer of a corrosion-rate device
provides guidelines for interpreting the datain terms of time
to damage, while others have attempted to mathematically
model remaining life based on corrosion rate information.
No such models or guidelines are universally accepted.

4.3.1.9.a The LPRtechnique—Thethree-electrode LPR
techniqueis based on the assumption that small changesin the
potential of afreely corroding metal, that is, ametal at a po-
tential closeto its corrosion potential, have alinear relation-
ship with applied current. Additionally, the ratio of the
change in potential (DE) to the applied current (DI), that is,
DE/DI or Rp, the polarization resistance, isinversely propor-
tional to the corrosion current (Icorg) a@nd, in turn, to the
corrosion rate of the metal.

The three electrodes in the LPR technique consist of a
working electrode (WE), the reinforcing steel, a counter
electrode (CE), usually a nonreactive metal, and a reference
electrode (RE), for example, the copper-copper sulfate half-
cell (CSE). The LPR device applies small voltage or current
perturbations to the WE via the CE and the corresponding
current or voltage responses are measured by the device. The
RE measures the initial corrosion potential and any shift in
potential of the WE and is not part of the current-carrying
circuit. The voltage and current data are manipulated to ob-
tain the polarization resistance Rp, which isthen fitted into a
mathematical formulaknown as the Stern-Geary equation to
derive the corrosion rate. 219211 The Stern-Geary equation is
represented as

lcorr = (K BA) X(DI) &(DE) = K oR, (4.1)

lcorr= corrosion current density expressed in mA/cm? (or
mA/ft?);

K = proportionality constant expressed in mV/maA,;

A = areaof reinforcing steel polarized;

DI = applied current required to obtain DE expressed in
mA;

DE = voltage change resulting from the applied current
expressed in mV; and

Rp = polarization resistance expressed in ohm-cm? (or

ohm-ft?).

The proportionality constant (K) isafunction of theanodic
and cathodic Tafel slopes (that is, the relationship between
current and voltage levels outside the linear region) and de-
pends on the particular system being polarized

K = b,b.a2.3(b, +b,) 4.2
where b, and b, are the anodic and cathodic Tafel constants.

The use of an anodic Tafel dope of 150 mV/decade and a
cathodic Tafel slope of 250 mV/decade has been suggested
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for reinforced concrete.?%® If one assumes uniform corrosion
and aconstant rate over time, | oorg for reinforcing steel can
be converted to arate of thickness loss. To obtain units of
mm/yr, multiply |corg by 12.5, or to obtain units of mils/yr,
(1 mil = 2/1000 in.) multiply | corr by 0.492. The corrosion
rate on existing reinforced-concrete structures, however, is
not uniform or constant; therefore, calculating thickness
losses with time can be misleading.

4.3.1.9.b The AC impedance technique—AC imped-
ance methods record the impedance response offered by the
systemto AC signalsover arange of frequenci es??Thereal
and imaginary components of the impedance are plotted.
Such a plot should be a semicircle with polarization resis-
tance Rp asits diameter. The high-frequency intercept on the
real axis is the solution (concrete) resistance Rg, whereas the
low-frequency intercept (approaching DC signals) on the real
axisisthe total impedance of the system, Rp + Rg Therefore,
subtracting the high-frequency intercept from the low-fre-
quency intercept yields Rp, the polarization resistance, which
can then be used in corrosion rate calculations. In practice, the
plot deviates greatly from the semicircular shape. From afield
application viewpoint, a complete frequency scan is simply
too time-consuming and equipment is overly expensive and
bulky. Because only the very low- and very high-frequency re-
sponse data are needed to derive Rp, some devices scan only
these two regions to measure this parameter, thereby reducing
the time required to conduct the test. For every system under
measurement, however, the low frequency that defines total
impedance and the high frequency that defines solution resis-
tance are the fundamental characteristics of that particular sys-
tem, and acompl ete frequency scanisrequired to define them.
Severa equipment manufacturers have introduced portable
equipment to conduct AC impedancetestsinthefield but have
not been able to reduce the time required to conduct the test
over the entire frequency range.

4.3.1.9.c ROC field measurements—Due to the natural
heterogeneous nature of concrete, environmental variables
such as temperature and humidity and the inability to posi-
tion the corrosion rate probe very close to the reinforcing
steel, corrosion-rate measurements have inherent error. It
has been argued, however, that due to large differences in
corrosion rates (several orders of magnitude) between pas-
sive and active reinforcing steel, the measurement errors do
not significantly impact interpretation of results from an
engineering point of view.

In afield test, one difficulty is to determine the area of
steel tested. Knowing the steel areaisimportant because the
corrosion rate is defined in terms of the corrosion current per
unit area of steel (for example, mA/cm? or mA/ftz). The mag-
nitude of the corrosion current measured is a direct indica-
tion of how fast corrosion is occurring on the steel surface.
High currentsindicate a high corrosion rate and vice versa.

Rate of corrosion measurements are usually conducted at
the most active corrosion sites identified during the corro-
sion-potential survey. The rate of corrosion measurement is
a point-in-time indicator. Temperature and concrete mois-
ture content may change in a matter of days or even hours
and result in corresponding changes in the corrosion rate.
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Therefore, predicting future corrosion activity must include
evaluation of dynamic environmental factors. The most ac-
tive corrosion or highest corrosion rates may not be occur-
ring a the time of the field survey. Continuous or
intermittent monitoring over a period of time gives a more
accurate appraisal.

SHRP identified several parameters that significantly im-
pact corrosion rate measurements: 20’

e Proper electrical contact between the probe and the
concrete;
*  Symmetrical positioning of the probe over the reinforc-
ing steel;
*  Presence of a stable open-circuit (corrosion) potential;
e A guard ring of appropriate size and spacing to define
the polarized area; and
* Measurements that are carried out over the active parts
of macrocells.
4.3.1.9.d Rate-of-corrosion equipment and data inter-
pretation—Rate-of-corrosion equipment consists of a
measuring device and a suitable probe. Three commercial
instruments are availablefor conducting ROC measurements
on reinforced-concrete structures. All three instruments use
the LPR technique. One of these devices is manually operat-
ed while the other two devices use microprocessor control
and are fully automated. The automated devices utilize the
guard-ring concept to measure the rate of corrosion.?'3 Mea-
surements made using the guard-ring have been found to be
more accurate by up to two orders of magnitude where corro-
sion rates arelow.2%” Recently, acomparative evaluation was
conducted on three commercial rate-of-corrosion devices.?4

Data interpretation guidelines range from projecting actu-
a time to damage to representing corrosion rate in terms of
a passive condition, low, moderate, or high corrosion, de-
pending on the magnitude of the corrosion-current density.
Interpreting rate-of-corrosion data in terms of a passive, ac-
tive, or partially active corrosion condition has also been
suggested.?1°

4.3.1.10 Cross-section loss of reinforcing steel bars—
Thistest isused to quantify the amount of corrosion that has
occurred on reinforcing steel bars by directly measuring
cross-sectional loss with a caliper. To make measurements,
thereinforcing steel bar hasto be exposed in spalled areas or
carefully excavated. Additionally, the reinforcing steel bar
must be cleaned of all corrosion products before taking mea-
surements. Thisis not a standardized test, but is sometimes
used to aid in determining structural integrity.

4.3.2 Prestressed reinforcement—I dentifying corrosioniin
structural concrete containing prestressing steel is typically
more difficult than in structural concrete containing nonpre-
stressed reinforcement. Local corrosion of prestressed rein-
forcement can occur without any outward signs of concrete
damage. Stress corrosion cracking and intergranular corro-
sion due to hydrogen embrittlement can also occur without
local accumulation of corrosion products. All test methods
used for corrosion assessment of reinforced concrete struc-
tures containing nonprestressed reinforcement can be used
for pretensioned prestressed steel. On post-tensioned struc-
tures, some of the test methods (for example, corrosion po-
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tentiadl and corrosion rate) may be applicable only in
anchorage areas. Although corrosion potential and corrosion
rate readings may indicate corrosion of a metallic sheath
(duct) or an anchorage, data interpretation is difficult if cor-
rosion of nonprestressed reinforcement is occurring at the
same time. It is not possible to detect corrosion of the pre-
stressing steel using corrosion potential or corrosion-rate
measurements when the sted is shielded by the sheath. The
only method of determining corrosion of a post-tensioned
tendon at a particular location is to remove the concrete
around the tendon and observe the prestressing steel locally.
This, however, does not provide any information regarding
corrosion at other locations along the tendon.

A new nondestructive technique known as continuous
acoustic monitoring (CAM) has been developed for detect-
ing and monitoring damage in unbonded prestressed struc-
tures.?¥® This system reports the time and location of
tensioned prestressing-steel failures. Wheninstalled in apre-
stressed structure, the CAM system uses an array of sensors
(one every 93 m? [1000 ft2] in atypical building) to record
acoustic signals of tendon element failures. Proprietary soft-
ware analyzes the recorded signals to filter out extraneous
noise so that it can locate and identify failures. The system
permits efficient continuous monitoring of large and small
structures. By knowing the location and rate of failures after
installation, it is possible to manage a known or suspected
corrosion condition in a structure.

4.3.2.1 Pretensioned structures—Though all corrosion
assessment techniques used for reinforced concrete can be
applied to prestressed concrete as well, some tests should be
used with caution. For pretensioned concrete structures, cor-
rosion-potential readingsare possibleif corrosion of the non-
prestressed reinforcing steel does not mask the behavior of
the prestressing steel. Pretensioned steel may not be electri-
cally interconnected, which makes corrosion potential read-
ings more difficult to take and interpret. Additionaly, the
ASTM C 876 guidelines for interpreting corrosion potential
readings are not applicable for prestressing steel.

4.3.2.2 Unbonded post-tensioned structures—Anchor-
age zones that show corrosion products and concrete distress
areasign of corrosion at the anchors and possibly corrosion
of prestressing steel contiguous to the anchor in unbonded
systems. If the sheath does not exclude water, then water in-
gress from the anchorage often results in corrosion of pre-
stressing steel. Local removal of concrete from the
anchorage area to observe prestressing steel corrosion is a
limited sampling procedure that requires extreme caution.
Another limited sampling procedure involves removing con-
crete and a portion of the duct at a specific location away
from anchorages to observe the condition of the prestressing
steel. Thistype of direct visual testing is commonly done at
tendon hold-down points where water tends to accumul ate.

Unlike nonprestressed reinforcement, corrosion products
that form on unbonded tendons are contained within the
sheathing and do not cause any cracking or spalling of the
concrete. Cracking along the tendon trajectory, however,
may occur because of freezing entrapped water inside the
duct. Thisusually indicates prestressing corrosion, particularly
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if chlorides are present. Because the tendon is unbonded, it can
be removed and replaced in most cases. Removing the tendon
isthe only procedure available to completely assess the extent
of corrosion along the tendon. Guidelines on tendon removal
and replacement are provided in ACI 423.4R.

4.3.2.3 Bonded post-tensioned structures—In bonded
post-tensioned structures, the prestressing steel isencased in
aduct that isfilled with grout. Corrosion can occur if water-
filled voidsexist in the grout. Theimpact-echo technique has
been used successfully to detect voids in post-tensioned
ducts.?17-219 This technique is limited to accessible tendons
and cannot be used for interior tendons in a multiple tendon
configuration. Further, entrapped water may freeze and
cause cracking following the trgjectory of the tendon. Steel
sheath corrosion may also provide enough corrosion prod-
ucts to cause cracking along the tendon.

4.4—Concrete evaluation test methods

Various test methods for assessing the condition of con-
crete onin-service structures arelisted in Section 4.2 and are
discussed as follows. Except for the visual inspection test
procedure, the other tests for conducting concrete condition
evaluations are of a destructive nature. They involve the
extraction of core samples from the structure for subsequent
testing and analysis.

4.4.1 Visual inspection—Visual inspection purposes and
procedures are the same as for the corrosion condition eval-
uation of the structure. The methodology was discussed in
detail in Section 4.3.1.1.

4.4.2 Core collection and compressive-strength testing—
Compressive-strength tests are usualy conducted on 100
mm (4 in.) diameter core samples as per ASTM C 42 or
AASHTO T-24. Compressive-strength testing is conducted
to verify that the concrete compressive strength meets the
specified requirements of the mixture design and also to de-
termine if the strength has been compromised due to any de-
terioration process such as alkali-silica reaction (ASR) or
freezing and thawing damage. Wide variationsin compressive
strength indicate local areas of deterioration. Concrete dam-
aged by freezing and thawing action, usually exhibited as hor-
izontal cracks in the upper portion of the core, may register a
high compressive strength but still be of poor quality.

All cores collected from a structure should be identified by
core number and grid location to the nearest 150 mm (6 in.).
Each core taken should be photographed and its condition
described. The cores should be arranged to show any signif-
icant deterioration, unusual features, and where possible,
embedded steel reinforcement. In some cases, wetting the
cores may improve the contrast and emphasize defects such
as cracks and voids. A sketch should be made to show the
overall dimensions of each core, the location of any rein-
forcement, and significant defects. The sketch should illus-
trate the same view of the core as in the photograph.

4.4.3 Chloride-ion permeability testing—The chloride-ion
permeability of concrete is best determined by test proce-
dures that measure actual chloride ingress. The rapid chlo-
ride permeability test, an electrical procedure described in
AASHTO T-277 and ASTM C 1202, has gained acceptance
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asameans of evaluating the ability of concretetoresist chlo-
ride-ion penetration. This accelerated |aboratory test method
consists of monitoring the amount of electrical current passed
through a50 mm (2 in.) thick slice of 2100 mm (4 in.) nomi-
nal diameter core or cylinder during a 6-h period under a
potential difference of 60 volts. One end of the specimen is
exposed to a sodium chloride solution and the other end is
exposed to a sodium hydroxide solution. The total charged
passed, in coulombs, is a function of the initial conductivity
of the concrete and the change in conductivity during the
test. Because concrete conductivity and chloride-ion pene-
tration are both directly affected in part by the pore structure
of the paste, the total charge passed provides arélative indi-
cation of the resistance to chloride-ion penetration. There-
fore, for agiven set of concrete-making ingredients, a high
charge (> 4000 coulombs) indicates a relatively high
chloride-ion permeability, while alow charge (< 100 cou-
lombs) indicates negligible permeability.

Though the rapid chloride permeability test gives reason-
able results for most concretes, caution should be used when
the test is applied to concrete with relatively large quantities
of admixtures containing inorganic salts, which increase the
electrical conductivity of the concrete and make it appear
more permeable. In addition, the test reflects the permeabil -
ity of the concrete at the test age. For concrete that has been
in place for many years, the test may indicate low permeabil -
ity, yet chloride analyses may show high levels of chlorides
present in the structure.

Therapid permeability test has been reviewed and simpler
alternatives for determining chloride permeability have been
suggested. 199220 According to these reviews, there are sev-
eral errorsin the test:

* Thetest uses the total current and not that correspond-
ing to the chloride flux;

*  When integrating the total current from the beginning
of the experiment, the procedure does not distinguish
between chloride flow plus reaction and simple flow;
and

e Thehigh voltage drop used induces heat which, in turn,
changes the flow speed.

Therefore, a migration test, such as that used in the rapid
permeability test, cannot accurately quantify the transport of
chlorides, much less the porosity or permeability of the con-
crete specimen.?2°

4.4.4 Petrographic analysis—The ASTM C 856 standard
test procedure for petrographic analysis consists of micro-
scopic examination of a freshly fractured and polished con-
crete surface that is obtained from a100 to 150 mm (4 to 6 in.)
diameter drilled core. Collecting cores is prescribed by
ASTM C 42. A qudified petrographer should perform the
analysis. Petrographic examination is often supplemented
with chemical analysis, x-ray diffraction analysis, and scan-
ning electron microscopy.

Information obtained during a petrographic analysis can
include the following:

»  Condition of materia;

e Causesof inferior quality;

* ldentification of distress or deterioration caused by
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chloride-induced corrosion, carbonation, alkali-aggre-
gate reactions, and freezing and thawing cycles;

e Probable future performance;

«  Compliance with project specifications;

*  Degree of cement hydration;

e Estimation of w/cm and density (unit weight);

e Extent of paste carbonation;

e Presence of fly ash and estimation of amount of fly ash;

»  Evidence of sulfate and other chemical attack;

e ldentification of potentially reactive aggregates,

»  Evidence of improper finishing;

«  Estimation of air content and how much of the air voids
are entrained versus entrapped;

»  Evidence of early freezing; and

»  Assessment of the cause of cracking.

CHAPTER 5—REMEDIAL MEASURES
5.1—Introduction
This chapter discusses measures available to stop or mini-

mize corrosion activity on the embedded metal of an exist-
ing, structurally adequate, reinforced-concrete structure.

5.2—General
Remedial measures for controlling corrosion of reinforc-

ing steel embedded in portland cement concrete use princi-
ples directed toward:

1. Insulating the concrete surfaces from the corrosive en-
vironment;

2. Modifying the environment to makeit less corrosive; or

3. Modifying the electrochemical reactions at the reinforc-
ing steel.

Several options are available for repair and rehabilitation
of deteriorated reinforced concrete structures. Choosing an
option depends on the observed deterioration, the environ-
ment, the availability of repair products, and the skill of the
workforce used to implement the repair procedure. Some of
the currently available options include:

* Do nothing;
« Remove spalled concrete and replace with a patch of
overlay;

« Remove spalled and delaminated concrete and replace
with a patch of overlay;

* Remove dl chloride contaminated concrete, or carbon-
ated concrete and patch with an overlay;

e Instal cathodic protection to protect the stedl reinforce-
ment from further corrosion;

* Use eectrochemical chloride extraction (ECE) to
remove chloride from the surface of the reinforcing
bars and to improve the alkalinity at the bar surface;

« Usere-akalization to restore the concrete pH; or

« Use corrosion inhibitors on the surface of concrete to
reduce the corrosion rate of the embedded reinforcing
bars.

After repair is completed, it is important to prevent future
deterioration to the structure. Reinforced concrete structures
may be protected from corrosive environments by applying
a variety of barrier systems between the structure and the
corrosive environment. The barrier may be a coating or
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membrane applied to the surface of the concrete; formed as
an integral part of the concrete matrix through polymer im-
pregnation; or an overlay of polymer concrete, latex-modified
concrete, silica-fume concrete, or internally sealed concrete
(Chapter 3). ACI 546R provides guidance on the selection and
application of materials and techniques for the repair, protec-
tion, and strengthening of concrete structures.

The environment may be altered to reduce corrosion either
by removing detrimental conditions such as chlorideion, oxy-
gen, and moisture gradients, or by removing or neutralizing
stray current sources. Corrosion can also be controlled by
modifying the electrochemical reactions at the reinforcing
steel, as done in cathodic protection, where the reinforcing
steel is made a cathode with respect to an external anode or
through application of corrosion inhibitorsto the anodic sites.

5.3—Applicability

Nearly all reinforced concrete structures are susceptible to
corrosion. Although bridge decks??1223 gre perhaps the
most visible examples today, the literature contains many
references??422% to other types of reinforced-concrete ele-
ments that experience corrosion of the reinforcing steel.
These include buildings, caissons, foundations, parking ga-
rages, piers, piles, pipes, silos, tower footings, and water
tanks. Some of these elements may betotally or partially bur-
ied in soil. Marine structures, such as offshore platforms,
piers and docks; waterfront structures; water and wastewater
treatment plants; and water tanks are generally exposed to
aqueous solutions. Bridges, parking garages, and buildings
are exposed to atmospheric conditions.

If the reinforced concrete structure or element is buried or
permanently underwater so that the concrete surfaces are not
accessible for treatment and it isimpractical to expose them,
treating the surfacesis not practical. Similarly, if the element
isaburied pipeline or an offshore platform exposed in alarge
body of water, modifying the environment to make it less
corrosiveisnot practical. Therefore, not al the remediesdis-
cussed herein are applicable to all types of reinforced con-
crete structures in various environments.

Cathodic protection has been used to prevent corrosion of
reinforced-concrete structures in corrosive environments.
Care should be taken when considering using this system on
structures containing prestressing strands due to the risk of
hydrogen embrittlement of the prestressing tendons, particu-
larly when impressed-current systems are used.

5.4—The remedies and their limitations

5.4.1 Isolation remedies (barrier systems)—The methods
currently used to isolate reinforced concrete structures from
corrosive environments include surface coatings and mem-
branes, polymer impregnation, overlays of polymer con-
crete, low-slump concrete, silica-fume concrete, or latex-
modified concrete. These barrier systems are suitable when
the surfaces of the concrete structure are available for treat-
ment and they reduce continued intrusion of oxygen, water,
and corrosive agents, such as chlorideions, that are required
to sustain the corrosion reactions. Barrier systems used after
active corrosion is initiated do not stop corrosion, but can
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significantly slow down the effects of the corrosion process.
If the corrosive agents, particularly chloride ions, are of suf-
ficient quantity, the corrosion process will continue until
structural integrity is threatened. Therefore, barrier systems
should be considered as only temporary remedies and rou-
tine maintenance should be required. Repairs may last 10 to
20 years.??” All barrier systems will contain discontinuities
such as pinholes, breaks, cracks, poor seams, or other defects
that will allow intrusion of corrosive agentsin localized ar-
eas. Nevertheless, barrier systems can substantially reduce
the rate of intrusion of corrosive agents and retard the corro-
sion process. In many cases, these barrier systems success-
fully extend the useful service life of a structure. For
example, a survey of bridgesin Virginia showed that latex-
modified concrete overlays placed on decks with less than
1.19 kg/m® (2.0 Iblyd®) of chloride ions at the level of the
reinforcing steel can be expected to have alife of more than
20 years.228

5.4.2 Modification of the environment—Methods avail-
ablefor rendering the environment less corrosive include the
removal or elimination of substances and conditions that
promote corrosion, such as chlorides, hydrogen sulfide, wa-
ter, oxygen, and stray electrical currents.

Improving drainage and surface-applied materials, such as
silane coatings, will reduce the penetration of water into the
concrete. Gases such as oxygen and hydrogen sulfide can be
stripped from the electrolyte by chemical processes that are
applicable predominantly to structures exposed in agueous
solutions.

Chlorides can be removed from the vicinity of the rein-
forcing steel by a process known as ECE. The ECE process
wasinvestigated as early as1970s, 229,230 however, it received
detailed attention during the SHRP, resulting in several re-
ports and an implementation guide. 231-233 The processin-
volves placing an anode and electrolyte on the concrete
surface and passing adirect current (DC) between the anode
and the reinforcing steel, which acts as a cathode. In this
electrochemical process, the chloride ions migrate towards
the anode, away from the reinforcing steel. The process uses
an anode/blanket composite that is placed on the surface of
the concrete; the composite is prefabricated and partially re-
usable. An electrolyte, typically potable water or a calcium
hydroxide solution (lime water), is circulated through the
system. Calcium hydroxide provides a limited buffering ca-
pability, and is used to maintain a basic pH during the pro-
cess and prevent the etching of concrete and generation of
gaseous chlorine. Lithium borate is an expensive electrolyte
used only when the structure contains potentially alkali-sili-
careactive aggregates. The treatment time varies from 10 to
50 days, and the total charge varies from 650 to 1600 A-h/m?
(60 to 150 A-h/ft?).

The ECE process removes 20 to 50% of the chlorides
present in the concrete. The amount of chlorides removed
depends upon several factors, including the amount of chlo-
rides present, its distribution in the concrete, and the details
of the steel reinforcement. After the treatment is complete,
the chlorides remaining in the structure may be sufficient to
reinitiate corrosion. These chlorides, however, are distribut-
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Fig. 5.1—Current flow in a cathodic protection system.

ed well away from the reinforcing steel, and timeis required
for redistribution to occur. Thereturn to corrosive conditions
is further delayed by the buildup of akalinity at the surface
of the reinforcing steel and development of a protective ox-
ide film on the steel surface. Laboratory studiesindicate that
the ECE process will prevent corrosion for 10 or more years
if contamination with new chlorides is prevented. ECE is
particularly suited to reinforced concrete structuresin which
active corrosion is occurring but no significant damage has
occurred. The application of ECE is limited to structures
with only non-prestressed reinforcement, that is, no pre-
stressing steel.

Deep polymer impregnation is another technique
for modifying the environment around reinforcing steel. In
deep polymer impregnation, an electrically nonconducting
material replaces the continuous concrete pore water and
stops corrosion. In this process, grooves 19 mm (0.75 in.)
wide, 38 mm (1.5in.) deep, and 75 mm (3.0in.) on center are
cut into the deck surface. The concreteis dried to a depth of
13 mm (0.5 in.) below the concrete surface using propane-
fired infrared heaters, and allowed to cool slowly under an
insulating mat to ambient temperature. The monomer (methyl
methacrylate) is poured into the grooves and allowed to soak
into the concrete. Heat is applied to polymerize the monomer
in place. The grooves are backfilled with a latex-modified
mortar by pouring the mortar on the deck surface and using
a squeegee to place it into the grooves. The initial drying of
the concrete may cause extensive cracking in the concrete
surface. Such polymer treatmentsare generally considered to
be experimental.

Corrosion of reinforcing steel in concrete can be caused by
stray current corrosion or other environmental factorsin ad-
dition to chemicals.?3” Stray current is received by the rein-
forcing steel embedded in concrete or any metal electrically
continuous to the embedded stedl and discharged elsewhere
on its way to the source. Reinforcing steel corrodes at the
point of current discharge. The most common sources of
stray currents for reinforced concrete structures include DC-
powered electric railways and electroplating plants. This
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type of corrosion most commonly occurs in structural ele-
ments in contact with the earth. A method of mitigating this
type of corrosion, implemented for many yearsin the buried
pipeline industry, is the installation of resistance bonds. In
resistance bonding, the structure being affected is electrical-
ly connected through aresistor to the source of the stray cur-
rent. In this manner, the current returns to its source via a
metallic path so that the affected structure hasno loss of metal.
Another method uses galvanic anodes to drain the collected
current. Collected current is passed on to the electrolyte
(ground water) and back to its source from the surface of the
anode. The galvanic anode corrodes, rather than the reinforc-
ing steel. The system must be properly designed, installed,
and maintained to ensure that the current discharge electrode
isthe least resistive path to the source.

5.4.3 Modifying electrochemical reactions at the surface
of reinforcing steel—The Pourbaix diagram for iron (Fig. 2.1)
shows that steel embedded in concrete is normally passivat-
ed dueto the highly alkaline concrete environment. The dia-
gram shows another area wherein no steel corrosion occurs.
This area, at the lower portion of the diagram, is labeled as
“immunity.” In this area, the potential of the steel is more
negative than in any naturally occurring condition, regard-
less of pH.

The method of providing more negative steel potentials
required for immunity is referred to as cathodic protection.
A 1988-1989 survey indicated that over 275 atmospherically
exposed bridge structures in the United States and Canada
have been installed with cathodic protection systems.238
The total cathodically protected concrete surface area was
approximately 840,000 m? (9 million ft?). In addition to this
there are millions of undocumented square meters of surface
areain parking garages.

In cathodically protecting a structure, afavorable electro-
chemical circuit is established by installing an anode in
contact with the electrolyte and passing alow-voltage direct
current from that anode through the electrolyte to the rein-
forcing steel. This current polarizes the surface of the rein-
forcing steel in the electronegative direction. When this is
accomplished, thereis no current flow between the formerly
anodic and cathodic steel surfaces, and corrosion is arrested.
This represents a balanced or equilibrium condition. Figure 5.1
is a schematic representation of current flow in a cathodic
protection system.

The protective electrochemical circuit can be established
in two ways. One method uses an electrode made of a metal
or aloy that is more electronegative than the structure to be
protected, such as magnesium, zinc, or aluminum. This meth-
od is known as the galvanic anode method of cathodic pro-
tection. The galvanic anodes corrode or sacrifice themselves
as they pass current to the electrolyte.

There exists some controversy as to which of the various
materialswill provide the best long-term protection; however,
arecent FHWA study239 found aluminum and zinc anodesto
be the most promising galvanic anodes. Some anodes may
not provide adeguate protection where the concrete has a
high resistivity. Anodes should also be sized in accordance
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with their respective consumption rates to provide the neces-

sary design life.

Cathodic protection can a so be established by inducing an
electrical current from an external source. This method is
termed impressed current cathodic protection. An impressed
current cathodic protection system includes the following
basic components:

e DC power source (rectifier);

»  Current distribution hardware (anode);

e Conducting electrolyte (concrete);

* Reinforcing steel to be protected (cathode);

«  Completecircuit (wiring); and

» Evaluation and control devices (probes, reference cells,
controller).

A guide specification has been devel oped for cathodic pro-
tection of concrete bridge decks.?*® Similar specifications
were developed for bridge substructure cathodic protection
under SHRP. The specifications developed under SHRP are
included in a manual of practice for cathodic protection of
concrete bridges.?*! Cathodic protection systemsincluded in
the manual are briefly described as follows. These systems
have performed successfully in the field to varying degrees.
»  Coke-asphalt cathodic protection system: This system

uses anodes of cast-iron aloy, a conductive asphaltic
concrete overlay, and a conventional asphaltic concrete
wearing surface;

e Yotted-cathodic protection system: This system
involves the insertion of an anode system, such as cata-
lyzed titanium ribbon mesh, into slots cut into the con-
crete surface. The dots are then backfilled with a
nonshrink, cementitious grout;

» Distributed-anode cathodic protection system with con-
crete overlays: This system involves placing anodes on
the concrete surface after repairs and cleaning, fol-
lowed by encapsulation of the anodes in concrete.
Encapsulation may consist of an overlay on horizontal
surfaces or cast-in-place shotcrete on vertical surfaces.
Anodes of catalyzed titanium mesh anodes are the most
common;

e Conductive coating: This system uses platinized wire
and conductive carbon-based paints to cover the entire
surface to be protected. This system is primarily used
on nontraffic surfaces that are not exposed to continu-
ous wetting during either construction or in service; and

* Sprayed zinc: In this system, molten zinc is sprayed
onto the entire concrete surface using arc-spray or
flame-spray equipment. The zinc coating can be used as
a galvanic anode or as an impressed current anode if
electrically isolated from the steel.

Whether a structure is a candidate for cathodic protection
depends on several factors. The characteristics of a good
candidate for cathodic protection are:

» Delaminated areas of less than 5%;

» Large percentage of potentials more negative than
—-350 mV CSE;

* Anentrained air content of the concrete of at least 5%;

» Acid-soluble chloride ion contents of more than 0.20%
by mass of cement at the level of reinforcing steel; and
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e Concrete cover greater than 13 mm (0.51in.).

Also, the majority of reinforcing steel in the structure
should be electrically continuous, and the structure should
be close to a source of electrical power if impressed current
cathodic protection is being considered.

Various parameters have to be considered to estimate the
required currents for impressed current cathodic protection.
These parameters include the surface area of the concrete to
be protected, size and spacing of reinforcing bars, and cur-
rent density. Therectifier sizeis selected based upon the cur-
rent requirement. Cathodic protection anodes are usually
segmented into zones that permit greater flexibility in con-
trol and facilitate trouble-shooting in problem areas. Large
zones can lead to problems such as undersupply or oversup-
ply of the current to particular areas of the structure. Each
zonetypically requires a separate rectifier control circuit and
power feed from the rectifier to the anode and system
ground. Typical zone sizes range from 1500 to 2100 m?
(5000 to 7000 ft2). On bridges, the location and frequency of
the expansion joints may determine the sizes of the zones.

The voltage drop and current attenuation along the anode
and its connecting wire in the cathodic protection system
should be evaluated. If the voltage drops are excessive, uneven
and insufficient current distribution to the reinforcing steel
may result. For even current distribution to a structure, the
voltage drop should not exceed 300 mV from the current
feed point to the farthest point in the anode circuit. The de-
sign should therefore optimize anode system length, anode
spacing and size, and conductor size to achieve safe and ef-
ficient current distribution.

Redundancy of current output, circuitry, and monitoring
devices (reference cells and probes) should be provided to
minimize the area affected by malfunction or physical dam-
age. The rectifier should be selected to provide adequate al-
lowance for anticipated changes in current requirement with
time. The design output voltage should take into account the
voltage required to drive the cathodic protection current
from the anodeto thereinforcing steel, the voltagelossin the
positive and negative DC wiring, and should include a safety
factor of 100 to 200% to accommodate future current demands.

Various criteria have been established to ensure adequate
cathodic protection of reinforcing steel. The 100 mV depo-
larization criterion is most commonly used. It isbased on the
theory that polarization of corroding reinforcing steel in the
cathodic direction will inhibit anodic (corrosion) reactions.
Polarization is usually estimated by measuring the polariza-
tion decay of the reinforcing steel that occurs after the pro-
tective current isturned off. Steel potentials, measured using
half-cells, are plotted against time over a minimum four-
hour test period. If 2100 mV or greater polarization shift is
measured, then the level of protection isjudged sufficient to
stop corrosion.

Another criterion is the E-Log | test performed by incre-
mentally increasing the cathodic protection current and mea-
suring the change in potential of the reinforcing steel. A plot
of the potential versus the logarithm of the current is called
theE-Log | plot. The current required for cathodic protection
isthe value that occurs at the beginning of the linear portion
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of the plot. The technique often requires special power sup-
plies and instrumentation and it is difficult, time consuming,
and relatively complicated to analyze.

Two new criteria were developed under SH RP?42_the
corrosion null probe and constant current; however, these are
seldom used due to difficulties in measurement.

After completing the initial inspection, the cathodic pro-
tection system should be adjusted for current requirements.
After adjustment, the system should be operated continuously
for aperiod of at least 1 month before conducting final ac-
ceptance testing. As a minimum, the rectifier voltage and
current should be measured monthly for the first year and
quarterly thereafter. Records should include a permanent log
of the system output. Annual surveys should also be conduct-
ed to verify that the cathodic protection system is mesting pro-
tection criteria. The system should be adjusted and repaired as
necessary to ensure continued, effective protection.

5.5—Summary

Remediesfor controlling corrosion on existing reinforced-
concrete structures use sound corrosion engineering princi-
ples directed at isolating the reinforced concrete from the
corrosive environment, ateration of the environment, or
control of electrical current flow within the environment.
Corrosive agents are already present within the concrete ma-
trix when corrosion is detected in a reinforced concrete
member. Though measures that isolate concrete minimize
the rate of corrosion or the intrusion of additional corrosive
agent, they trap the existing quantities of these corrosive
agents. The effectiveness of isolation measures can be im-
proved by removal of corrosive agents before sealing, such
as by electrochemical chloride extraction. Several of the pro-
posed remedies are in the development stage. Such ap-
proaches as deep-polymer impregnation and corrosion
inhibitors have not been proven as practicable methods of
corrosion control on existing reinforced concrete structures.

Various remedial measures have been proven to be capa-
ble of controlling corrosion on an existing structure. Criteria
and guidelines have been established for the selection, de-
sign, construction, and operation of these systems for the
protection of reinforcing steel in atmospherically exposed
concrete structures.

CHAPTER 6—REFERENCES
6.1—Referenced standards and reports
The standards and reports listed as follows were the | atest
editions at the time this document was prepared. Because
these documents are revised frequently, the reader is advised
to contact the proper sponsoring group if it isdesired to refer
to the latest version.

American Association of State Highway and Transportation

Officials (AASHTO)

T24 Standard Method of Test for Obtaining
and Testing Drilled Cores and Sawed
Beams of Concrete
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T260 Standard Method of Test for Sampling
and Testing for Chloride lon in Con-
crete and Concrete Raw Materials

T277 Standard Method of Test for Electrical

Indication of Concrete’s Ability to Re-

sist Chloride lon Penetration

Standard Test Method for Evaluating

Asphalt-Covered Concrete Bridge

Decks Using Pulsed Radar

TP-36

American Concrete Institute (ACI)

201.2R Guide to Durable Concrete

222.1 Provisional Standard Test Method for
Water Soluble Chloride Available for
Corrosion of Embedded Steel in Mortar
and Concrete Using the Soxhlet Extrac-
tor

224R Control of Cracking in Concrete

Structures

Nondestructive Test Methods for Eval-

uation of Concrete in Structures

318R Building Code Requirementsfor Struc-
tural Concrete

228.2R

423.4R Corrosion and Repair of Unbonded
Single Strand Tendons

546R Concrete Repair Guide

548.1R Guide for the Use of Polymersin Con-
crete

548.3R State-of-the-Art Report on Polymer-

Modified Concrete
548.4 Standard Specification for Latex-Mod-
ified Concrete (LMC) Overlays

American Society for Testing and Materials (ASTM)

A 775/A 775 M Standard Specification for Epoxy-
Coated Reinforcing Steel Bars

Cc42 Standard Test Method for Obtaining
and Testing Drilled Cores and Sawed
Beams of Concrete

C 597 Standard Test Method for Pulse Veloc-
ity through Concrete

C 856 Standard Practice for Petrographic Ex-
amination of Hardened Concrete

C 876 Standard Test Method for Half-Cell
Potentials of Uncoated Reinforcing
Steel in Concrete

C 1152 Standard Test Method for Acid-Solu-
ble Chloride in Mortar and Concrete

C 1202 Standard Test Method for Electrical In-
dication of Concrete’ s Ability to Resist
Chloride lon Penetration

C 1218 Standard Test Method for Water-Solu-
ble Chloride in Mortar and Concrete

C 1383 Standard Test Method for Measuring

the P-wave Speed and the Thickness of
Concrete Plates Using the Impact-Echo
Method
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D 4580 Standard Practice for Measuring
Delaminations in Concrete Bridge
Decks by Sounding
Standard Test Method for Detecting
Delaminations in Bridge Decks Using
Infrared Thermography
Standard Test Method for Hydrostatic
Pressure Resistance of Waterproofing
Membranes
Standard Test Method for Evaluating
Asphalt-Covered Concrete Bridge
Decks Using Ground Penetrating Radar
G57 Standard Test Method for Field Mea
surement of Soil Resistivity Using the
Wenner Four-Electrode Method

D 4788

D 5385

D 6087

British Code
CP 110 Code of Practice for Structural Use of

Concrete

Norwegian Building Code

NS 3420-L Betong/Specification Texts for Build-
ing, Construction, Installations—Part
L: Concrete (in Norwegian)

These publications may be obtained from the these organi-
zations:
American Concrete | nstitute
P.O. Box 9094
Farmington Hills, M| 48333-9094

ASTM
100 Barr Harbor Drive
West Conshohocken, PA 19428

British Standards Institution
2 Park Street

London W1A 2BS

United Kingdom

Norwegian Standards Association
Postboks 7020 Homansbyen
N-0306 Oslo 3

Norway
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