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1. Literature Review of Alternative Metallic
Reinforcement for Concrete

1.1 Introduction

One of the most important aspects of an investigation is the literature review that
precedes and accompanies it. This allows the researchers to be aware of the most up-to-
date information regarding that subject. A very thorough literature review of work
associated with epoxy-coated reinforcement (ECR) was carried out during Project 1265.

More than 140 related articles were included in the dissertations of Kahhaleh
(Kahhaleh 1994) and Vaca (Vaca 1998) and the final reports for that project. Since that
time, studies associated with alternative reinforcement materials have increased
tremendously.

Some of the types of materials were summarized in a state-of-the art review about a
year ago (Wheat and Deshpande 2001). The paper was included in a previous semiannual
report for Project 4904, but is included in Appendix A for completeness.

Most of the articles for the metallic alternatives can be grouped into the following
categories: epoxy, galvanized steel, corrosion resistant steel, dual-phase steels, stainless
steels, and other systems of interest. Some of the articles are briefly described below.

1.1.1  Epoxy

e “Corrosion Protection Properties of Epoxy Coating on Reinforcement Steel in
Concrete—Three Years of Field Exposure” (Sederholm 1996).

A study was done to determine the effect of the size of coating damage. The
outdoor tests involved continuous electrochemical measurements on simulated
corrosion cells of epoxy-coated steel rods in chloride-containing concrete and the
exposure of steel rods (repaired in different ways) in chloride-containing
concrete.

e “Low Frequency Electrochemical Impedance for Measuring Corrosion of Epoxy-
Coated Reinforcing Steel in Concrete” (Sagues and Zayed 1991).

The investigation involved modeling partially disbanded epoxy-coated
reinforcing steel in concrete.

1.1.2  Galvanized Steel

e “Corrosion Resistance of Galvanized Steel in Concrete” (Thangavel et al. 1995).

The performance of electrogalvanized steel in concrete under immersed
conditions (seawater and potable water) and under weathering condition (indoor



and outdoor) was assessed by monitoring the potential during a period of two—
three years.

1.2 Various Steel and Steel Claddings

1.2.1

1.2.2

1.2.3

Corrosion Resistant Steels

“Effect of Aggressive Chloride Environment on Corrosion Resistant Reinforcing
Steels Embedded in Concrete” (Banerjee et al. 1997).

High corrosion resistant (HCR) reinforcement bars, developed through a
thermomechanical treatment, were evaluated in aggressive chloride environments
in concrete through short-term accelerated tests and long-term field exposure
tests.

“Mechanism of Reinforcement Corrosion in Concrete Structures and its
Prevention by Using Corrosion Resistant Rebars — A New Product of Tata Steel”
(Singh, Jha, and Chattejee 1995).

The most suitable composition for a new variety of reinforcing steel bars, given
the brand name TISCON-CRS, was extensively tested for its compatibility in the
laboratory.  Field tests were also carried out in marine and industrial
environments to evaluate its performance.

“Development of Corrosion Resistant Steel Bars for Prestressed Concrete in
Saline Environments” (Shiraga et al. 1992).

The effects of Ni, Cr, Mo, Cu, and W alloying additions in boron steel (NC32B)
were examined to develop steel bars with good corrosion resistance for
prestressed concrete in saline environments.

Dual-Phase Steels

“The Application of Dual-Phase Steels for Corrosion Resistant Reinforcement of
Concrete” (Thomas 1996).

Work conducted at the University of California-Berkeley demonstrated the
excellent mechanical properties and superior corrosion resistance of dual-phase
steels that make the alloys particularly advantageous for use as bar, rod, and wire
reinforcement in concrete structures.

Stainless Steels

“Effect of Chemical Composition on Corrosion Behaviour of Stainless Steels In
Chloride-Contaminated and Carbonated Concrete” (Bertolini et al. 1999).



The paper deals with the corrosion resistance of stainless steels in chloride-
contaminated and carbonated concrete. The stainless steels studied were 304L,
316L, 430, and 410.

“Experiences on Stainless Steel Behaviour in Reinforced Concrete” (Bertolini et
al. 1998).

The paper describes the behavior of stainless steel coupled with carbon steel in
order to study the corrosion behavior of reinforced concrete structures in which
stainless steels are used only for partial substitution of carbon steel. The effect of
galvanic coupling between stainless steel and active carbon steel in chloride-
contaminated concrete was studied.

“Practical and Economical Aspects of Application of Stainless Steel as
Reinforcement in Concrete” (Klinghoffer et al. 1999).

The behavior of stainless steel in connection with carbon steel was evaluated in
order to study the consequences of galvanic coupling for corrosion of reinforced
concrete structures in which stainless steel bars are used for limited parts of the
reinforcement.

“Application of Austenitic and Duplex Stainless Steels for Concrete
Reinforcement for Improved Corrosion Resistance” (Anon 1998).

The behavior of two duplex Italian stainless steel grades, together with different
austenitic Italian stainless steel grades were compared with a commercial
unalloyed Italian steel commonly used for concrete reinforcement in civil
buildings.

“Corrosion Behavior of Welded Stainless Reinforcing Steel in Concrete”
(Nurnberger, Beul, and Onuseit 1995).

Electrochemical investigations and field tests were carried out on reinforced
concrete elements containing stainless steel in welded applications.

“Corrosion Behaviour of a Duplex Stainless Stainless Steel in Chloride-
Contaminated Concrete” (Pastore and Pedeferri 1991).

Electrochemical tests were carried out to study the corrosion behavior of a
23Cr4Ni duplex stainless steel, as well as 304 and 316 stainless steels in chloride-
contaminated concrete with up to 3% chlorides by weight of cement.

1.3 Other Systems of Interest

“Coatings for Corrosion Protection of Steel Used in Reinforced Concrete”
(Sanjuro et al. 1992).



Silicon and silicon-titanium protective coatings were deposited on steel rebars
using a novel chemical vapor deposition technique. Selected coated samples were
tested for corrosion resistance by chemical and electrochemical techniques.

e “Zinc-Silicate Thermal Spray Coatings: Properties, Processes and Applications”
(Krepski 1992).

A zinc-silicate composite thermal spray coating was examined in simulated
concrete pore solution.

e “Using Electroless Nickel to Coat Reinforcing Steel in Chloride-Contaminated
Concrete” (Sanchez et al. 1998).

Steel rebars were coated in an electroless Ni bath for various times and subjected
to different heat treatments. The Ni-coated bars were embedded in concrete
samples with NaCl concentrations at 0, 0.10, 0.15, and 0.20% based on concrete
weight.

A more detailed summary of articles of specific interest to Project 4904 is given in
Chapter 2. That chapter begins with a summary of articles that give descriptions of
techniques used to study the corrosion of steel in concrete.



2. Literature Review of Corrosion of Steel in Concrete

(Compendex 1990—-March 2000)

2.1 Literature Review on Corrosion Evaluation and Testing

In this chapter, literature review on various corrosion measuring techniques will be
discussed. Some of them include AC impedance response, multi-electrode electrical
resistivity array, polarization resistance technique, acoustic emission (AE) technique,
galvanostatic transient methods. A brief summary of this literature review is presented in
Chapter 5.

“A Study of Comparison of Methods for Measuring the Electrochemical Corrosion of
Steel in Concrete” (Hassanein et al. 1999)

A study was conducted on different methods to measure corrosion. A brief summary
is as follows:

The use of various electrochemical techniques is accessed theoretically and
experimentally to obtain information on the corrosion state of steel in concrete.
The transient response produced by potentiostatic, galvanostatic, and coulostatic
perturbations together with the AC impedance response may all be analyzed to
give information on the interfacial capacitance and polarization resistance
describing the steel-concrete interface.

Except for the coulostatically induced transient, these responses also contain
information on the electrolyte resistance. Because of the slow transient behavior
of steel in concrete, the measurement of AC impedance data in the frequency-
domain may require a long measurement period. Nearly complete galvanostatic
and coulostatic transients also may require long measurement periods.

However, in the case of the coulostatically induced transient, the duration of the
perturbation is very small. Thus, any perturbation-induced changes in the
corrosion state of the steel are limited. Potentiostatic transients are generally
recorded in the shortest time period (typically 30 seconds), the perturbation again
being applied while the transient is recorded; unlike the other methods, this
measurement period is relatively insensitive to the corrosion rate. In theory, the
data obtained by all the transient methods may be converted from the time domain
into the frequency domain to give the impedance spectrum. Coulostatically
induced transients offer the most advantages in this respect.

“Study of Nondestructive Measurement of Corrosion State of Reinforcing Steel in
Concrete” (Monteiro et al. 1998)

Monteiro et al. studied non destructive measurement of corrosion in 1998. A brief
summary is as follows:



This paper presents a new nondestructive method that uses a multi-electrode
electrical resistivity array to measure the complex impedance along the surface of
a concrete structure to determine the position of the reinforcing bars and their
corrosion state.

A laboratory demonstration of this method was conducted on a concrete block
with four embedded steel reinforcing rods, each with a different surface
preparation to simulate a variety of conditions: corroded, clean, coated bar, and
gold-plated. The gold-plated bar was intended to represent a condition of
complete chemical inertness and the painted bar was intended to represent the
condition that should, in principle, offer only capacitive coupling to the concrete.

The surface spectral resistivity method was successful to locate the bars and
distinguish between the different surface impedances of the bars; it can thus be
concluded that the method can be a useful tool in assessing corroded
reinforcement in concrete structures (Monteiro et al. 1998).

“Review of Field and Laboratory Experience with Electrochemical Methods for
Assessing Corrosion of Steel in Concrete” (Videm 1997)

Videm reviewed electrochemical methods of assessing corrosion. The observations
are noted below:

The electrochemical techniques discussed are: potential mapping with reference
electrodes at the surface, corrosion potential monitoring with reference electrodes
embedded in the concrete, potentiodynamic scans, potentiostatic polarization,
galvanostatic pulse technique, AC impedance spectroscopy, and monitoring of
electrochemical noise.

Laboratory experiments were carried out in alkaline solutions, in mortar slabs
with and without chloride additions, and at an 840-m-long (2756-ft-long), 16-
year-old bridge at the coast of northern Norway. A very complex electrochemistry
of iron in alkaline media takes place because of the very low volume of pore
water in contact with the steel. Due to the low volume, even very small impressed
polarization currents alter the composition of the environment adjacent to the
steel. This complicates the interpretation of the electrochemical tests, leading to a
series of disadvantages.

It was concluded that the standard electrochemical techniques for determination
of the corrosion rate in aqueous solutions do not function well for steel in
concrete, at least not for routine applications (Videm 1997).

“Study of Electrochemical Noise Technique for the Prediction of Corrosion Rate of
Steel in Concrete” (Katwan et al. 1996)

Katwan et al. studied electrochemical noise technique. A brief summary is as follows:

A research program was undertaken to examine the limitations and applicability
of the Electrochemical Noise Technique (ECN) for the determination of corrosion



rates of steel reinforcement. The measurements were made on full-scale
reinforced concrete beams under cyclic and static loading and exposed to a
corrosive environment.

e Results from short-and long-term tests suggest, rather surprisingly, that for a
given test condition, equal accuracy in predicting the corrosion rate can be
obtained from the standard deviation of the potential noise and the electrode
potential. There are indications, however, that valuable qualitative information
about the state of corrosion may be obtained by means of potential trace (Katwan
1996).

“An Estimation of Steel Corrosion Rate in Reinforced Concrete Using Equivalent
Circuit Fittings of Impedance Spectra” (Gu and Beaudoin 1998)

Gu and BeaudoinBeaudoin researched impedance spectra in 1998, and the following
observations were made:

e Three equivalent circuit models were utilized to fit the alternating current (AC)
impedance spectra obtained from the 5-year-old, “lollipop-like” reinforced
concrete samples. The RC parameters obtained from two of the equivalent circuit
fittings were compared. The differences in polarization resistance and double
layer capacitance were evaluated. The variation in the values of these elements
was found to be up to 70%.

e These two parameters also were determined from the fitting of the low-frequency
portion of the corresponding impedance spectrum for the third equivalent circuit,
and the differences were within 40%. The other RC parameters and their
relationship with Rp also were discussed.

e Finally, the corrosion rates of the samples, determined from both the AC
impedance and linear polarization methods, were compared and the differences in
this study were found to be about 100% (Gu and Beaudoin 1998).

“The Use of Acoustic Emission Technique for Detection of Reinforcing Steel
Corrosion in Concrete” (Li et al. 1998)

Li et al. studied the application of acoustic emission technique for determination of
steel in concrete. The following observations were made:

e The feasibility of using acoustic emission (AE) technique in rebar corrosion
detection is studied. The correlation between the characteristics of the acoustic
emission events and the behavior of the rebar corrosion in HCI solution is
examined. The possibility of the corrosion detection of rebar inside concrete is
investigated using an accelerated corrosion experimental method (Li 1998).



“Review of Potentiostatic Transients Applied to the Corrosion of Steel in Concrete”
(Glass et al. 1997)

Glass et al. reviewed potentiostatic transients applied to corrosion and made the
following observations:

e Potentiostatically induced current transients obtained on a range of reinforced
concrete specimens were studied to give approximate values of the polarization
resistance and interfacial capacitance. The polarization resistance was compared
with the values obtained using more conventional DC methods of analysis.
Though it was consistently lower, it was within the error normally attributed to
the polarization resistance method of corrosion rate determination.

o The interfacial capacitance values determined increased from passive steel to
active steel. This has a dominant effect on the time required for potentiostatically
induced current transients to reach a steady state with a longer time being
required by actively corroding steel.

e By contrast, the potential decay time constants describing galvanostatically or
coulostatically induced potential transients decrease with an increase in corrosion
rate. Values less than 25 s for active specimens and greater than 40 s for passive
specimens were determined in this work (Glass et al.1997).

“Analysis on Modeling the Time-Dependent Response to External Polarization of a
Corrosion Macrocell on Steel in Concrete” (Kranc and Sagues 1997)

Kranc and Sagues analyzed time-dependant response to external polarization in 1997.
A brief summary is as follows:

e A numerical prediction of the time-domain response to external excitation of a
system with macroscopic but unevenly distributed corrosion is presented. Model
development for a corrosion macrocell on a steel bar in concrete subjected to a
potential-step excitation is used as an illustration of the computational approach.
The electrolyte is assumed to be purely resistive, while the metal-steel interface is
subject to nonlinear polarization boundary conditions, including Butler-Volmer
kinetics for the cathodic and anodic reactions (Kranc and Sagues 1997).

e A purely capacitive charge storage mechanism is assumed for the metal-
electrolyte interface. The polarization of the cathodic reaction is subject to non-
uniform mass transport through the electrolyte. The performance of the model is
demonstrated in a simulated polarization experiment. Applications of the model
for determining the capabilities of electrochemical test techniques for steel in
concrete are examined.

“Analysis of Galvanostatic Transient Methods Used to Monitor the Corrosion Rate of
Steel in Concrete” (Glass et al. 1992).

Glass et al. analyzed galvanostatic transient methods to study their application in
corrosion of steel in concrete. The following conclusions were made:



e The sensitivity of the time constants describing galvanostatically induced
potential-time transients to corrosion rate changes was examined on steel
embedded in concrete. The shape of the transients changed with changes in
corrosion rate. However, the decay was not an exponential function, which would
be expected if it were determined by activation-controlled reactions.

e The time constants resulting from an assumed exponential decay were insensitive
to corrosion rate changes. However, a proposed empirical function, which fitted
the transients more accurately, produced time constants that were inversely
proportional to the corrosion rate of active steel. Generally, potential-time
transients are expected to be insensitive to specimen area and this may prove to be
an advantage when monitoring the corrosion rate of an unknown or variable steel
area (Glass et al. 1992).

“A Study of Relationships between Anodic Polarization and Corrosion of Steel in
Concrete” (Baweja et al. 1993)

Baweja et al. studied anodic polarization and its application to corrosion. The results
are as follows:

e There is as yet no method of assessment that would enable the rapid and accurate
prediction of the extent of corrosion of reinforcing steel in concrete on site. Half-
cell potential techniques commonly used in situ give only probabilistic
information on corrosion activity.

e Research effort is thus needed to assess more accurately the corrosion
characteristics of steel in concrete with an ultimate view of site application. Long-
term investigations on chloride-induced corrosion of steel reinforcement have
been conducted on a series of concrete slab specimens to establish relationships
between electrochemically induced corrosion of steel reinforcement.

e Potentiodynamic anodic polarization procedures were used to monitor corrosion
of steel reinforcement in concrete slab specimens over a period of 4 years. A
statistically significant relationship between the area under the corrosion current-
time relationship and the weight loss of steel reinforcement was established.
Assessments of corrosion rates of steel in the concretes studied were thus verified.
Reinforcement corrosion was found to be localized under the high chloride
conditions occurring mainly in an area adjacent to the chloride source (Baweja et
al. 1993).

“Field Measurement of the Corrosion Rate of Steel in Concrete Using a
Microprocessor-Controlled Unit” (Broomfield 1996)

Broomfield studied a microprocessor-controlled unit for field measurement of
corrosion rate. A brief summary is as follows:

e This is the principle of corrosion rate measurement by the linear polarization
resistance method: the equipment measures the half-cell potential, applies a small
current, and measures the change in potential.



e The corrosion rate is proportional to the applied current divided by the potential
shift (Broomfield 1996). Using the technique in the field on reinforced concrete
structures is complicated because the area of measurement must be defined and
readings fluctuate with the weather conditions.

e This paper describes the use of a corrosion rate device in Europe and the USA on
bridges, buildings, and other structures. Its application for measuring the
effectiveness of chloride removal and other rehabilitation techniques is discussed.

“Evaluation of Corrosion of Steel in Concrete Structures by Magnetic-Based NDE
Techniques” (Ghorbanpoor et al. 1996)

Ghorbanpoor et al. studied NDE techniques for evaluation of corrosion in steel. A
brief summary is as follows:

e Corrosion damage of steel in concrete structures is a major concern. NDE
techniques based on variations in induced magnetic fields due to loss of steel have
been shown to be an effective tool. This paper includes results from laboratory
investigation, field tests, and numerical analysis based on this concept.

e Test specimens included reinforcing bars and prestressing cables with simulated
flaws as well as flaws from real corrosion. Variations in the magnetic field were
recorded as electrical signals that were characterized to aid in the detection of
corrosion and evaluation of the condition of steel in concrete.

e It was found that the amplitude of the signals could be related to the extent of the
corrosion (Ghorbanpoor 1996). Loss of cross sectional area in bars and cables of
approximately 3% could be detected by the technique. The results of a finite
element analysis yielded a good agreement with those from the experiment. The
technique offers significant capabilities for field assessment of the condition of
steel in concrete structures.
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“Analysis of Corrosion Monitoring of Steel Rebars in Concrete Structures by AC
Impedance Method” (Yokota et al. 1996)

Yokota et al. used the AC impedance method to monitor corrosion in 1996. The
following observations were made:

Corrosion monitoring by AC impedance has been investigated to evaluate on-site
corrosion rates of concrete reinforcing steel bars and to estimate the service life of
concrete structures.

A new corrosion monitoring method has been developed to measure the corrosion
rates of rebars in only a short time. It takes only a few minutes to obtain a
corrosion rate for rebars by measuring impedance at two frequencies.

Further, a portable monitoring apparatus has been successfully made for the
purpose of on-site measurements of corrosion rates of rebars. This apparatus was
applied to rebars in real concrete structures. Corrosion rates estimated by this
apparatus had an almost linear correlation with measured corrosion rates. These
results proved that this newly developed method and apparatus are able to
evaluate on-site corrosion rates of rebars in real concrete structures (Yokota et al.
1996).

“Comparison of Corrosion Rate—Measuring Devices” (Sehgal et al. 1992)

Sehgal et al. compared several corrosion rate—measuring devices and made the
following conclusions:

The principles of the various corrosion rate—measuring instruments (3LP, Nippon
Steel Company, and GECOR devices) are presented. The corrosion rate
determined by these devices is compared with that obtained by standard
electrochemical and nonelectrochemical corrosion rate—measuring methods
(Sehgal 1992).

For corroding steel coupons in acid, similarities were found between the
electrochemical and nonelectrochemical rate—determining systems, but for
passive specimens, the systems produced different results. A linear relationship
was observed between the results obtained by the Nippon device and impedance
spectroscopy for small mortar specimens irrespective of the test solution,
exposure to solution, or test cycle. The significance of this relationship is
discussed. Testing of large concrete specimens shows that, for passive steel-in-
concrete systems, all devices were incapable of confining the signal distribution
from the counter electrode to the rebar area directly below the counter electrode
when the size of the working electrode far exceeded that of the counter electrode.

The reason may be either the inherent difficulty in confining signal distribution in
a passive steel-in-concrete system or the small size of the counter electrode used.

11



e However, for an active system, the confinement resulted in calculated Rp values
that are much closer to the actual average rate.

“Reference Half Cells for Monitoring Corrosion Condition of Steel in Concrete” (Ali
1990)

Ali studied reference half cells to monitor corrosion of steel in concrete. Some
conclusions are as follows:

e Use of half-cell potentials for monitoring corrosion condition of steel in concrete
structures is a well-established technique. Once any external sign of corrosion
appears on the concrete, a fairly major repair is necessary. Thus, any method of
nondestructively ascertaining the probability that reinforcement is corroding at an
early stage as possible is of a great use to engineers (Ali 1990).

e The half-cell technique is a useful tool in this respect. When used with other test
methods, it allows for a more complete picture of damaged structures. Moreover,
commissioning a particular cathodic protection (CP) criterion for protecting steel-
in-concrete structures relies on the half-cell potential technique.

e Thus, the importance of corrosion detection and corrosion inhibition (CP)
necessitates the selection of suitable half cells. Commercially available reference
half cells are a copper—copper sulfate half cell, a silver—silver chloride half cell, a
less-used zinc—zinc chloride half cell, and a saturated calomel half cell.

“Determination of the Corrosion Rate of Steel in Concrete Using Polarization
Resistance Test” (Rozental 1989)

Rozental studied polarization resistance test to study corrosion of steel in concrete. A
brief summary is as follows:

e The corrosion rate of steel in concrete specimens was studied. Concrete
specimens with two steel rods with lead soldered to their ends were used. After
preparation, the specimens were held for 28 days in a normal storage chamber and
then immersed in a 3 M NacCl solution. The specimens were held in a chamber
with a relative humidity of 70-85% at room temperature, with polarization curves
being recorded.

e The results of the study agreed with the corrosion rates obtained by other methods
(Rozental 1989).

2.2 Literature Review of Coatings, Claddings, and Various Other Steels as
Reinforcements in Concrete

In this section, literature reviews on coatings and claddings are described in brief. A
summary of this literature review is presented in Chapter 5. Some of the coatings,
claddings and other systems considered here are epoxy, galvanized, PVC, copper, stainless
steel, dual-phase steel, recycled steel, silicon and silicon-titanium coatings, cross-linking
polymer coatings, and others.
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2.2.1

Literature Review of Epoxy-Coated Reinforcing Steel

“Estimating the Service Life of Epoxy-Coated Reinforcing Steel” (Weyers et al. 1998)

Weyers et al. researched epoxy coatings on steel. A short description is as follows:

In this study, corrosion protection performance of fusion-bonded, epoxy-coated
reinforcing steel (FBECR) was evaluated in chloride-doped simulated concrete
pore water solutions and field structures. Results indicate that a different
corrosion protection failure mode exists in the field than in short-term laboratory
studies.

In laboratory studies, the chloride is right at the bar surface area, and the degree
or corrosion protection is a function of the quality of the coating.

In contrast, in field structures, the epoxy coating disbonds from the steel in moist-
wet concrete. The rate of epoxy disbondment and the chloride concentration at the
bar depth determine if the chloride corrosion threshold limit is reached before or
after the epoxy disbonds.

If the coating is disbonded when the chlorides reach the corrosion threshold limit,
corrosion takes place under the coating in an acidic environment and the
corrosion protection of FBECR is nil. In Virginia, FBECR may provide protection
for about 5% of the bridge decks and thus FBECR is not a cost-effective
corrosion protection system for Virginia bridges (Weyers et al. 1998).

“A Study on Extending Building Life with Fusion-Bonded Epoxy” (Poon and Tasker

1998)

Poon and Tasker studied fusion-bonded epoxy coatings. They made the following
conclusion:

The application of fusion-bonded epoxy coatings (FBEC) bolsters the life of a
building by preventing corrosion, and it decreases the amount of maintenance a
building requires. FBEC has been successfully used in Hong Kong for several
years. Both the Hong Kong S.A.R. government specification for buildings and for
civil engineering approve its use as an effective anticorrosion system.

“An Overview of Corrosion Resistant Epoxy-Coated Reinforcing Steel” (Mathey et al.

1994)

Mathey et al. researched epoxy coatings on reinforcing steel.

This paper describes research conducted in the 1970s to evaluate and develop
criteria for nonmetallic coatings to protect steel reinforcing bars embedded in
concrete bridge decks from the corrosive action of chlorides.

The objectives of the research, the technical challenges faced, the conduct of the
research, and how the results were implemented for improvement of structural
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engineering practice are discussed in depth. Also, reasons for the successful
transition from research to field application are explored (Mathey et al. 1994).

“Study of Various Factors Affecting Cathodic Disbondment of Epoxy Coatings for
Steel Reinforcing Bars” (McHattie et al. 1996)

McHattie et al. studied cathodic disbondment of epoxy coatings. A brief summary is
as follows:

According to this paper, fusion-bonded epoxy coatings have been used
successfully for more than 20 years to prevent corrosion of concrete-reinforcing
steel. Recent attention in the epoxy-coated rebar (ECR) industry has focused on
service in hot/wet environments. New specifications mandate quality control
programs that include cathodic-disbondment testing.

Many systems are available to meet the new industry requirements, including
chromate and nonchromate surface treatments, coatings for prefabricated rebar,
and developmental coatings that combine bendability and good adhesion
retention. Beyond the choice of a coating system, various factors play a role in the
cathodic-disbondment resistance of ECR.

The application temperature, thickness of the coating, steel surface preparation,
and contamination are vital factors. If a surface treatment is used, the weight of
treatment applied is important. Finally, the test conditions of time, temperature,
and pH have a dramatic impact on the cathodic-disbondment test results for a

given system and even on the relative test performance of different systems
(McHattie 1996).

“A Summary of the North American Experience Epoxy-Coated Reinforcing Steel”
(Manning 1996)

Manning studied epoxy coatings in 1996. A brief summary is as follows:

Manning combines a brief history of epoxy-coated reinforcing steel in North
America with a summary of investigations of its corrosion performance. Epoxy-
coated reinforcement was developed in the early 1970s. After demonstration
projects in the mid-1970s, the market, largely in the transportation sector,
expanded rapidly and epoxy coating became the preferred method of corrosion
protection in highway bridges.

The first evidence of unsatisfactory field performance emerged in 1986 in bridges
in the Florida Keys. Isolated examples of corrosion of coated reinforcement were
reported from about 1990 onwards, though many field investigations reported
good performance as well. Laboratory studies were equally controversial, some
predicting good performance and others predicting only a short extension of
service life.

According to this study (Manning 1996), some improvements have been made in
increasing the adhesion of coatings and decreasing the number of defects, but the
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effect on the service life of epoxy-coated reinforcement is uncertain because the
necessary and sufficient conditions for effective, long-term field performance
have not been defined.

“States Sticking to Epoxy in Rebar Corrosion Debate” (Anon 1994)
A brief outline is as follows:

e During this research, the controversy over how well epoxy coatings protect rebar
from corrosion in wet, salty environments had stirred confusion among
transportation agencies.

e According to the paper, the Federal Highway Administration has encouraged the
use of epoxies for 20 years, but FHWA and many state agencies now are
reevaluating their use of the material. Georgia, for example, has stopped using
epoxy coating to protect rebar in coastal substructures, and the New York State
Thruway Authority has switched to galvanized rebar (Anon 1994).

“A Focus on Improving the Performance of Epoxy-Coated Rebar” (Lampton et al.
1996)

Lampton et al. studied epoxy coatings. A brief description is as follows:

e Prior to this study, certain field experiences involving less-than-expected
performance of fusion-bonded, epoxy-coated steel reinforcing bar (ECR) in
concrete had led to considerable debate on the long-term effectiveness of the
technology. Research precipitated by this controversy has once again ascertained
the importance of discontinuities in the epoxy barrier coating and the coating’s
adhesion to the steel.

e This paper examines parameters affecting the latter of these two performance
determiners — what can be done in the epoxy powder coating formulation area
and steel surface preparation to improve the long-term adhesion of the epoxy
coating to the steel (Lampton et al. 1996).

“A Study of Macrocell Corrosion Testing of Bent Epoxy-Coated Bars in Chloride
Solution” (Kahhaleh et al. 1994)

Kahhaleh et al. studied macrocell corrosion testing of bent epoxy-coated rebars. A
summary is as follows:

e An investigation was carried out to assess the current U.S. specification limits on
acceptable damage to fusion-bonded, epoxy-coated bent bars expressed as
percentage pinholes/damage (about 1 to 2%). In an accelerated macrocell
corrosion test (caused by alternate wetting and drying cycles), concrete prisms
containing coated or uncoated bent bars were exposed to chlorides and observed
for two years.

e Data on macrocell corrosion currents, supported by observations from autopsied
specimens, indicate that heavily damaged epoxy-coated bent bars (around 10%)
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were prone to considerable corrosion activity. The coating bond strength to steel
was considerably reduced and underfilm corrosion was progressive.

e Patching damaged areas was not fully effective. The corroded sites, including
blisters on the coating surface, were generally found facing voids in the
surrounding concrete. Curiously, bars with smaller diameter performed much
better than bars with larger diameter bars (Kahhaleh 1994). The report concluded
that current U.S. specification limits on allowable damage to coating need to be
made more stringent.

2.2.2 Literature Review of Galvanized Reinforcing Steel

“Study on Chloride-Ion Induced Corrosion of Galvanized and Black Steel
Reinforcement in High-Performance Concrete” (Gowripalan and Mohamed 1998)

Gowripalan and Mohamed studied chloride-ion induced corrosion of galvanized and
black steel. A brief summary is as follows:

o This research deals with the experimental investigation on the effectiveness of the
use of high-performance concrete (HPC) and galvanized steel in reducing
reinforcement corrosion. Two normal-strength concrete (NSC) mixtures with 28-
day compressive strengths of 30 and 40 MPa and two high—strength concrete
(HSC) mixtures with compressive strengths of 50 and 80 MPa were used for this
study.

e The rapid chloride ion penetration test was used to study the ion penetration and
the results were compared with those of long-term immersion tests in 4% NaCl
solution over a period of 1 year.

e Half-cell potential measurements were used to monitor the initiation of corrosion.
The pH values of HPC pastes and mortars were monitored for 90 days to study
the effect of silica fume on the pH of concrete and corrosion initiation.

e The results showed that HPC reduced chloride ion penetration significantly. Silica
fume at a 10% replacement level reduced the pH of concrete from 14.0 to 12.8
over a period of 90 days (Gowripalan and Mohamed 1998).

“Study of Corrosion Protection of Steel with Hot-Dip Galvanizing” (Subramanian
1996)

Subramanian studied corrosion protection of hot-dip galvanized steel. A brief
summary is as follows:

e The author highlights the problem of corrosion of reinforcing steel in concrete
structures and stresses the need for providing coating to the rebars. In particular,
the latest information on important technical findings pertaining to hot-dip
galvanizing are discussed, including the data on the latest research and
development work of India’s Associated Cement Companies (Subramanian
1996).
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“Study of the Corrosion Resistance of Galvanized Steel in Concrete” (Thangavel et al.
1995)

Thangavel et al. studied corrosion protection of galvanized steel. A brief summary is
as follows:

e This study assesses the performance of electrogalvanized steel in concrete under
immersed conditions (seawater and potable water), as well as under weathering
conditions (indoor and outdoor), by monitoring the potential during a period of 2
to 3 years.

e It is shown that under immersed conditions, zinc undergoes rapid dissolution. It
performs better in atmospheric exposure. Whether the zinc is immersed in
solution or exposed to the atmosphere, the extent of corrosion increases with the
chloride content in concrete (Thangavel et al.1995).

2.2.3 Literature Review of Various Steels and Steel Claddings

“Study Involving Corrosion Susceptibility of Dual-Phase Steel in Concrete” (Trejo et
al. 1994)

Trejo et al. studied corrosion susceptibility of dual-phase steel. A brief summary is
as follows:

e This paper presents preliminary results on the mechanical and corrosion
properties of a Fe-2Si-0.1C-0.1Nb dual-phase ferrite martensite (DFM) steel
embedded in concrete. According to this paper, previous research has shown that
these steels can attain higher tensile strengths, higher energy absorption, more
ductility, better fatigue toughness, weldability, and better corrosion resistance
than conventional reinforcement steels.

e This investigation concludes that Fe-2Si-0.1C-0.1 Nb DFM steels containing 18%
martensite volume, when embedded in small concrete beams and subjected to an
accelerated corrosive environment, are more resistant to corrosion than standard
billet reinforcement.

e Thus, they may offer considerable potential as a new economical steel for
concrete reinforcement (Trejo et al. 1994).

“Study Involving Application of Dual-Phase Steels for Corrosion Resistant
Reinforcement of Concrete” (Thomas 1996)
Thomas studied dual-phase steels and stated the following:

e Dual-phase steels are low carbon content alloys processed to yield
microstructures that consist of a mixture of ferrite and martensite. The processing,
microstructures, and mechanical properties of dual-phase steels have been studied
for several years.
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Dual-phase steels have excellent mechanical properties and superior corrosion
resistance that make these alloys particularly advantageous for use as bar, rod,
and wire reinforcement in concrete structures (Thomas 1996).

“Research of Corrosion Protection of Reinforced Concrete Members by Using
Recycled Steel” (Someh et al. 1996)

Someh et al. studied the use of recycled steel as reinforcement in concrete. A brief
summary is as follows:

There were two objects of focus in this research. The first was the recycling idea
of reusing waste steels and the second was to protect corrosion of reinforcing
concrete using a natural method.

The study investigated retarding or inhibiting corrosion of reinforced concrete by
reusing steel shavings or steel cans as steel fibers around embedded steel bars as a
sacrificial anode.

The investigation was carried out in a transparent gel. Reinforced concrete
specimens indicated that steel fibers from steel cans or steel shavings can become
a sacrificial anode to prevent corrosion of steel bars. Additionally, exposed
reinforced concrete specimens under severe conditions proved the role of above
materials in corrosion prevention, especially for steel cans. Anticorrosion
behavior also was observed for embedded steel bars (Someh 1996).

“Study of Corrosion-Resisting Steels in Chloride-Bearing Concrete” (Rasheeduzzafar
et al. 1992)

Rasheeduzzafar et al. studied corrosion-resisting steels in chloride-bearing concrete
and made the following observations:

This research evaluates bare mild, galvanized, epoxy-coated, and stainless-clad
reinforcing steels in a 7-year exposure site program for corrosion-resistance
performance in chloride-bearing concretes. Reinforcing material and chloride
content of concrete were the variables. Bars were cast in prismatic specimens of
0.45 water-cement ratio, good-quality concrete containing three levels of
chloride: 4, 8, and 32 1b/yd3 (2.4, 4.8, and 19.2 kg/m3, corresponding to 0.6, 1.2,
and 4.8% by weight of cement).

The specimens were exposed to the environment of eastern Saudi Arabia on a site
at King Fahd University of Petroleum and Minerals, Dhahran.

The results indicate that mild steel bars had suffered severe rust-related damage
for all three chloride levels with significant loss of section and rib degradation for
8-1b and 32-Ib chloride-bearing concretes.

For galvanized reinforcing steel in equivalent chloride-bearing concrete compared
to bare mild steel, there was a decay in the onset of cracking, a reduction in metal
loss, and an amelioration in the incidence and severity of concrete failure
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condition. However, in both 8-1b and 32-Ib chloride concretes, there was severe
corrosion accompanied by concrete cracking.

The results show that the use of galvanized steel in concretes with high levels of
chloride delays concrete failure by only a finite period of time. Epoxy-coated bars
performed exceedingly well as corrosion-resistant steel in 4-1b and 8-1b chloride
concretes, as no corrosion and concrete cracking were observed.

However, for the 32-1b chloride concrete, significant corrosion was observed on
the substrate steel below the coating.

This led to a systematic breakdown of the coating and cracking of concrete. These
results indicate that epoxy barrier coatings may have a finite tolerance limit for
chlorides. Among corrosion-resisting steels, the best durability performance is
exhibited by the stainless-clad reinforcing bars. After 7 years of embedment in
32-Ib chloride concrete, no sign of corrosion was observed on any of the bars
tested (Rasheeduzzafar et al. 1992).

“Study of Stainless Steel Reinforcing as Corrosion Protection” (McDonald et al. 1995)

McDonald et al. studied stainless steel as corrosion protection in concrete in 1995. A
brief description is as follows:

This paper reviews the work conducted by several researchers in Europe. The
review discusses the use of solid stainless steel and stainless steel—clad
reinforcing bars for the construction of corrosion-resistant reinforced concrete
structures.

Results of laboratory and field tests from these researchers, as well as the costs
associated with the use of such bars, are reviewed (McDonald et al. 1995).

2.3 Literature Review of Other Systems of Interest

“A Study of Various Coatings for Corrosion Protection of Steel Used in Reinforced
Concrete” (Sanjurjo 1992)

Sanjurjo studied various coatings for corrosion protection of steel. A brief summary
is as follows:

In this research, silicon and silicon-titanium protective coatings were deposited on
steel rebars, wires, and fibers using a novel chemical vapor deposition technique
that combines the low cost of pack metallization with the advantages of subhalide
chemistry and with the high heat and mass transfer of a fluidized bed reactor.

The steel samples were immersed in a bed of silicon or silicon-titanium particles
fluidized by an argon—0.1% HCI mixture and kept at temperatures ranging from
400 to 750°C (752 to 1382°F). Diffusion coatings were obtained in all cases.
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Various coating rates were obtained at the highest temperatures. Selected coated
samples were tested for corrosion resistance by chemical and electrochemical
techniques.

In general, silicon provided some corrosion protection as expected (Sanjurjo
1992). AC impedance measurements in acidic chloride solutions indicated that
very thin and very thick silicon coatings were as protective as coatings 1 to 5. The
best coatings were obtained when silicon and titanium were codeposited at
temperatures around 550°C (1022°C). These coatings increased the corrosion
resistance by more than an order of magnitude with respect to the uncoated
sample.

“A Study of Coated Steel Reinforcement for Corrosion Protection in Concrete”
(Yeomans 1995)

Yeomans studied coated steel reinforcement in 1995 and made the following
observations:

Coated steel reinforcement is widely used in new concrete construction to provide
enhanced corrosion protection to the embedded steel. While concrete itself
provides natural corrosion protection to steel, this effect may be lost as a result of
degradation of the concrete mass or the penetration of aggressive species from the
environment through the cover concrete to the reinforcement.

Coating of the reinforcement reduces the risk of corrosive attack in concrete. Two
coating systems namely fusion-bonded epoxy coatings and hot-dip galvanized
coatings, are widely applied to steel for this purpose.

An overview is presented of the characteristics and use of epoxy-coated steel and
galvanized steel reinforcement in concrete. The nature of the protection afforded
by these coating systems is explained together with their methods of application
and relevant codes and standards. A discussion and comparison of typical
characteristics of the two system is given. The results of recent research
comparing both the accelerated corrosion behavior and the bond and slip
performance of black steel, epoxy-coated steel, and galvanized steel
reinforcement in concrete is presented (Yeomans 1995).

“Waterborne Corrosion Protective Coatings for Steel and Concrete Based on
Polymers Cross-Linking with Active and Reactive Pigments: An Overview” (Tippl

1989)

Tippl studied waterborne corrosion protective coatings. A short description of the
research is as follows:

The author has developed a polymer system that crosslinks with itself. Test
results were compared with waterborne protective coatings.

The second step of these developments was to find reactive pigments that are
crosslinking with the system.
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e Similar systems are used for concrete protection. The required parameters for
successful protection of concrete were discussed (Tippl 1989).

“Testing the Performance of Copper-Clad Reinforcing Bars” (McDonald et al. 1996)
McDonald et al. studied copper-clad rebars. A short description is as follows:

e Several long-term laboratory tests have been conducted showing that copper-clad
bars may be a viable option for corrosion protection. This paper discusses the
performance of copper-clad bars in concrete in relation to black bars (McDonald,
1996).

“Performance Study of Black, Galvanized, and Epoxy-Coated Reinforcing Steels in
Chloride-Contaminated Concrete” (Yeomans 1994)

Yeomans studied black, galvanized, and epoxy-coated rebars in concrete. A brief
summary is as follows:

e The corrosion performance of black steel, galvanized steel, and epoxy-coated
steel in concrete was investigated in this paper. Samples were exposed to cyclic
salt water wetting and drying or to a continuous salt fog.

e Corrosion assessments included half-cell potential monitoring, chloride (Cl-)
analysis, and metal loss determinations. Galvanized steel resisted CI- levels in
concrete approximately 2.5 times that which caused corrosion of black steel.

e Zinc (Zn) provided sacrificial protection for a period approximately 4 to 5 times
that for the initiation of corrosion of black steel in equivalent conditions. At the
cut ends of galvanized bars, the Zn locally protected the exposed steel to a
distance of approximately 8 mm (0.315 in.). Epoxy coating imparted excellent
overall corrosion protection.

e However, at points of damage to the coating and at the unrepaired cut ends of
bars, localized corrosion on the exposed steel occurred over the same interval and
to a similar extent as for uncoated steel (Yeomans 1994). In many instances,
corrosion proceeded along the bar under the epoxy coating with subsequent
detachment of the coating. Repairs to cut ends of epoxy-coated bars did not delay
corrosion of the steel substrate substantially.

“A Detailed Study of Epoxy-Phenolic IPN Coating for Concrete and Reinforcing
Steel” (Aggarwal et al. 1995)

Aggarwal et al. studied epoxy-phenolic interpenetrating polymer network (IPN)
coatings. A brief summary is as follows:

e The coatings based on an epoxy-phenolic IPN system for the protection of
concrete structures and reinforcing steel bars have been developed. Properties of
the developed coating systems along with their corrosion protection efficacy are
discussed in this article.
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It is observed that the developed IPN coating provides excellent protection to
concrete structures. The reinforcing steel bars coated with modified IPN have
much more life in comparison to uncoated steel bars (Aggarwal 1995). The cost
of coating the steel bars with a modified IPN system would be in the range of 15
to 20%.

“Influence of Protective Coatings on Steel-Concrete Bond” (Thangavel et al. 1995)

Thangavel et al. studied the influence of protective coatings on the steel-concrete
bond. A brief description is as follows:

Generally, coatings are recommended to prevent rebar corrosion in concrete
structures. It is imperative that these coatings, apart from having corrosion-
resistant properties, must be able to develop the necessary bond strength at the
rebar-concrete interface for the reliable performance of reinforced concrete
structures.

In this study, the bond behavior of coated bars with two coating thicknesses is
assessed and compared.

From the studies, it is observed that, while the coated steel rebars improved the
bond strength when compared with plain mild steel rebars, the galvanizing and
epoxy coating reduced the bond strength at higher thicknesses of coatings.

On the other hand, in the case of inhibited cement slurry coated rebar, the bond
strength improves at higher thicknesses of coatings.

“Experiments to Slow Down Corrosion Damage in Concrete: The Use of Organic-
Coated, Ceramic-Clad, Metallic-Clad, and Solid Metallic Reinforcing Bars”
(McDonald et al. 1996)

McDonald et al. conducted experiments to study corrosion performance of organic-
coated, ceramic-clad, metallic-coated, and solid metallic rebars in 1996. A brief summary
is as follows:

The Federal Highway Administration initiated a program to develop corrosion-
resistant reinforcing steels with a 75-to 100-year design life for concrete
structures using organic, inorganic, ceramic, metallic, and solid metallic bars. A
series of tests was conducted, showing that the materials tested in this project
were effective in slowing corrosion damage (McDonald 1996).

“Influence of Galvanizing and PVC-Coating of Reinforcing Steels and of Inhibitors
on Steel Corrosion in Cracked Concrete” (Nuernberger and Beul 1991).

Nuernberger and Beul studied PVC coatings. A brief summary is as follows:

Cracked concrete beams of different concrete qualities with carbonized cracks
were exposed in artificial seawater, under frost and deicing salt conditions, and in
an industrial climate. The reinforcement was composed of black steel, galvanized
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steel, and PVC-coated steel. For the purpose of additional protection, the concrete
was partly mixed with an inhibitor Ca(NO2)2.

It was found that the inhibitor protects satisfactorily only in the case of the higher
concrete quality and not to a high crack width. A protective effect of galvanizing
is found in lower chloride contents (< 1.5% relative to cement) and smaller crack
widths. The chosen PVC-coating failed because of chemical instability in the
alkaline medium concrete (Nuernberger and Beul 1991).
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3. Literature Review of Alternative Metallic
Reinforcement for Concrete

(Metadex and Compendex 2000—March 2002)

Chapter 2 included a summary of some of the key research associated with the corrosion of
steel in concrete in general and alternative reinforcement materials from 1990-March 2000
found in the Compendex search. This chapter will describe some of the work that has taken
place since that time. A complete listing from the Metadex search (2000—March 2002) can be
found in Appendix B. The work can still be divided into similar categories and much of it is a
continuation of work that was initiated during the previous decade. Articles from two other
categories have been added, namely articles that have to do with the effect of surface condition
and manufacturing process on the corrosion of steel in concrete. The titles of some of the
relevant articles are given below.

3.1 Epoxy-Coated Steel

e “Accelerated Testing of Plain and Epoxy-Coated Reinforcement in Simulated
Seawater and Chloride Solutions” (Erdogu, Bremner, and Kondratova 2001)
Cement and Concrete Research, v 31,n 5, May 2001, pp 713-718.

3.2 Galvanized Reinforcing Steel

e “Studies on Corrosion Resistance of Galvanized Reinforcement Bars in Simulated
Concrete Solutions” (Saravanan et al. 2001) Transactions of the Institute of Metal
Finishing, v 79, n 4, July 2001, pp 146—150.

e “Porous Structure of the ITZ (Interfacial Transition Zone) Around Galvanized
and Ordinary Steel Reinforcements” (Belaid, Arliguie, and Francois, 2001)
Cement and Concrete Research, v 31,n 11, Nov. 2001, pp 1561-1566.

“Effect of Bar Properties on Bond Strength of Galvanized Reinforcement” (Belaid,

Arliguie, and Francois 2001) Journal of Materials in Civil Engineering, v 13,1 6,
Nov./Dec. 2001, pp 454-458.

3.3 Various Steels and Steel Claddings
3.3.1 Alloy Steels
o “New Atmospheric-Resistant, Low-Alloyed Steels and Surface Treatment for

Construction” (Miyuki 2001) Zairyo to Kankyo/Corrosion Engineering, v 50, n 5,
May 2001, pp 199-202.
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3.3.2

Stainless Steels

“Service Life of RC Structures in Corrosive Environment: A Comparison of
Carbon Steel and SS Bars” (Mani and Srinivasan 2001) Indian Concrete Journal,
v 75,07, July 2001, pp 456—460.

“Stainless Steel Reinforcement” (Knudsen and Skovsgaard 2001) Concrete
Engineering International, v 13, n 3, Autumn 2001, pp 59-62.

“Laboratory and Field Experience on the Use of Stainless Steel to Improve
Durability of Reinforced Concrete” (Bertolini and Pedeferi 2002) Corrosion
Review, v 20, n 1-2, 2002, pp 129-152.

“Galvanic Coupling Between Carbon Steel and Austenitic Stainless Steel in
Alkaline Media” (Abreu et al. 2002) Electrochemica Acta, v 47, n 13—14, May
25,2002, pp 2271-2279.

“Chloride Threshold Levels in Clad 316L and Solid 316N Stainless Steel Rebar”
(M.F. Hurley and J.R. Scully 2002) Paper 02224, Corrosion 2002, National
Association of Corrosion Engineers, 2002.

“Effect of Crack Width and Bar Types on Corrosion of Steel in Concrete” (Hisada
et al. 2001) Journal of Materials in Civil Engineering, v 13, n 3, May/June 2001,
pp 194-201.

“Inspecting a Half-Century Concrete Pier Made with Stainless Steel
Reinforcement in Mexico” (Castro-Borges et al. 2002) Paper 02207, Corrosion
2002, National Association of Corrosion Engineers, 2002.

“Practical and Economic Aspects of Application of Austenitic Stainless Steel,
AISI 316, as Reinforcement in Concrete” (Klinghoffer et al.) Conf. titled
Corrosion of Reinforcement in Concrete: Corrosion Mechanism and Corrosion
Protection, Aachen, Germany, 1999, European Federation of Corrosion
Publications, v 31, pp 121-133, 2000.

“Oxygen Reduction on Mild Steel and Stainless Steel in Alkaline Solutions”
(Jaggi, Elsener, and Bohni) Conf. titled Corrosion of Reinforcement in Concrete:
Corrosion Mechanism and Corrosion Protection, Aachen, Germany, 1999,
European Federation of Corrosion Publications, v 31, pp 3—12, 2000.

“Corrosion Behavior of Stainless Steels in Chloride-Contaminated and
Carbonated Concrete” (Bertolini et al.) International Journal for Restoration of
Buildings and Monuments, v 6, n 3, 2000, pp 273-292.
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3.4 Some Other Systems of Interest

“Electroless Nickel Coating for Reinforcing Steel in Chloride-Contaminated
Concrete” (Sanchez et al. 2001) Corrosion Review, v 19, n 2, 2001, pp 105-118.

“Effect of Coatings Applied on Rebars in Concrete” (Morris, Vazquez, and De
Sanchez 2000) Journal of Materials Science, v 35, n 8, 2000, pp 1885—-1890.

“An Introduction to Glass-Reinforced Coatings” (Byrd 2001) Journal of
Protective Coatings and Linings, v 18, n 11, Nov. 2001, pp 30-37.

“Effect of Prior Damage on the Performance of Cement-Based Coatings on
Rebar: Macrocell Corrosion Studies” (Vedalakshmi et al. 2000) Cement and
Concrete Composites, v 22, n 6, Dec. 2000, pp 417-421.

“Effect of Waterproofing Coatings on Steel Reinforcement Corrosion and
Physical Properties of Concrete” (Al-Dulaijan et al. 2002) Cement and Concrete
Composites, v 24, n 1, Feb. 2002, pp 127-137.

“Water-Disperse Paints (WDP) for Corrosion Protection of Steel and Reinforced
Concrete Structures” (Lobkovskij and Luk’yanenko 2002) Stroitel 'nye Materialy,
v 10, Oct. 2000, pp 32-33.

“Measuring Adhesion of Coatings to Concrete and Steel” (Cunningham and
Steele 2000) Paper 00008, Corrosion 2000, National Association of Corrosion
Engineers.

3.5 Surface Condition

3.5.1

Pre-Rusted

“Corrosion of Pre-Rusted Steel in Concrete” (Novak, Chang, and Ayyad 1997)
EUROCORR 1997, v I, Trondheim, Norway, Sept. 22-25, 1997, Norwegian
University of Science and Technology, Congress Department, Gloshaugen,
Trondheim, N-7034, Norway, 1997, pp 511-516.

“Corrosion of Steel Rebars in Concrete” (Novak, Dong, and Joska 1996) Koroze
a Ochrana Materialu, 40, (1), 1996, pp 2—7.

“Influence of Pre-Rusting on Steel Corrosion in Concrete” (Novak, Mala, and
Joska 2001) Cement and Concrete Research, v 31, n 4, April 2001, pp 589-593.

“Effect of Degree of Corrosion on the Properties of Reinforcing Steel Bars™

(Almusallam 2001) Construction and Building Materials, v 15, n 8, Dec. 2001, pp
361-368.
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e “Investigation of Scale and Rust on Steel Activation in Model Concrete Pore
Solution” (Novak, Mala, and Kouril) EUROCORR 2002, The European
Corrosion Congress, Lake Garda, Italy, Sept. 30—Oct. 4, 2001, Associazione
Italiana diMetallurgia, Piazzale Rodolfo Morandi 2, Milano, [-200121, Italy,
2001.

3.6 Manufacturing Process

e “Effect of Steel Manufacturing Process and Atmospheric Corrosion on the
Corrosion-Resistance of Steel Bars in Concrete” (Al-Zahrani et al. 2002) Cement
and Concrete Composites, v 24, n 1, Feb. 2002, pp 151-158.
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4. Experiences of the States

Introduction

In December 2001, a letter was sent to the Department of Transportation in each state
requesting information about any research projects or experiences with alternative
reinforcement materials. The District of Columbia and twelve states responded (Private
Communication, 2002). The states were Alaska, Delaware, Georgia, Hawaii, Illinois,
Kansas, Louisiana, North Dakota, Oregon, Pennsylvania, South Dakota, and Washington.
Some of the responses are described below.

The District of Columbia, Georgia, and Hawaii

The District of Columbia, Georgia, and Hawaii indicated that epoxy-coated
reinforcement was generally the only type of alternative reinforcement being used. This is
consistent with many other states as well.

Alaska

The Alaska DOT will soon begin a project to examine the behavior of a number of
alternative reinforcement materials and will compare the behavior to that of uncoated or
black steel. Their matrix of materials will include ECR, 316L, clad rebar, and MMFX
microcomposite steel. The MMFX steel has come out of the development of the dual-phase
steels (Thomas; Trejo). Alaska will be using an existing dock facility and will hang
separate beams in the submerged, tidal, and splash zones. The beams will be arranged
vertically with lead wires brought up to a test station in which potential and current flow
can be measured.

Delaware

Delaware is planning a project that will use stainless clad rebar. It is anticipated that
it will use experimental bridge funding.

Hawaii

The Hawaii DOT has used ECR in some harbor facilities. One of the sites that was
constructed in 1988 showed no traces of corrosion after the coating was peeled from steel
removed from cores.

Illinois

The Illinois DOT has had experience with galvanized bars in the foundations and
decking of an all-galvanized metal bridge. The bars experienced degradation of the zinc
coating by complete absence of the eta phase (pure zinc). When subjected to bending, the
zinc coating spalled off, leaving only the hard and very brittle gamma phase, which is
expected to provide little galvanic protection.

[llinois has also had experience with copper-clad and stainless-clad bars. While the
copper-clad bars were successful, the manufacturer has gone bankrupt. The stainless-clad
bars were tubes filled with rail-steel scrap cuttings and then sintered at high temperatures
to fuse them. The bars exhibited limited ductility and failed the bend test.
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Kansas

The Kansas DOT is actively involved in a project on alternative reinforcement
materials that is headed by Dr. David Darwin at the University of Kansas. In addition, they
are funding construction of bridges with various types of alternative reinforcement and a
field investigation of their performance over a 10-year period.

Louisiana

Louisiana has used ECR for about 15 years, particularly for bridges that could be
subjected to salting during winter months. More recently, they have looked into stainless-
clad rebars after overcoming some initial problems with bending.

They are currently conducting laboratory testing of the corrosion resistant steel MMFX.

Michigan

The Michigan DOT has worked on stainless, stainless clad, aramid fiber, ECR, and
MMFX II. Most projects are still ongoing.

North Dakota

The North Dakota DOT generally uses ECR; however, they constructed a bridge
using stainless-clad rebar in the summer of 2001.

Oregon

The Oregon DOT has been quite innovative and has several stainless and stainless-
clad bridges. In their correspondence, they also indicated that North Carolina, Montana,
Missouri, and Ontario, Canada, had involvement with stainless or stainless-clad bridges as
well.

Pennsylvania

The Pennsylvania DOT has been using ECR since 1974. In addition, galvanized
rebars were used in approximately 273 bridge decks from 1973 to 1982. In 1982, an in-
depth study of 4 galvanized bridges decks and a review of 51 others indicated that there
were no major distresses on the bridges decks that could be related back to corrosion of the
galvanized rebar.

In another report on ECR and galvanized rebar in 1988, it was concluded that both
galvanized and ECR were generally in excellent condition despite high chloride contents
in surrounding cement concrete. The report noted, however, that in every galvanized rebar
bridge deck evaluated in detail, the remaining coating thickness was comprised almost
solely of zinc-iron alloy layers. The free zinc outer layer had been expended.

The Pennsylvania DOT placed stainless-clad bars in a bridge deck built in 1976 and
initiated a study on the performance and applicability of solid stainless steel rebars and
stainless-clad rebars in 1999.

In 2001, the Department experimentally placed MMFX microcomposite steel bars in
a bridge deck and parapets of a single-span structure.
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South Dakota

South Dakota routinely uses ECR. They conducted a research project to investigate
stainless-clad rebar and chose not to use it. They also investigated MMFX rebar and chose

not to use it.
Washington

The Washington DOT routinely uses ECR in their bridge decks. In the summer of
2001, they constructed a concrete pavement section with stainless-clad bars.
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5. Summary

As can be seen from this literature review, the subject of alternative reinforcement
materials for concrete is a very intense and exciting one. Many materials are being
investigated and many test procedures are being utilized. The electrochemical methods
that seem to have the most application in the field are polarization resistance and possible
AC impedance (or Electrochemical Impedance Spectroscopy).

It is evident that the quality of the concrete plays a major role in the behavior of any
type of reinforcement because the concrete is the first defense against corrosion.

ECR, probably the most-used alternative reinforcement material, is particularly
susceptible to defects. However, efforts are being made to make the coating more robust.
On the other hand, stainless steel has superior inherent corrosion resistance, which is
reflected in its performance and its cost. Concerns still remain regarding galvanic
corrosion with more active carbon steels even though studies suggest that the concerns in
field applications may be unwarranted.

This literature review has shown that there are many viable alternative materials that
can possess corrosion behavior in reinforced concrete that is between that of black steel
and stainless steel. Because test results vary significantly depending on the test conditions,
choices must be made based on the results of many tests, especially those that are more
representative of the potential field conditions. Much work is going on to try to develop
test procedures that will be able to predict field behavior within a relatively short period of
time.
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ABSTRACT

Many materials have been developed and/or wtilized over the last thirty vears 1o respond to the
problem of corrosson of steel in concrete. Results of some of the most recent work will be described as
will as some of the challenges that still remain,

INTRODUCTION

As steel reinforcement in concrete corrodes, the results can be observed in staiming, cracking, and
spalling. In addition. the concrete structure is left vuinerable 1o repeated intrusion of aggressive species.
For many years, the problem was addressed primarily by changing the concrete (incorporating additives
that led 1o & decrease in concrete permeability) or changing the surface of the steel. The former could be
done with better consolidation, use of admixtures such as fly ash or silica fume, eic. and the latter could
be done by adding corrosion inhibitors.

In the past 23 years or 0, attention has also focused on a search for more corrosion resistant
materials that can be used as reinforcement. A study of more than 40 coatings indicated that epoxy-
coated remforcement (ECR) could provide improved comosion resistance (1). Subsequent research
performed by FHWA seemed to confirm those findings (2). As a result of this and other stadies, epoxy-
coated reinforcement was used on many structures beginning in the early 1970s.

Ome of the first investigations to indicate that there could be some problems with ECR 100k place in
the 19805 (3). In his study, it was pointed out that initial or subsequent damage o the ECR could
severely dimamish its effectivencss. Similar findings were observed by Lae, Mclnmyre and Hasts {4},
These findings were demonstrated quite dramatically in substructures in the Florida Keys

Since that time, ECRE, has been studied by many investigators (5-8). In addition, a conference was held
o bring together laboratory investigators as well as practitioners (9). State DNOTs were invited and
encouraged 1o share their experiences. The findings were inconclusive. Many states had praise for
ECR, while a few states had experienced problems with delamination and early deterioration.
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Ume of the most comprebensive studies of alternative materials was conducted to develop cost
effective “new breeds™ of organic, inorganic, ceramic, and metallic coatings as well as metallic alloys
that could be uitlized on or as reinforcement in portland cement concrete (10). More than 33 types of
bars were subjecied o screcning bests in solutions which were used 1o simulate concrete and sali-
contaminated concrete.  Most of these solutions were alkaline in sature and wsually contained potassium
hydroxide, sodium hydroxide, caleium hydroxide or combinations of the sbove with and without the
sddition af salt.

Subsequently welve different bar types were tested in concrete; black bars, three bendable and three
nonbendable epoxies. Type 304 and 316 stainless steel, copper-clad, galvanized, and zinc alloy clad bar.
In the concrete tests, the bars wsed were straight and benl. dsmaged and undamaged, and the concrete
was cracked and uncracked. Measuremnents of macrocell vollages, half-cell potentinls, electrical
impedance spectroscopy, linear polarization, and mal-to-mat resistances were used in conjunction with
visual observations 1 determine the effectiveness of each sysiem.

The research supporied the continued use of epony-costed reinforcement, however, it was
emphasized that for best perfarmance epoxy-coated bars should be used for both top and bottom mats of
a slab. 1t was also concluded that Type 316 stainless s1eel reinforcement bars should be considered in
extremely corrosive situations such a5 marine substnuctures or other cases where costs associated with
repair and moad choswre mdght be very high.

1t should be pointed out that some of the differences in corrosson behavior observed by different
investigators are due o experimental differences, siuch a5 waler/'cemeni, quality of concrete, amount of
cover, type of cement and aggregate, mu[mﬁ:h«fmmmnfmmmm@
method of testing. etc. Therefore, the reader 15 encouraged 10 exercise caution when comparing results
from different investigations, since all of the above factors can influence the sulcome.

COATED REINFORCEMEMNT

Many of these materials in the above investigation continwe to be tested either alone or in COT AT S0M
with other materials: in laboratory and field applications. For example, the comosion protection
performance of epoxy-coated reinforcing stee] was evalusted in |8 concrete bridge decks in Virginda in
1997 (11). The decks were 2 10 20 years obd at the time of the investigation, The ECR inspaction
consisted of visual examination and damage evaluation, coating thickness and adhesion determination s
wiell a3 the condition of the steel undemeath the epoxy coating, The investigator concluded that the
coating had debonded from the remforcing steel before chlorde amival. The investigator felt thas the
wvisible signs of a possibility of corrosion undernesth the coating sugpested that ECR. would not provide
any or little additional service life for concrete bridge decks in comparison 1o bisck steel,

A study in another state also mvolved an extensive feld and laboratory investigation of concrete
bridge decks (12). One hundred and twenty three concrete bridge decks containing epoxy-coated
reinforcement, uncoated reinforcement, and various other corrosion protection svstems were included in
2 field investigation, In general, corrosion of the epoxy coated reinforcement was discovered in arcas of
cracking and shallow cover. In addition, holiday testing indicated that in some instances as many as 11
holiday= per meter were created afier casting. This number was reduced by improving concreie practice,
but shows a potential source of problems. The results of sixieen specimens subjected 10 eveles of
exposure in the laboratory evaluation indicated that if the mat to mat resistance was greater than $000
ohms. then over the 48-week period, no comosion activity was observed. The investigator concluded
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that a high mat to mat resistance could be obtained by the wse of epoxy-coated reinforcement with
lirmdved damage to the coating.

In anothier study which described the kisiory and use of ECR, improvernents in adhesion as well as
efforts to reduce defects were deseribed (13). It was mentionsd that the effect of these improvernents on
service life is still unceriain becsuse the conditions which allow for effective long-term field
performance are ool completely defined.

In an investigation which compared epoxy-coated and galvamized steel with black steel, differences
in the mechanisms of corrosion in each sysiem were described. In particular, research comparing the
sccelerated commosion behavior of the three systems was presented (14). Concrete cylinders with either
black steel, hot dip galvanized stesl or fiusion bonded epoxy coated steel bars were exposad to a cyclic
wetting and drving in 3.5% salt solution &nd continuous salt fog. It was concluded that epoxy costing
provided excellent corredion protection if the coating remained intact, Holidays and points of minor
damage continued 1o be & problem. Galvanired reinforcement could tolerate chloride levels at least 2.5
times higher than those causing corrosion in black steel under equivalent conditions and could delsy the
onset of cormosion on the order of 4-5 tirnes that for the corrosion of black steel. It was also concluded
that duplex coatings, & combination of either a paint or a fusion bonded powder over galvanizing, could
extensd the life of the base sieel for longer than the sum of the lives of the coatings alone.

In a study of three coatings that are representative of those commonly used during the repair of
comecrete affected by commosion in the coastal regions of Argentina, an epoxy rust conversion coating, a
#ine rich epoxy, and a sprayed zinc coating were evaluated {15). Two exposure conditions were
investigated; immersed in a saling solution (we1) and exposed 1o an indoor atmosphere (dry). The rebar
corrosion pobential, the corrosion mibe, and the electrical resistance between bars wene measured during
approximately S00 days. All coatings provided satisfsciory performance in the dry conditson, while the
performance in the wet condition depended on the particular formulation. The nest conversion coating
increased the corresion rate of the reinforcing steel and thus was not recommended. Bars coated with
epoxy inc-rich and sprayed mine exhibited cormosion potential values typical of zine in the sctive state
and the investigators mberpreted this to mesn that the coatings provided a sacrificial type of cathodic
protection 1o te bar.

To address same of the deflciencies in epoxv-coated bars, many altemative coatings have been
ressarched (16). For example, waterbome cormosion protective coatings for steel and comcrete based on
palymer cross-linking with active and reactive pigments were reporied. Test results were companad
wiith usual waterbome protective coatings and the idea of modifving these coatings for concrete
applications was proposed. Work is also ongoing on modifications to epoxy formulations that will make
the coatings more resistant to damage (17). Other costings such as nylon [18) and PVC [19) bhave also
besen proposed and are currently beng investigated (20).

MODIFIED CARBON STEELS AS REINFORCEMENT

Dual-phase stesls are low carbon content alloys which ane processed 1o vield microstractures
comsisting of a mixtare of fermite and martensite, Compared with conventionally processed plain carbon
steels, these alloys are reported to have high strength, pood ductility, excellent cold formabnbity, and
excellent corrosion resistance (21-22). Based on currents messared during macrocell teses, their
developers believe their improved corrosion resistance could eliminate the need for protective coatings
with considerable cost savings.
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High comrosion resistant (HCR) reinforcement bars, developed by Stee] Authority of India Limited
through thermomechanical treatment are reporied 1o have superior corrosion resistance compared 1o
conventional cold twisted and deformed bars (23). These bars have lower carbon and manganese
contents than typical cold twisted rebars and small additions of Ca, Cr, and MNi to improve commosion
resiglance. The corrosdon behavior of thess bars was investigated in aggressive chloride environmenis in
conerete through shon-term nccelersted tests and long-term field exposure tests. Galvanostatic tests
conducted with admixted chloride and a synthetic sea water environment under short durstion tesis
showed superior resistance of the HCR bars. Long duration (583 days) field tests in masine conditions
also revealed much lower commosion raies for the HCR bars.

STAIMNLESS STEELS AS REINFORCEMENT

The development of duplex stamnless steels ([255) has also resulted in reinforcement bars that may
provide enhanced comosion protection in concrete. Duplex stadnless sieels with 2 high content of B
have several sdvantages (24). The Ni-free DS5s in which nickel is completely replaced by nitrogen
offer kigher strength, improved weldability, and improved corrosion resistance, While they are mot
cheap, they could find applications where high strength and corrosion resistance are required.

While it is clear that stainless steels possess enhanced corrosion prolecton, concemn is often raised
aboud galvanic cormesion associated with stainless steel'hlack steel connections in concrete. These
effects have been described and some investigations such as Seibert (25) have indicaied that the currents
are quite high, while others have suggested that they are either not as high as might be expected or that
they can he substantinlly minimized (26). In Seibert"s study, both uncoupled 116 stainless steels and
duplex stainless steel (M33) showed excellen corrosion resistance in chloride contaminsted monar
cylinders as well as in simulated concrete pore solutions with chloride concentrations up fo Jt.
Owernll, however, coupling of stainless steel and black steel reinforcement was not recommended.

FIBER REINFORCED PLASTICS AS REINFORCEMENT

The severe corrosion problems that can be associated with metallic materials in concrete have caused
some researchers 1o investigate non-metallic materials. In particular, fiber reinforced plastic (FRP)
reinforcement maierials of composites where the fiber is either glass, carbon, or a hybrid have become
very popular (27-28). 1T correctly applied, these composites are expected to result in significant benefits
related to cost and durability (29). Advantages include high strength and stiffness wo weight ratios,
controdlable thermal expansion and damping charscteristics, electromagnetic neutrality, and resistance to
corrosion and chemical atiack.

Ini a stody of deterioration mechanisms of seel and FRP ranforcement in aggressive environmenis,
stee] and galvanized steel in concrete with and without silica furne additions as well as glass (FRF) and
arngmid (FRF) in acidic and alkaline solutions were studied (300, The use of galvanized steel only
appeared Lo offer better protection than slica fume concrete alone with ordinary steel. Scanning
electron microscopy (SEM) examination of aramid FRP in an epoxy matrix showed that aramid fibers
and matrix could be lesched out after immersion in 0.05 M sulfunic scid for 460 days. 1t also showed
that the matrix absorbed water by diffusion. Aramid (FRF) rods made of epoxy matrix were relatively
durable in an alkaline ervironment but not in acids or water. Aramid FRP made of vinly ester had
higher absorption rates a5 much a2 10 tmes those made with spoxy regin matrix. While the behavior of
FRP reinforcement in alkaline environments 1s of primary concern for applications in concrete,
questions abowut exposure to other environments during various stages of preparation or prior 1o casting
in concrete have resulted in interest in the behavior in acidic and other aquesus environments as well.
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All of this is a reminder that while the i5sue of corrosion may be sddressed with the use of FRPs,
another set of concemns 1% raised, namely, moistare absorption. mechanical properties, bond strength,
design criteria, long-term durability, cic. This latter matter was addressed in & study of the time
dependent behavior of reinforced concrete members with carbon fiber reinforced plastics (CFRFP) under
sustained load (31). In this investigation, concrete beams and columns were matrumenhed and
monitored to ohaerve the change in the behavior due 1o the creep and shrinkage of concrete. An
analytical method was developed 1o predici the long term behavior of the CFRP reinforced concrete
members. Dther {sewes are compression properties (32) the bond behavior and design recommendations
if FRP rebars are used in concrete (33) and of course, durability (34). Nevertheless, FRP reinforcement
is being wed in a number of applications (35) and laboratory and especially field testing will ultimately
answer many of the questions that have been raised. The McKinleyville Bridge in West Virginia is the
first vehicular bridge in this country whose concrete deck is reinforced with FRP rebars. [t was load
tested and 15 continuing to be mondtored (36),

CONCLUSIONS

The search for alternatives to binck reinforcing steed has unleashed interest in all types of materals.
Some of these ane ordinary steels which can be coated with a variety of organic or metalhc coatings,
carbon steels whose microstroctures can be changed by small elemental additions snd heat trestrment,
inherently corrosion resistant allove like sustenitic or fermitic stainless steels, and nonmetallic materials
like composites. All of this has resulied in many options for concrete resnforcerment, and no doubt same
of these materials will perform better in some sitations than sthers. The use of laboratory ests will be
helpful in understanding many of the variables, but actual field performance, which is influenced by so
many combinations of factors, will provide the witmate test.
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Language: ENGLISH

Abstract: Corrasion of reinforoing steel represents the smost widespread
ftorm of detericraticn of concrete stractares resulting ls sigaificant coste
for repalr and replacesest worldwide, Despite the buge desand, a aimple,
cheap and reliable cechnigee Cchat sither protects the stesl in comorebs
frem corrosion or at least lowerd ibé cosroaion rate is stdll lacking. The
concrete repair ipdustry has developed novel tecknigques that are claimed to
provent the stesl from corrosion andfor o rastors the protsctive charscter
&f tha cover concrete by Introducing corrosios  iakikitcra inke  the
carbonated or chloride contaminated concrete. Tha suthor Bas prepaced o
Btate of tha Art Report Eor the Working Party 11 *Corrcalom of Steal im
Concrete® of Eha Burcpaan Faderatlon of Oorroeicn on this tople, imcluding
mors them 150 referenced. In this papsr a short review on literscuss
results regarding the performance of the mesat frequently used inhibitors
for stesl im ooncrete im  laboratory amd in Field tests im given, in
pacticalar tws inorganic inhibitors, calelws niveive (BS1I1 and WFP. and
aeveral organic iphibitors, the "migrating inhibitors® [MCI or SIKA] and as
orgaaie eorfosion-ichibiting admixture (OCT) are adresssd. The problesm of
cranaport of inhikirard ilats cansrets i discusesd, K oritical review of
corrosion inhihiters to ba used on reloforced concrste structuras regarding
concentration dependencs, Surability asd ssasuressnt and control of the
iphibivor action ls given. Basecical Data; Gsaphs. 10 ref,
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Inflesmce of stray ourrents on oorroslcm of stesl in comcrate.

Bartolinl, L ; Carsana, M ; Pedafercl, P

Politecnios di Milano

Coaferesnice; BUROCDREE 30011 The Buropean Corrosion Congress, Lake Carda,
Iealy, 10 Sept.-4 Oct, 2001

Publ: Asssclazlons Teallana diMetallurgis, Flaszale Bodolfo Morandi 2,
Mllame, T1-200131, Ttaly, 2001

EDRCCORR 2001 Comgress Procesdings Fp 11
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Cogntry of Publicatiom: Italy

Journal Announcemsnt: 0308

Document Type: Conference Paper

Lasguage: ENGLISH

Abgtract: The affects of stray current oo corroaion of ateal ln concrete
have bedr aesdled. Doth Ehe Sechenliass of corroalon isitiatics an
reinforcement initially passive and the affectsa of tha sStray current on
reinforcement  already corroding have been Investigated. Tests wers carried
ok  on specimena of cement paste and comcrete with svesl imasrts subiected
to the clroulation of DO and AC current. The inflesnce of ssveral factors
wan studied, sach as: the typs of curremt I(AC or DC), che current demmity,
the presemce of interruptions in the circulatiom of curremt, the chlarids
contant im the concrete,. The mechaniem of initiation of ococrroeicon was also
leveatigated by msasuring changes in pH and chloride comtant indeced by thae
steay cuazrrant i the cemant pasta in the wicinity af tha stesl surfase.
Resales abowed that D currest can  ipduce corroaicos laiviaviesm on che
reinforosment in the ancdic zoms only after it has circulated for a certaim
tims, The aggressiveness of stray oarrent w8  influsnced by current
denmity, the pressnce of chlorlde and interruptloms in Ehe curremb. AC
current proved to be soch less dangerous Eban DC, altbough it cas Unflusncs
tha corrosiocn rate of atsal in chloride contaninatsd concrate and acimulacs
sacroasisplas. Busarical Data; Grapha. T eaf.
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Maorooell corrosiom of stesl in concrets - sxperisents and oumsrical
maeal ] Loy .

Jaggl, 8 ; Bohei, H ; Elssase, B

Bidgencesische Technischs Hochschuals Honggerbeeg

Confersmcel BURDODER 10011 The Buropean Corroslon Congress, Lake darda,
IEaly, 10 Sept,-4 D%, 2000

Publ: MAassciaziose Italians diMetallucgie, FPiazzale Bodolio Moramdi 3,
Milams, I-200131, Iealy, 2001
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Decument Type: Comference Paper
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hbatract: Macrocell corrosiom with & local ancds and a large cathods
freqoently oocure in chloride indgced corrosion of rebares in conorete and
ir responeible for wery high local oorrosion attacke and reduction in croes
mection of tha rebares fouand e.g. in bridge decks or sl uges, In model
macrocalla in moartar and in concrvets tha Qeflessse of @ cealaviviey,
tamparature and gessstrical arrangemsnt [area ratic betwesn cathode and
ardids; location of ocathodsl on mscTocel]l current and ite distribution om
the cathode has been studied. The cathodic oxygen reductiom reaction and
the sncdic dissclution of the steel in pltiing copditicas have been studied
meparately and used as input data for the cumerical modslling of the
macrorell with Che oams geosetrical ancde [ cathode arramgessnto as the
mortar experiments. A very good sgresment betwesn modelling and experimente
was found for the total macTooell current., ite distribution and ite
temparature depandance, This mumerical approach allows to perform parasster
atudies wvery rapldly asd to desige ssperiments with sacrocalls in concrats
im a raclonal say. Muserical Data; OCraphs. 24 ref.
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Influsncs of scals asd rust oo stesl activatlsn in sodal comOrele pPore
salution.

Mok, Fo; Mala, R ; Esasgll, M

Mniversity of Chemisvry and Technology (Pragus)

Conference: EURGOORE 2001: The Buropsan Corrosion Congress, Lake Gardas,
Ttaly, ¥ Bept.-4 Oob. I00R

Publi Aesocliasions Italiana diMetallurgla, Plazzale Rodolfs Morasdi 2,
Milama, [-200831, Italy, 2001
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Abatract: Corrosion behavior of carbos stesl (5.2 WC) was abserved 1&
modal pore eolgtlon of concrets with chlocide conbant panglng <0.01 o 59
gfl. Shart-term arpodurs Ceets wars carrled out im solutions with oxygem of
1 e B mgfl amd pH 12.5 ar 13.3, respectively. The aim was o detsrmine, om
the basis of polarization resistance measuresents. the critical chlerida
concentratlaon, at which the stesl serfece becomes activated., Tha
measurensnts ware performsd om thres types of steel surfaces - Dars, soaled
and pre-rustsd. Cospared wiek the bare surface, & layer of scale on the
ptee]l purface increasss the cricical chlorids concentratiom 1 tEo § Eimas.
stea]l activabios in alkalime solutiom with balanoed comcemtration of caygen
precesds at chloride comcentration =1 gfl. Lower oxyges concentratlicsn leads
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to an incresse in critical Cl exp - comcemtraticm inm ctha cass of bare and
scaled purfaces. Mo significant shift of the cricieal chloride
concemtrabion with pH change was Found, and the results prowe that tha
eritical rmatic of comcestravion ©1 exp - /OH exp - has no practical
impartance for the svaluartiom of corroslan sggressivicy of concrece Cowmed
stsal. In ths region of low chlorides sansentcatione, the pre-rosted surfsse
showsd the lowest corrosicm resistasce of all eha tested types of surfaces,
and the results proved the Degative effect of the rast layer formed by
acmagpharlc sxposure. Wumarical Data. § ref.
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Eew types of corrosios imhibitors for protection of stesl in conocrets.
Pepenar, I
THERT
Romamia, 2901
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Abstract: Corrosion inhdbitors are chemdosl substances that prevent or
rotard corTosion of steel in comcrete, In  the presence of aggreasive
agecta, increaming thus the durability of mew and existing reinforced
concrets structures. They may be added in the fresh comcrete, im paints for
the seinforcement, in repair mortars or may be spplied at the concrebs
surfacs, The paper . presests a4 ressarch on  the protection of stesl in
conceats by meana of eraditlonal corroslon inhibltors (ancdic) amd of the
naw Cypes of migrating lehibitors based on asmo-alcohols (MCI, SIEA] and
monoflsorophosphate (MFF) A eritical evaluation of the corrcelom inhibitors
o be uwsed on relaferced oconscete atructurss, regarding concentratico
depsndence, durabllity, measuremant and coatral of inhibitor sction, ars
also presented. Graphs. 5 ref.
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Feevaatlon of #ktsal cozrosion ia concrete sxpossd to ssawatsr with
submsrged sscrificisl apodss,

Bertolind, L ; Castaldi, ™ ; Pedeferri, M ; Eedaslli, E

Palitecnlon 41 Milano

TER, 003
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Abatract: This paper presssts the sesults of & svtudy of the efflectivenssa
af submarged sacrificial ancdes is preventing the ocesst of plitlsg
eorronlon ia the esecged part of marine plles. Experisental Cedts were
cargied our on @ relnforcsd concrete ocoluwns with sceesl enbedded both in
ehlacida [rea conceata and chlorlide costaminated oconcrete in order to
compars the affects of sacplficial anodes o= passive steel and on corroding
ateal, Rescles bhave ahosn, at least under the pressnt besbing conditionn,
chat @sacrificlal ancdss may be more elfsctlve in preventing corrosion
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initistion (i.=. im providing cathodic prevestics) thas in contrelling
ongalng pitting oorrosiom (i.e. im guarantesing cathedie proceceion) .

Meaitaring eriteria for this type of prevention are alec discuesssd. Sraphs.
23 raf.
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Tnepeckting & Eelf-century oosorets pler mads with stelpless stesl
ralnforcament 1l Memloo.

Cagtro-Borgas, P ; Troconle-Rinson, O ; Moreme, B I ; Torres-Acoaba, A A
: Martimes-Madeld, M ; Enudass, A

Imgtitato Politeonios Haclomal |(Hasloo)

Conference: Corro@lonf2003, Denwer, 00, D8R, 7-11 ApE. 2002
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Abetract: A G0-year old seinforced concrete pier, coasbructed with
stairmlesms steal seinforcing bars (rebara), and axpossd o a tropical marine
enviranment, bkas sbown good performance during ite sarvice life. Visuwsl
inspection kan showm o 2 detericration symploms  om Eub- and
mupar-gtrectures, while recest marine atructures |adjacent or close bto this
plag], consrrecsted i the pase chees decedss, have been deterioraved
wlgniflcantly dua Lo eevers corfoeice of the esbedded carbon stesl
pragenting & lot of poncretes delamination. A preliminary stwdy has besn
parforned 1n ordar o find the reasons why Gthis pler ae performed
satlsfactory in more than 60 years. The papsr describes the teste performed
e the pier, which included chloride cootect and Cconorete reslstivity as
well as elesctrochemicsl measurements to the stainless stesl rebar, Brief
discussicn about durability dpsues on  thie pier., bassd om the cbtained
results, in given im this paper. Fumerical Data; Jraphs. 13 ref.
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Cathodle pretectlon of stesl reinforced oozorsts structurss using a
galvanic zinc hydrogel system.

Dykstra, B @ ; Wshling, J E ; Plazza, J L

™

Conference: Corrosion/2002, Denver, OO, D8A, 7T-11 Apr. 2003

Publ; BACE Intermacicsal, P.0. Box 218345, Boustom, TE 773148, D8,
=093
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Cogntcy of Publicatlen: W3k
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AbsEracE: There are ower 500,000 condominius unite along the Florids
coastline, most of whichk have experienced sigmificast sorroeion of their
steal seinforcements due primarily to chlarida intrusios from the ocosan
malt mpray. Bome of the condomimiue asscciaticss in Florida have ln Ebe
past fiwe years recognized that catbsdle peotection is the anly
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rababdlitation method EhaE will Eraly prevest the cofroslon of eha
reinforcing steel amd the resultant comcretes spallisg and delasmdaation. Tha
installaticom of a galvanic zips-bBydrogel ayetes Will ba describsd in
dotail, and mositorleg dats «ill be presssted for st lesst elx sonths of
active wservica, The eystes conalets of & 16-mdl zine fodl bonded ©o an
jonically oonductiva hydeogel acdhesive, which is applied dirsctly to the
surface of the stsal-relnforced concrata. & copper wire commacts the zine
ancde to multiple steel rebars, Tha parforsance ls sonlvored by mseasaring
the ourrent flow in the wire, by maadsuring the sascunt of zlne ooneamsd or;
more geoerally, by taking depolarization readings at regulsr intervals. A11
of these measuresents are an indication of the performance of the galvanic
pystem and the corrosicn of the stesel rebars that ls bedng prevemted.
Humerical Oaka, 10 cef.
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Brasl Asplvation Llm Conorets Followlsg Intsrcupticom of Loog Term Catbodis
Polarizatian.

Freousl, F J ; Saguas, A A ; Eranc, 8 C
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Conference: Corroaion/2002, Desver, O3, UBA, T-11 kpr. Z00F

Publy HRACE Intescaticnal, P.0. Box 208340, Boustom, TE T7318, UBA,
2903

Corroaion/2002 Pp 14

Cosmtry of Pablication: OSA
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Abhatract: A st of partially ismersed reinforced concrefte calumas wlth
mature correaionm patterns wap used to demonstrate that corroeices macrocell
currents provided foathodic prevention® to parts of the stesl assesibly Char
remalmped passive even though exposed to high chloride lapprexd . Th of the
cemant welght] concrete. Depassivation of that steel was chaerved upon
macroeall dacoupling. Graphs. 34 ref.
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An Dpdate oo the Loog Ters Use of Cathedie Frotectios of Atesl Rslofarced
Concrala Marins BUEUOTUTESE.

Esanler, B J ; Powers, E O ; Lasa, I R

Florida Deparcsent of Transportation

Canfarencs: Corroalon/2003, Denwer, CO, DEA, T7-11 Apr. 2003

Pabl: MACE Intermatiomsl, P.0. Bax 218340, Howston, TH 77318, DR,
T082

Corroalon/1902 Pp 14

Country of Publication: TEA

Raport No.: 07354

Journal Annoumocement) D204

Document Type: Confesrsnce Paper

Larguage ;. ENGLTEH

Abetract: Cathodic protection bas become the prefarred method SoT
mitigating corrosion of stesl relnforcement in comcrete in Florida's marine
bridge substructures, Over the past twenty years, the Florida Department of
frampportation (FDOT) has fnstalled & wvariety of cathedic protectiom
systemn including both ispresssd carremt systems asd sacrificial anocde
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Fystems. An overvies of the installation and long tarm performance is
presented Ffor cathedic protection systese oomprised of: 1) conductive
rubber ancdes, 2] cvicanlosm mesh ascdes cast imto structural comceete, )
titanium mesh anodes cast imbo grouted pile jackete, 4} sscrificial mine
manh  ancdes cast imto grovted pile jackets amd, 5] sprayed sinc anodes.
Additiomally., am overview is pressstsd o8 FOOT experience with the use of
ramcbts mondtoring systems and altermate powar suppliss such &8 sclar power
and battery power, Graphs. 4 ref.
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Corzomion of reinforcsd stesl bars esbeddsd Is coseretse: a study of
alsctrochemlonl and surfacs snalysis.

Bartolo-Peres, P ; Pena, J L ; Salaa, F W ; Wheat, H @ ; Hernandes-Cupae,
[+
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Inrasl, 2003
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Journal Annguncemsnt; 0306

Decumsnt Typs: Asticle
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Abatract: Wa presant & atedy of sorrealon of relnforced steel bare
enbedded in concrete. We carried cut botk alsctrochenical asalysim /B sub
corr  , polarization rFesistance (R sub p ). and electrochamical impedance
opectroacopy (BIE),) and suefece analysls by AES, KPS, SEM, and EDAK, We
found that 1/R sub P =28 ma Bfcm exp 2 , which gives I sub corr > 0.73 mu
Afom exp 3 , indicating that severs oorroslon was cocurelng. Afver a
20-wesk esxposures, the Bygulst plot of the electrochesdoal impedancs EiQj
omsga | showsd two capacitive arosm and rests of a third one. the
corresponding time constsnts RC being related to the double layer, the
isterfasial thia film, wnd ths concrebts matriz, respsctively. The
iptarfacial thin flle resietance (B sub f | and the double-layer resistamce
(B @ub ot § ace found Eo be about 130 Osega and 130 Cmega , respectively.
Deparciurae frodm the capaslitive semi-cizcled le cheerved, indicatimg the
prafjence of diffusies-driven corrosicm, Acalysis of ARS allowsd us to
determine the concestration of corrceion prodects on the surface asd in the
nesr surfsce reglon. Migravion of 8, €, and Ca bo the surface was cbaseved,

Graphs; BSpectra; Phobomicrographs. 20 ref,
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Bonswponantisl tramsients resulting from spplicaciom of the interruptiom
rechnlgue Lo assess corrcslon rats of stesl lo concretse.

Fallu, ¥ ; Caoba, A ; Gongales, J A ; Feliu, 8
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Ahatract: A oumerical method was developed to esdal the volLafs responss
after a direct ocurrest (DC] Ileterruptleon theough an eguivalent clrcult
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representing a stesl/concrete system, Based on computer aimulatics and
exparimental observatioms, ¢the papsr discusses the applicabilicy of
clasaical procedures of analysis of tha veltage descay curves in order to
aEpaEs the corroelon status of rednforcing stesel. IE ia abows that the
accurary of thase detarminations may be otromgly dependent on the
nonaxponential  bebkavier @f the responess, amd it may therefore be
significantly affected by tha duration of the current pulse applisd and che
partion of the decay curve ussd in the asalysis. Apparsntly, more slaborate
;thﬂl af :.ru!l.:ning' voltsge decay Surves aré Beceasary. Grapha) Huseriosl
Ea, 17 ref,
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Coumtry of Poblication: UAK

Journal Armouncemssnt: 0203
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Abstract: Tha carccaicos babaviour of relnfercing stesl bare (rebarsl imn
four differest concreta m@mix deslgnea commanly osed at coastal citiem im
hrgestinag Lo atudied. The Invesrigaticon has tws basic abjectivea: to
evaloste the influence of certalsn local varlables char affest the rebar
corTasion  progess, aoong which the common practice of using ssa sand an &
fina aggregates, esxposare conditicnms and Eyploal mix designe are the most
imporcane, and ta sstablish a rebar csrrealon evaluatlcs criterion bBassed om
meagurerents of comcreta alectrical resistivity. Twe axposurs conditicos
weres imvestigated: ssashors esviromsest and partially issarsed ism & salioce
polution. Two water ©o oements and varicuas chlaride iema additicns wara
pelected for the study. Electrockesical paramsters characteristic of cha
cOrToRion process were evalusted together with mechanleal, chemlcal asd
physical properties of the concrete mizes. Bsbars in contact with a good
fpaality comcrete (f sub o approx = ¥ MPa) sxpossd for 1000 daye to Che
pmaghors snvironmsant remsined ln the passive state, even when ite surface
chloplds concentratison reached 0.78% with respect to cement content. Thie
bshaviour was eaven batter than that ohssrved on a stacdard-quality
uncontaminated conerata (f sub ¢ approx = 20 MPal . When immersed in oa
saling solution, all rebar sefeests pressntsd an sactive behavieur (B sub
corr « -9.35 V ve. copper sulphate electrode and 1 mub corr » 0.2 mu A om

-3 1, although the CR depended primarily on the concrets Qeality and

t-hll- inicial chloride concentraticm, Jraphs. 19 ref,
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hbstract) In general, meinforced comorete has proved to be swocessful in
terme of bBoth etrectural performance and duarability becauss the conoreta
provides chemical and physical ocorrosion protection of the rebars. The
alkalice pore solution passivates Ehe stesal amd the oconorete ocower preventa
or at least retards the ingress of corrosion-promoting substamces. Bowever,
thoare are instances of premature failure of reinforced comcrete componenta
das to corrosion of the reinforosment. The two factors provoking corroeiom
are Ebe ingress of chloride jone from dedcing salte or pea water or the
reaction of the alkaline pore esolutiom with ocarbon dicoxide from the
atmcwphere, a procoss known as carbomation. As a resalt of the corroeion
reaction the oroes ssction of the rebare s reduced and rost ie formed,
This process ¢an cause cracking or spalling of the comcrete and dangercas
loss of strectural stability. Im Ehis state of the art report a literatuce
parvey o©n  inkikiters Eor stesl in concrets, cowering labsratory resalbs,
finld experiecce and lesg terw pecfermance, i givesn, The literature
resulEs available are commented upon and crltically evaluated with respect
ta tha Enhikiter performance and dusability. The prables of Lesbing
different ishibitars Ffor stesl In conceete is addsessed and - as far an
available - resulta From field tests with inkibitors are prasented. Jraphs.
1587 raf .,
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Fossibility of improvemsmt of potsaticdymessic method for mondtoring
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Eivica, W
Inatitute of Structuras & Architecture (Slovak Republic)
India, 2801
Bullatin of Materials Scissce (Isdia) 24, (5), G555-558 Ock. 2801
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Coustry of Publication: India
Fournal Announcessnt: 0303

Bbeteack: Juantitatiws data oo corrodimg eteel reinforcemenmt in
reinforced concrete structures are andoubtedly wery useful for esvaluation
of thelr service life and timely repairs. The method of slectrode potential
mespuremsent L8 & convenlent amd simple test for Ehis purposs, but it
provides mo quantitative datsa on corrcsicm rake amd only lnfcomation
regardimg active or passive state of steal reinforcessnt can be obtaimed.
We ghow here the possiblllty of chtalning qeantitative data on degres of
porroslon of stesl relnforossent by a potestlcdymamic sethed, The developsd
mathod 18 based on sxperimental ly estimatsd natbheratical relatlon Betwesn
the results of poStenticdynanic method &nd degres of corrcalea of ateal
reinforcemsnt. It s possible to calculate the degres of corrcelos of ateal
reinforcemsnt waping this mathematical relatlon and the ssasuced valuss of
current density by the potenticdymamic sethod, Bevecical Daca; Grapha. 14
rat.

FEEFET |
DIALD{RIFile 32:METADEX(R)
{o) 2002 Cambridge Boiemtific Abm, All rta. reasacv,

LI7a7s8 MA Bawbar) 200201-1%-008%
Hultistep genstic slgorithe for dstecting corroalon of sedaforelag eteals
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Corroslon 57, (9], 784-801 @Sept. 2301
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Docusent Type: Article
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Apstract: In this articles, a sultistep genstie algorithm is developed to
cvercomns  some  Aiffisulties of the inverse analysin method for accurately
detecting a corrosice profile on the steel matrices from a amall number of
potential data, which are measured o the surfacs of Ehs  concrste
stracture. In This matksd, the corrosion profile, which represects the
rusiber, locatioms, and shapes of plural sorccelon arsas on the stesl
matrices, is modeled into a binary scring lnetead of a set of umksoen
paramstacs. The binary string is defined by dissretizing the stesl matrices
loto a sultable pumber of seqments using a certals resolution. Each ssgment
ig represasted by one binary bit. The ficness wvalus is  inversely
proportional ©o Eha cost function, which is & funciolom of the Alffearence
between the ocalculated and msesasucred potestisle at some locaricecs on tha
marface of the comcrete structuse. The calsulated values of potentlal are
obtained by solving Laplace's squatleon ueing the boundsry slesent method
(Ema) . In general, when a large area of examiration is discretized using &
eejuired resalution, a very long binary etring La nesded to encods all of
Chit aegmestd. Hence, a long caloalation time fn reguired for carryleg out
thn prandard gemetic algorithm. An exemple of noverical sisslatics was ceed
to demcmetrats the sffectivensss of the propossd method, Oraphs. 18 raf.
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Elffsst of placessst spd ocmpaction oo carbopaeiasn of coocrete and
corrasion of stesl at ocold jolinmt.

Samamoto, T | Teujl, M ; Eimschl, ¥

Bciance niversity of Tokyo

Publ: Secciety of Haterials BScience, Japan, Ons Yoabhids Izunddsno-cho
Salya-ku, Eyste, Japan, 2001

Journal of thae Ssclety of Materiale Science, Japan 58, (8], #&8%-873
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IBEH: *514-51&3

Country of Publication: Japan

Journal Announcessnt: 3301

Document Types Articls
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Absrract: It La ispoertant to place ocomorete contineously for constewckion
baing jolint-less. Howewer, in case pleacing is discontineed [or some
reagons, oome defects such as cold jointe mhould resain. At the first scage
in thie study, sffects of placisy conditicas on conbinuiby of concrete were
irvestigated. The flemural ard compressive stresgeh &b  jolat betwssn
placing layers was almost the same a8 that of joint-lass concrabe when
uppar laysr conorets wss  placed over lossr layer ismedistely afcer the
lowar laper balsg sevibrated and softensd to wet umtil the indtial settles.
This result wad Che Sams & what is secomsended in J.8.C,.E. Specificacion
1374. This principle was deleted from the Specification 1986 onward,
becaase ready mimed concrete Rad been commen and continuously placed by
comcrete pump. At the pext stage, affects of placing cims lntecval oo
carbonation &snd corrosbon wers evaluated by eome accaleraled LesCE OB
Bpecinens compacted without mevibratlon besfore placing upper layer
comcrete, This ebtwedy shows that the longer the placing tims interval, the
fantar tha carbonation welocity factor becomss and the esarlier the
coafrgaicn starte. When the placing tire lntsrral is required by sosw
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accidents, lower layer concrete should be revibrated in srder not to make
any dafects; otherwise it would ba necessary that carboration velocity and
margin of cover consrele ch I‘m in tha Spesificatics Januaey
2000 ahould ba Iscreassd. band, scma rype of monivoring
specimen  would be SEceRSADY Lﬂ -.I.ul:l!.u. the durability of BD strectures as
thers are uscertainties, soch as effective uss of recyclsd agoregate, nes
typs of oesent such a8 sco-cement, and changs of enviromeent dus bo
infSuatrialization of neigbboring oountrles. IC is also clarifisd that &
wpecimen  which 18 tested in this scoelsrated test can probably indicabs
environmental oconditions when the specimen is applled Eo momitor. Graphs.
11 ref.
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forroslon o8ll forssablon patbterm azd rate of stesl o ica led d by
carbonatica la soaceests with dsfecte.

Oagkl, B ; Mliyazacs, 8 <1 ; Kimaza, H

Tokys Tmatituta of T

Publ: Sociaty of Materials Sclence, Japan, One Toshida Ismeeddanc-cho
Bakyo-kua, Eyabe, Japan, 2001

Jearmal of the Socisty of Materials Science, Japan 5@, (B}, @B&7-B64
fuag. 2001

ISEM: 0814=51€%

Countey of Publicatios: Japan

Journal Aesipancemest: 0201

Documsnt Typs: Arcicls
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Abarract: The objective of this study was to snalyze comprahensively the
sorroalion osll Cormation patterm (macro-cell and micro-cell) and the
corroaion rate induced by carbomablon in Soncreta With joints or CTACES.
First, moTtar tests ware perfcrmed using apecimens with model defects that
pimolated oold foints or bending cracks. Heraln thres important factors
that couped pieel corroalon weee investigatsd in detsil. Thess factors
wersi 1} carbonimed locaties, 2] Supply of water and oxygen, &nd 3]
water-cement ratio of mortar. Hext, concrets teste were perfcrmed useing
ppecimens with oold jointa and besdleg cracks. The results oshtasinsd in this
ptudy were am follows: a} 27 cases of which the carbonimed locatliaon, supply
of waker apd oxmygen, and the water-oement rTatio of mortar differed were
rxperimentad. As sesulta, the corroceion oall formaticn patbarn and Eha
corrosion rate were comprebemaively analyzed based on umified condicions.
B} In tha cass of carbonation-induced corrosicm with defects, macro-cell
cagraalan would be formed regardlzes of the water-cessnt rFatic. Alao, Che
cagroalon rate decreassd with the decressing of water-cesent ratlo. o} The
ragale B} was confirmed mobt only in scotar tests but ales in comcrete
vaEta. A4} According to abows results, 1t could ke maid thar che Low water
camant raclo was excellent in ths durskility for the stesl corrosion, when
conpcreles with defects receiwsd the influsnce of carbosatlon. Wunerical Data
; Graphs. % raf.
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Hacrocell and microosll corresico of stsal relaforcessnt in the coocrets
crack moos.

Chang, B T § Cherry, B ; Marcaozeky, M

Toiversicy of Bew Souch Wales

Conference: Corraalon & Preventios-3000, Acckland, Bew Tealand, 19-23
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Full : Australasian Corrosion Association, Australaslsn Coreoalon Centra,
I'-gl.ﬂlm 250, Claytes, Victaria 3168, Australis, 32001

T88W: 1443-0139

Coumtry of Publicatiom: Ausrralia

Eeport Mo.: Faper 62%

Journal Announcemsent: 3113

Abetract; While cracks in conorete strectures impair the protectian
afforded by concrets cover to steel reinforcement in the crack sooe, ctha
influeanss of crack width on Ehe corroelomn rate of reinforcessnt cwar cha
losg term le a subject of controversy. A comprehensive exparimestal peogras
Ly Investigate rhe corrcaicn rate of stsal reinforcement in concrece crack
zomed  ia currestly in progress &b bhe Bullding Bessarch Centre, UNEW. The
main ocbhjectives of the study icclode the influences of crack width on che
corroalon  Eate of eieforcesent 5 concrets specinens pubmerged in
seEawnter, the contelbuticns of micro-cell and macro-cell mechanisme on Ehe
total corromlon rate aed tha effecta of cathode to ancds ratios, The
Current paper presents the results of & preliminasy iovestigation with &
reinforced concrete specimen immerssd ln & AN Hafl sslublon. The specimen
contains two steel rebare, & ekort rebar intersectisy & crack and ancther
rebar snbsdded in sound concrets. The rebars could ba commected Lo almulata
a comtinsous bar. The slectrical potentisl of Both rebars wie sosieased
cver Etims. The microoell corroceion rate was assesoed wich & palasisstisn
rapigtance techoigue while the macrooall offect wan evaloated from Che
g'-li'ﬂl-ﬁ!-# currant saasured with a Zarc-Resistance Ammeter (ERA). Oraphs. L4
rad
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Oes of galvascstabls pulss ssasurssants on sctive reisforcing stessl in
capcreta to as TET i Eam,

Law, D ® ; Millard, § @ ; Bumgey, J H

Harict-satt Mniversiby

o, 2001

Brivieh Corroalon Journal 36, (1), 73-80 3Z0@l

IESEN: Q00T-=059%

Country of Publicaricsn: UK

Journal AEnouncemant: 0110

Document Type: Arclels

Larguags: BERILIGH

Abstract: This paper reports the resulta of galvancetatic pulse tranaisat
respones  sxperiments o devermime the corroslon parametars assocliaved with
actively corroding reinforcing etesl in conorete. dalvanostatic pulse
meapursments have been conducted om 8 number of short 190 mm eections of
stesl reinforcing bar esbedded in chlorlde contsminated concrete. The
duraticn of the applisd galvancebatls pules was %0 8 and the lateral
distanca of tha point of measuremant from the bar varisd from zsrc Eo 400
mu., All of the bara pepitorsd were conditicned so that chey ware activaly
sprroding at diffecent rabtes, Analyala of the galvancababls pules Erandsient
FefSponse bBas enahled the separate oonponents that make up the Beasured
transients ©o be isclated apd evaluated. These componenta display & range
of resistivities snd capacicances, dependent on the corrosion comditiom of
the reinforcing steesl, which may b= attribated to the corrosiom process, to
effects within the conorete cover, or to film effecte om the sarfsce of the
concrete. Slgnificant waristions in corroslon rates have bean chasrved
depandent on the ssslgnment of the ssparate compoments to sithar corromion
or to other processes, The data indicate that Lt s not feasible co aaeign
the conmponent bBassd sclely on the capacitascs. An inapproprlace salsctios
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of measuresant time or eguilibrium time may resclt in part of the
reilacance aspociated with the corecsios procsss being left out or an
additional resistacce mot controlling the rate of corrosion bedng included,
Bumarical Data; Graphe, 15 ref.
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Datalled medalisy of corrceics macrocells on stesl reloforecing A6
comcrate.

Eranc, 8 C | Bagu=a, A A

tmiversity of South Ploeida
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Corroeion Bcilemce 43, (74, 1355-1372 July 2081

IBGH: 0913-33BX

Commktry of FPublicaclon: D8R

Journal Announoement: 010%

Document Type: Article

Language: EWILISH

Abstract: Meerical Bsdaeling of the dJdistribution corrosion of steel
reinforcisey bars (rebars)l in copcrets strectures e complicstsd by the
spatial distributicon of the rebare in the voluse of comcretes, by nonlim=ar
brmdary cohditions associasted with the polarization of the corrosiom
reactione at tha mtsel surface, amd by mase tranefer processss of the
raactantsa in the bulk of the comcrete. A computatiomal method for solving
the govarning eoguatiome has been developed from finite differesnce
repressntations and a eclution procedere that retaine the ponlicsar
charactear of the boundary comditiome. A etrategy was succesafully devieesd
i computa Ebhe local potential and curremt deneity at the rebar surface
with a minimwm of cosgutatiooal effort. Both the problem of free corroalom
and cathodic potemtial are diecasssd for the example of a sgquare slab,
eainlerced with a double mat of croseing rebars. Graphs. 215 ref.
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Martina, W ; Da Macedo, L F R ; Filgusiras, HRE T
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Comfarsnce: 5% Comgresss Aocual Associscas Brasileria de Metalurgia e
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Abptract: The mixture of granular componente combined to the water, forma
an  aggregats, which associated to metallic armore, ocomstitutes the
ptracture of omeinforced conorete. With the cure process, the necespary
rigidity i established, eo that the armed concrete Suncticos ae &
ptractural material, asp well an the formation of calclum hydroxids,
starting from the reactiom of the calclan oxide present in the mixture EHAE
confers to the concrete the baplo character. Among Ehe pathologles o what
tha structurss of reinforoed conorete, ares sebhiscted the carbonmaticos of the
comorete and the ercsaion of the armors, are the more critice, compromiming
batwesn incegricy and capacity support. The inkeremt porosity of the
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concrets allows the diffusion of carbonic gas and water through their pores
and conssquantly the reaction with hpdroxide of calcium forming calcium
carbomata. In this process, the passlvatsd iron  layer s pe;etrated
allowing the formation of oxides with larger wvolume creating several
internal tenaiops genarating displicessnts of the concrets, This work was
directed to analyss Che paraseters that are related to the beginning of
this corrosdios process and the ocrgasile addictive babavior, which are
poaplble to be incorporated to the mixtuse, [n such way that the corromion
process can be slgnificasely inkibieed,
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Cathedis corroslon protectlon of stssl relnforced coscrats SErsoteces
with & mew conductive composite paint sysiem.
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Swisn Federal Institute of Technology
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Abatract: Corrodics of steel in concrete is one of tha critical problemns
ipn e=iwil eaginesring with regard to che durabilicy of reinforosd CONCTETE
arructures. Cathodic peotection (CF] of the stesl rebars in concrete
arructures evolved during the past 15 years ap & reliable method to extend
cke lifetime of reinforced concrete structurss. Durimg the CF cperatiso,
proportional to the applied protection current, acide are generated at the
amnode/ coporete  interface. This effect limite durabilicy and performance of
varlous CP-ayotema . This ocontribution describes & newly developed
conductive composite paint for use as anocds material, characterized by high
durabllity at high ocarrent dempities asnd sasy aspplicability. and ite
practical application for the corrceion protection of a parking deck in
Omlo, Graphs. 1% ref.
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Conferemce; Chemistry and Electrochemistry of Corrosaica and Scress
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2001

Publ; HMiperale, mMetals and Materials Scciety/AIHE, 184 Thorm HL1L Road,
Warrendals, PA ISOBG-7330, OSA, 2001
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Abstract: Tempared Martensitlc high tensile stesl bare of different
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diameters used in prestressed concrete were tested for suscepbibility for
bydrogen dansge, Bare and esbedded bars in comcrets weee cathodically
charged im chlaride solutions of dJdifferent pH, The as recelved cesells
streangih wia in the range of 2000 MPa. A drop in strength and ductility dus
ko hypdrogen sttack was found to be dependent o many factors includlisg
sloctrolyce, type of concrete and bar dissster reflected on Ehe
microstruoture. The maxises drop in both tensile atresgeh amd in ductilivy
wasn cheerved at pH 7.3 mare than in sacidic or basle salsticone. High-grade
comerate |WGCD) with sllica fuse @lightly reduced the hdyzogen damage caused
by the same impressed currest density, Rars with d-sm dlswsbsrs wers mors
msusceptible Eo hydrogen esbrlirclesant than those of S-mm aF G-mm diamster,
Furthar heat treatment effects wire investigated and proved the lesst
affected microstracture was the tespesed partensite. Humerical Data;
Fooromicrographe; draphe. 11 ref.
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Ferrara, ITealy, 4-B Sspt. 2600
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2005
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Langusgs) ERILISH
Abstract) This papsr concerss the affectivensss of four ishibivoss
againat stesl ocorrosiom In comcrete. The axparimect sas carried with tws
Forcland cements, For each oement, we concrele proportions were used:
CEmant conteant 400 kg.m exp -3 Or 250 kg.m exp -} with water-cemesnt ratio
@gual 9.4 or 2.8, respectively. BSteel rods swra placed in concrste
specimeng, €.5% mm in dismeter, 130 mm high. After a curing for 28 dayas,
wire immarsed successively im two solutions. The flcet coe was
0.5 H sodlom chloride which dis able to  induce setal carraslan. This
immeraion lasted thres momths, The secomd soluclon was diseilled water
added with ishibivors., which were; sodium nitrite, caleius nltFata aF
sodium  phosphate (0.2 Ml & alkasclasine (11,5 ml.L exp -1 ). In this case
the test period was cse year. Befors snd after immersion in the second
solution, specimens were taken out &f ehis sclution. Bo, the condition of
reinfarcing stesl was aossassd by wilng alectrochemical AC impedance
spsctroscopy (EIS). The results indicated that; - after chres months
immaralon lm the firet (salty) solution, in concrete made with higher
esstant (400 kg.m exp -3 | chiloride pensrration wad low acd stesl remsined
lvated. Howewer, for lower concrete demsity, chloride depassivated
steal and isduced ite corrosion. After am immerslion during ome year in the
secafd  solution, ichibitors pesnstrated into comcrete snd they wers abla Co
Inkibit stesl corrcaics. Mumerical Data) Graphs. 16 ref.
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datarlorated by chlerides and carbosatlon.

Alhara, J ; Ieklhara, ™
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Jourmal of ehe Society of Materials Science, Japan 49, (101, 1115-1130
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Abatract; AR analytical wstudy on thermal diffweivity for anisctropic
materlale weleg & laser f[lash mscthod was carrled out to clarlfy the
applicabllity of the method which has been establisksd for sn dsctroplc
matarlale., A measurement errcr for anlectroplo materlale csussd by the
lassr pulss [ntenslty distribution was estimated asaltylosally welng a
firits alemsnt calculstion ocode,. In this paper the amalytical result on the
maasurensnt error of the anlsobrople matsriales was pressntsd and the
applicability of the laser {lash ssthed to the anlectroplc materlial waa
discussed, Hunerlcal Data; Graphs. 4 ref,
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Sesdy om the macra-cell oosroalen of stesl le  conorets comEainisg
chlorids.

Yan,; P ; You, ¥

Toinghos Univeraity

China, XT00d

Cailias EKexue yu Joogcheng (Materials Science and Engineeringl (Chima)
18, 46-48, 11 Apr.-Juns 2000

TAEM: 1004-THIXK

Coumnbry of Publication: China

Journal Anpouncemsnt: ©10%

Document Type: Article

Larguage: CHINESE

Abstract: The relationship of the oorroeion rate of stesl and the
realscance of concretes wan studied to characterize the macro-oell corrosiom
of reinforcemsnt inm the coonoretes oontaindng chloride,. A changeabla
reaiscance was linked im series between the anion and cathode of tha
macro-cell to saidmulate the change of the conorete resistamce. The results
show that the corroslon potemtial of reinforcemest ie mainly determimed by
the anion resction while che corrosiom rate is controlled by the cathods
reaction. Thers is a superior influence of the comcrete reslstance upan tha
corrogion rate of reinforcement. draphs. 3 ref.

2,T/30
DIALDG R} File 32:METADEX|R]
{el 2003 Capbridge Sclentiflc Abm, Rll rts. resesry.

13%31EN MA Bumbar: 200108-35-1167
Competitive rols of ishibieiwve and sggressive loms in ths corvosion of
iteal 1= concrats.
Mural idkaran, & ; Saraswathy, V ; Thangavel, © | Srinivasan, 5
Central Elsctrochenical Ressarch Instltute (Imdial
Hatharlands, 2000
Jousnal of Applisd Elecrrockawistry 30, (11), 135%-13%8 New. 2000
165K 002L-091K
Country of Publicatics: SHacharlands
Jourmal Asmcigncesast: 0105
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Abetract: The effest of wvarisus inkibitive lons (hydromide, citrate,
stannate) for the corrosion of steal im concrete was studied by weight loas
mEasuTenents, Cchronopotestial studies, ancdic polarisation techniges and
compressive strength cescs. The salient featuces of the investigation were:
in  190% OPC and in OPCafly el (3:1 ratio) axetracts the passivity of stesl
was readily destroyed even by the presence of 10 000 ppm of chloride.
Bowsver in 100% OPC and alsc 1l CPCELly aal [3:1 Fatle) exiracts conbtaining
inhibitive and complexing agemts like hydrosids, ciersts and stannste, the
passivity of wsbtesl was maintained sven in cha presence of 10 000 ppm of
chlaride., The addition of Inhibitive dons Llks Bydeexide, clecate and
stannate @mot only decreased Che corroelom Fate of ateel in simclated
concrete environments but alec iocreased Che  comprassive strangth of
martars, Ciltrates, stanmates ard Cad are effeccive lshibivass af tha
corrosicn of stesl in concrete. WMumerical Data; Oraphs. 22 ref,
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ic] 2003 Cambridge Bciesmbific Aba. ALl rta. cesscv,

1250403 HA Bumber: 200104-&1-0537
Fraseleal aBd ecoBcEls aspects of applicatica of austenibls stalnleass
stesl, ATAT 316, as reimforcemsst in comOTebe.

Elinghoffer, O ; Frolund, T ; Eofosd, B ; Enudsan, A : Jemses, F M ;

aard, T

FORCE Instltute

Conference) Corrosiom of REeinforcement in Concrete: Corromion Mechanismo
and Corromlon Protectilonm, Aachen, Sermany, L1955

=, I|ng

Burcopsan Federation of Corrosion Publicatiome 31, 138-133 32300

IRSR: 1X4-%106

Country of Publicatios; UK

REpore Mo.: Nook Bo., TéE

Jeurnal Anrsuscemsast: 0104

Docusast Typa: Confarancs Papar

Language: ENGLIGH

AB@tEast : Raiforéed conceata uaed For  howering amd  industrial
construction la often densged dus to corrosicnm of the reinforcessms. The
total coat in tha BC for cepair of dasages caused by corromion may be
@it lsated From the coat is Ehe UK &n highways alone Eo be agprox$0M BCU per
yaar, A way o lengthen the lifetisrs fo structure im to uee corrosion
ramistant reinforcing materiale, #.3. stainless ptesl, The intelligent ase
af @talnleds steal, which means combining with traditicmal carbon stesl in
locations expossd to wery oorrocsive envirceents, cam be a  wery
cost-affective option when ocorsidering diffecent rehabilitation methods.
Mowever, moak civil engipeers have an unfsusded Faar of vaing stalnless
mtsal and carbon stesl Eogether fin the sans concrete Btructure, Por this
reascn, the babavior of the sustesitic stainless sceal, AISI 316, im
soanest leg  with carbs stesl has Beer evaluated Le srder to study the
conEequancas of galvanic ocoupling for corrosiom relnforced comcrets
SEructures. The sxparimestal study fncludes results from different concrats
mamplas, Lo which AISI 314, stainleas aresl, BEs beésn comblmed with carbon
seesl in the proporclons that are foresssn for oo-site applications. Thess
results  Includs measuressnts of the macrocouple current betwesn stainless
stesl and carbom stesl during sxposure to scoeleratesd ingress of chloride,
Additionally. measuremsents of electrochemical potentials and corrosion rate
of the macrocouple were made. The obtained results show that galvanio
coupling with atainlsss otesl results in an snhanced corroaion rate of Ehe
active ocarboo steel in & chloride-contaminated solution. K Life Cycle Coat
calculation, based on practical cases of repalred bridge cclumas, has
confirmed that the intelligent use of stainless steal in cobmination with
carbon atesl ig very cost-sffective. draphs. 16 ref.
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1350485 MA Fawbsr: 200104-35-1154
Watsr-disparss palsks (WOF] for corroslon proctecbleos of @ stesl &ad
raloforced concrets sEructures.

Lobkovekid, ¥ F ; Luk'yvanenko, B A

Busais, 2000

Stroltel ‘nye Materialy 10, 33-33 Oet. J008

IASM: OSBS-420K

Comntry of Publicatiom: Fussia

Fournal Anmouncesest @ 0104

Document Type: Artiols

Larguage: BUSSIAM

Abatrack: The aim of the paper is to describe the WOP developsd for
eorreaion protection of eteel and reinforcsd comcrebs ALFUStured. Tha
prafented WDP have the following advantages: total absescs of eoxle asd
conbustible substances amd therefore their ecological valus; flre- asd
explesica-aafaty of WOP production and application; low cemparature of
epating salidification; wastelsss process and low priced. The paper
contalne reccamendaticns for ualng the concrets kinds of WOP for corscalon
protectlon  of different wersioms of metal and rmeinforced CconcEatE
StFucturas. 2 gaf,

2/7/1%
DIALDG (RIPile 33 HETADEX (B}
{g] 3203 Cambridge Scientific Abs. All rte. TeIscv.

BIFTD HA Bumiber: JI00L04-35-104d
Laysr simo anodes Lo catbodic protectica of stesl reinforcemsnt.

Bohdancwloe, W

Technical Taiversicy of Gdansk

Conference: OCorrosion of Reinforcemsnt in Concrete; Corrosion Mechandsms
and Corrosion Protsctlon, Asches, SaFsany, 1999

K, I00&

Earopean Federation of Corroslom Publicaticss 31, 101-107 Z0G0

IREN) 1X54-5116

Country of Publication: OE

Bepart No,) Book Mo. 746

Journal Announcemsnt D104

Dacument Typer Comference Paper

Language: ENGLISH

Abetract:; The oontinuing increase in the nusber of releforced concraba
structures being built, thelr cost amd strateqic importancs, Pequire that
gocd  attention is given to thelr durability. Im tha case of relsforcsd
consrates raad sbructurss, oontsminated with chlorldes during wincer Ceom
da-ilelng salts, cathadic protection provides a modern method of corrcaics
proLect Lan. Inest ancdes as used in dmpressed current ascheses 1
indusrrialissd osoumtriss may poss 8 threat to comeorete durahility dus bo
acldification of the envircoment close to the anode. This work presents the
praliminary eaxamipation mesults of the cathodic polarisation of comcrecs
ralnforcemant aitbar by the use of an external, layer-like zimec anode xa &
galvariec (aacgiflcial) ancde or the wee impresped current anoden. The
ragults iedicata that sach polutiom could be very useful for structures of
pariomal highwsys. Graphs, § ref.
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12504 &9 HA Humsber: 200104-15-11420
Sscrificial sncdes for cathodic preveatlom of relsforelag stesl arcund
patoh repales applisd to chloride-contamimsted soseraba.

Bergi, G ; Page, ¢ L

Building Ressarch Estab]ishmant (UE)

Conferencs: Correalss of Reinforcement in Comcrete: Corroalon Mechanisms
and Corroplon Protecticm, ARachen, Germanmy, 19%9

T, 200@

Burcpean Federation of Corrosion Publications 231, 93-180 2000

I8N 1354-511€

Country of Publicatcion: DR

Report FWo.1 Book Mo. 746

Journal Ammouncemsnt: 0104

Document Type| Confsrence Faper

Lasigquags: FRGLIRH

ABEET&CE | Whan wsteel reinforcement ouffers localised cosrcalicm in
chlorlida-contaminated concrete, the most anodic regions af Ebe matal
affectively provide cathodic protection to the bars im adjacent catbodic
areas. [Ff convestional patch repair ie applied to the structure, this form
of sdventiticas bodic ion im rescved and bars which wers
previouily behaving a8 cathodes in moderately contsminated sreas may be
transformed to anodes of calls, coupled te cathodic stesl in the repaired
arsas. This papsr demonstrates the affectivensss of combining patch repair
with embsdded sscrifical anodes & & Seand of providing cooticulsg
protsction to ths sarrounding eeinforcing bars. The aasclficial anodas
designed for this purpose oconsist of metallle #2ine in & apscially
formolated mortar etuarated with lithium hydroxide. The high pH pora
alectrolyte serves to maintain the activity of the minc, while the pressst
af lithion ione svoide the riske of alkali-silica reaction that would be
imsurged Lif ather forme of alkali metal hydromide w=re ussd. Graphs. & eef.

1/153%
DERLOG(RIFlla 33:METADEX (R}
(o) 2002 Cambridges Sclentilic Aba. All FEé. Dadecw.

1I5046& Mk Bowbar: JO0004-35-1i40
frganls coarrosics labibitors for stsel in coocrets.

Elsamaxr, B ; Backler, W ; Bohni, B

Ridgencasischa Techaische Hochachule Furich

Conference: Corraalon of Reinforcessnt in Coscrete; Corroslon Machanisms
amd Corroelon Protescion, Aachasm, Garmany, 1999

E, 2800

Federacion of Corroaion Publicacicona 31, @1-71 2000

IEEN: 1354-5]11E

Country of Poblicacion: OK

Report Wo. | Book Bo. T46

Journal Ammouncement| 0104

Eomament Type: Comfesrence Faper

Language: ENGLIEN

Mbatract: The efficlency ¢f an organic corrcaics lehibikor blemd in
pEeveRtlng and stoeppleg orgelng chlarlde-induced coarraalan of mlld aksal
has besn Investigated in saturated. CafoH] sub 2 sclutlons asd in ardinary
Fortland [ " Jamc) BOETar . Tha redulte @kow Char oaly highk
copcentracions of the lohibipor (appeck =L10W) allow che inkiblcleonm of pic
Initiacion 1n @solutios. Howswer, the Iinhibicing propertiss cam bs loat
gither by evaporation of the volatile conetitwsnt of the imhibitor or by
the precipitaton of the mon-volatile fractiom of the imhibitor in pressnce
of caloium icme. The addiction of the inhibitor blemd to mortar yielded no
inhibiting effect except the retardation of the corromion initlation in tha
case of chloride-induced corromiom,. Omes corromion had started  LCha
polarisation reslstance wvaluses were similar for samples with asd wibkour
iphibitar. on already corroding steal samplas in  chloride-contaiming
paturatsd CaioH] sub 2 saluelons & elight iscrease (approxi-4x) of the
polarisstion reaistance was foond after 24ding 108 iphibicor to bhe
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poluticse. No significant incresse of the polarisatios resistance was
observed after applying the inhibiter om chloride-containing sortar sanples
with morreding stesl, Field tests om chloride-contasdinated atructures alsa
obowed that wirtually no sffect of the surface applisd orgamic inhikicar
blend ofn Balf Sell potestials or a reduction of macrocall currents wera
found. Graphs. 10 cef,
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1130464 MA Wumbsr) I00104-15-1138
Comparison of  elescirochemical date asd mass less cocresicn  cats
maaruramsnts for steel reloforcement o cosdzwte.

Bowak, P ; Mala, R

Institute of Chamical Tecksalogy (Czech Bapuhlic)

Conference: Corrcdicm of Rainforcemant in Concrete: Corrceiom Mechanisms
and Corrosicem Protecticsm, Aschkan, Oecsasiy, 1999

OE, Z0dh

Burcopean Federatics of Corrcalocn Publicaticms 31, 41-48 2000

IBEN: 135d4-5116

Country of Publicatiosn: UK

EEpoEt Ko, : Book Ha, TiE

Journal Ansouscemsst: 0104

Document Typs: Conlarencs Papss

Language: ENILISH

Abatract: The averags cofrodlon rates of scesl reipforcesant wich
different imicial wsurface copdicioms | nu aub =orry | caleulared From mass
loss after four-year axpodurs Lo COnCEele @ere @valuacsd ln relatlon bo bha
average [roe corroaion potentlal (B sub corr ) and polarisatics redisbancsa
R sabk p |. The corroslon of pre-rusced stesal in concrets could not ba
svaluated relliably based oo the B sub corr wales. Qualitative cosrslatlon
of E sub corr and nu @ob  corr was found cmly for sechined] and ocaled
ourfaces. E wub p values were in good qualicative sgreement with nu guh
corr for all the tested sarface conditions. At polarisation resistances =30
Omega m exp I , na sub ocorr values were =3 mu m'year. Oraphs. 13 ref.
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1350461 A Bomber: J00L04-35-1135
Oxygan eedustlon oo mild stesl asd stalnless steal in alkalins scluticss.

Jaggi, § ; Elaensr, B ; Bahnmi, W

Eldgencaaiache Techaischs Hochschule Iurich

Confarence: Corroalon of Reinforcemsnt in Comcrete;: Carraslon Mechanisnma
and Correslon Protection, Rachen, Garmany, 1999

Ux, 2500

Burcpean Federation of Corroslon Publicaclona 31, 3-12 2000

ISEN: 13%34-%116

country of Publicariss: ox

Rsport No,; Book Mo, T46

Jourmal Annoumcesant| 0104

Doogment Type: Confarence Papas

Language: ENGLIGN

Ahatrack: The cathodic polarisatiom curve of stesl in alkalime solutions
always ahowa thoes reglons: (1) copgen reduction with a Tafel bshavicr at
potantials cathedic to tha open clrcuit potential followed by (3) &
diffusion limited currest of orpges reduction at more negative pobtentials
and [} hydroges evalutisn st very negative potemtials. The diffusicn
limited regica of the cathodic current deneity i controlled both by the
pxygen concentration im seluclon  and the £low rate wheress in bhe Tafal
region  icharage trasefer] the Cemperature and the pretreatmant of cha
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sample determine the imtesaity of the currest density amd the slops of the
Tafal line, On ptainless scesls che cabchadls reduction currentes ars lowsr
then oo mild ptesl. It can be consludsd that under usaal corroslon
conditions for steel in concrete the cathedic cxygen reduction le not
diffusics Llimited but charge trampfer controlled. Graphs. 13 ref.
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Elsoerschamical mathods far svaluatisg inhibitors of stesl corroelon in
cancrabe .

Dhouibd, L ; Triki, E ; Eaharieaiwe, & ; Trabasalli, @ ; Zucchi, F

Ecole Eatiomale d°Iogenieurs de Tunis

™, 2200

British Corrosdon Jourmal 3%, (21, 145-14% X008

ISEE: ¢DOT-059%

Country of Poblication: TK

Journal Asmouncessnt 3104

Document Types! Article

Languags: FRGLISH

Abstract) Electrochemical methods were ased to evaluate sodlum phosphats
and modion nitrite as inhibitors for the corromion of scesl Lin SaTuraCed
caleivm hydroxide solutiom containing chloride ioms. The studies imclsded
immaraion, potentlodymamic, potentiostatlc, amd galvanostatic tests. The
reszlbs abtalned from thess methods were in good agreement. They show that
#cdiun nmitride is an sncdlc inkibitor which is not effective if ics
concantratlon is lowsr Ghan that of the chloride iome. Sodiam phosphace
acts as an ancdic ishibitor if ite concentration im »0.5 times the chloride
cancantration. It is totally sffective whem ite concentratiom equalo the
ehlorlds coacentrablon. Graghs; FPhotemicrographs. 5 ref.
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i mtudy om corrosion rate of relaforoimg stesl bars la ersched Soscrabs.

Teukahara, E ; Domoro, T

Japan Concrete Inetltuts

Japan;, 2009

Concrete Ressarch amd Technology 11, (1k, 75-84 Jan. 2500

IZ88R: 1340-4733

Country of Publicacion: T

Journal Announcesent: §183

Document Type: Articlas
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Abstract) Eelnforced comnorete is an saxcellent composite system combining
batlh @sEsal and concrete, Howsver, when & crack ls formsd in conorete both
water amd oxgyen can saslly approach to the sarface of steel in comcrets,
and EBia causes corroeicn of stesl reinforcemant. The corroceion reduces the
parformance of reinforced concrets structure, This paper alme o svaloate
the sorroaica rate of wstesl in concrets quantitatively, im chlorids
anvironnent, Tha redalts show Ehat corrcelcs rate of relnforcing stEsal bar
can ba predicted posmcically by applying differest chleride Boundary
comditions to cracked portion and othar surfaces, The affect of Cesparature
i ales axamined by both eaperiment and compuater simulation. Baserical Data
; Grapka, 11 ref,
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1348420 MA Wamber: J60103-33-0743
Correslon behaviour of astsizless stesls fn chlorlds sostasinatsd and
oarbonated concraba.

Barcelisl, L ; Gastaldi, M ; Pastore, T ; Pedeferci, M P

Policecmics 41 Millano

Ewiczaeland, 2500

Internaticnal Journmal for Restoration of Bulldings asd Momorests &, (3],

Z73-2%2 2000

TEEN: DSA7-445H

Counicry of Publicaricn: dwltzerland

Journal Anmoumcemest: 0103

Bocoment Type: Articls

Language: ENGLISH

Abetract: The papsr dealsa with the cosvaslon resistance of differant
stainiesas stesls in chlorlds contamicatsd &nd carbonated oonorete.
Stainless stesl reinforcesent has a highsr corrcalon resletance ss compared
to the normal carbon stesl reinforcessnt; stalnless stesls can, howewar, be
subject to localized corrosion if the chloride soncesk in the conglcrets
sxceeds & oertain oritical wales. Thio critical valus depands on the pH
walue of the oconcrete (l.e. carbonated of alkaline concretel, the
tamperature, the ocorrowion potemtial  (funerien  of  asvironsental
condlticna), and the compoeitice amd microstructurs of the stainless stesl.
Furthermors, in the rehabilitatiom of coreeding relaforced concTete
structures, wstainless ptesl is often used In stroctuares reinforced with
sormal carbom steel and galvanic coupling can osotur. The results of
moasurenents of free corroeion potential, corrosion rate and maccocouple
current in reinforced concrete specimens are reporved as & fumceion of
chlagide concentration amd hemddity. The conseqeence of coupling with
carbos ateal reinforcemsnt im also comsidersd. Graphs. 11 ref.

17041
DIALOG(R)Fila 132 METADEE(R]
[g] 28602 Cambrldge Sciemtific Abe, All rie. reserv.

1243520 HA Mumbar: 200103-15-0450
Corrodleon soaksal of stsel-reinforced comorets.
Chusg, B D L
Frata Univarsity of New York (Buffalol
DEA, 2040
H::N'ﬂ-tl &f Materials Engimsering amd Performance 9, (%), GS85-588 Ookb.
[H8H: 1059-84%5
Coustry of Publicatics: USA
Fournal AnSSuscemsst: 0003
Docmant Typa: APelela .

AbatEact: Thin mathoda and materials far corroslen comtral of
atadl -reinforced oofdrele afre ravieeed, The methods are stesl susrface
crastment, the use of adniztures in conctrets, surface coating on concrets,
and cachodic probectios. Bumaricsl Deta. 106 ref.
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Cravies affesr oa corrcalem of stesl I slsulaced SonoEsbE pore

solutions.
Baguena, A A ; Li, L ; Pickering, H W
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Ahatract: REEfect of a ocrevice on the breakdown potentials (E oub b ) of
carbon atesl specimens in pH 12.6 seturated calocium hydromide (Cal0H] sub 2
' welutiom (BCE) and pH 13.6 simulated comcrete pore solution [(SPB) with
0.81-1,% M ¢hloride concentration (€1 exp - 1] w=as stwdied with
potenticdynamic polarization. The presance of & crevice subsatantially
lowered (by approxd.2 Vi cthe E sub b in 508 shes [Cl exp < J>ed.1 H. In
8F8, passive [ilm breakdosn did nobt taks place up to the oaygen svolublom
potential (OEF] im the absence of a crevice. However, corroslon developsd
in the crovice at potentiale approx2.5 V balow the DEP when a orevice wan
intreduced and (Tl exp - |==0.1 M, Grapha. 18 raf,
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Elacteloal reslstances Cchasges a8 aAnD Altermats ssthod for somltoring the
ecerroalen af ateal lo coscrsbs and SOFEAE.

Calla, F A ; Taylar, § R

niversity af Virgisia
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Abatract: A vary sensbvlve, unasbiguous, &apd simple procedure  wEA
ineroduced Ffor the assessssnt of corrceion In concrete. This method
consigts of making resistance change measurements (FCM| on small disseter
(238.6 mu m] 1840 mtsal (N 310400] wires ssbsdded in concrets (or mortar)
priome amd correcting the measuresests for tespesature by use of a

control wire, Metal loes caused by carroalics lead co a loas Lle

croap-pecticonal ares and, hesce, as iscreass in resistance. Theoogh proper
temparatare corection, thess mathsds lead bto a senelcivicy of 1 ou m
diameter loas. The wires were heat-treated at 518 deg € for 1 b to attain
an  oxlds chemietry elmilar to bare rebar, as determiped by x-Tay
photoelectran specroscopy. Althowgh this method was designed for eke
evaluation of dnhibitive sdmixtares, it was ysed in tha pressst study ©o
exarine papplementary cesentiticos matecials, The cata of steel corrcalom
in these was assessed by BN uElng Sortay prlssa [15.4xERS oml of che
following compomitise: plain mortar, 50% slag, 35% fly ash, and &% milica
fumsa. Thesa prisms were ponded with 0.6 W sodium chiloride (WaCll for 140
days asd subssquantly est/dry cyoled for an additional 140 days, Wires in
blocks containing slag, fly ash, and silica fume showsd fewer lnstances of
corriplon amd lower average rates of corrcaion than wiced la plals sorCar.
Blmg additiome were shown to be more affsctlve thas fly aeh sddicions &t
mitigating corroedion, while silica fuse was effecive only at deepesr oover
deptha, Thes BOM methed also was compared to electochemical methods:
open-cireuit  potential = meASUTeRenTS {half-cell potestialel, Lineas
polarlzacion, and electrockesical impedance spectroscopy. Im all cases, BOM
wal ®more @enaicive and definicive on the stes]l corzoslon rates witkin the
morray. The simplicity and low cost of this spproach maks it ldaally sulted
asn & standard method to apsess corrceion préventics sethoda In CONCTETE.

Geaphs. L6 ref.
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HEasintanancs and rebabilitatics coosidecatices for corrosiom control of
atEsdEpharically axpossd axisting stesl-reinforced comcrebs structures.

HACE Isternational
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HACE Imtecnational Book of Standards, Yolums 1 EPO3SS-98 2000
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Countsry of Publication: DBA

Journal Asmouncemsnt| 0012

Documant Type: Standard

Language: ERGLIER

Abetract) This standard presents corrosion cestrol guidalines that are
applicsble o existimg atmoapharically expossd atructures meds  of
conventicnally reinforced concrets. These guidslines may be used to develop
specifications involwing repair and rehabilitatice of stesl-reinforced
concrete  ptructures. Thess guidelimss should be used prisarily whas repair
or rehsbilitation is being implesented becauss of deterieratios resultling
from the corrosion of stesl reinforcemsnt. 13 eef.
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200

MACE Intermatiomal Book of Standsyds, Voluss 1| REPOLET-8E 2000

IGEN: 1-BT7T7304-50-9

Country of FPablication: T8k

Journal Amnounosment: 012

Documant Type Standard

Lasigesge; ERILIAH

Abstract) The purpose of this standsrd is te glves arehivest-afgloescs
acd facility owners design considerations for comtrolling corrcaics of
proposesd reinforced comcrebe strsctures. Thess conaidercations includs
guidslines that provide the archivect-angineer with information about Ebe
caussn of and combrol wmechods for the corrosicn of reinforcing etesl im
portlamd cement concrete structures. 3% raf.
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Effect of adsizkturss In coscrets oo the corrosion ceslstancs of stesl
ralnforced conorets.
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UEA, 2000
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Doousent. Type: Article

Language: ENGLIGH

Abarract: The effect of afwdwtures, cesely silica fume, lsces,
meikyleallulese amd sbhort carbom Cibars (i8 varicus combimations), im
conceete om the ocorroslon reslstanca of etesl reinforced concrerte was
anssased by meapuring the corrosion potertlal asd corroeion current denad iy
during dmmersion in Cai0H] sub 3 and BaCl sclutions. Silica Dows (154 by
waight of cement] was mose affective for improving the corvosisa
resimtance, due o decreass of water abssrpbivity, and not so such dos bo
increase in eletrical resistiviey. Lagsx [(20% by walght of cement] Lspeoved
the corrosion resistance becauss it decreassd the water absorptlvity and
imcreased the elestrical resistivity. Methyloellulose [04.% by weight af
cement| improved corsomion resistance only l\liit'l‘.lj'. Carbon [ibers (0.5% by
welght of cement] decreased the corrosiom resistance dus to deacrease in
electrical resistivity. However, the negative sffect could be conmpansated
by adding either allics fuse or latex, which reduced the water
absorprivicy. Graphs, 29 ref,

17547
DIALOG(RIFile 31:METADEX(R|
[ed 3003 Cambridge Scientific Aba. All rts. rasscv,
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Hesguramast of ateal corzosion in comcrekts by electrochessical techndques:
infleence of the redox processes in owlds scaled.

Andrade;, C ; Bolwond, F ; Cabeza, M ; Hovea, X R ; Pegez, M C

Instituts de Clencias de las Coastruccics Bduardo Torroja

Conference: EBlactrochemical Apprcack to Salected Corrosion and Corroceion
Comtrol Srudies, Pavia, Iealy, Sept. 1999

UK, 20060
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I88W: 1354-5116

Coumery of Publication: 1
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Joiarnal Arnoanosssnt 2011

Docusant Typs: Cocfarance Papoer

Lasguage: ERGLISH

Ahatract: Altarnating asd direct ourrent slectrochemicsl FeEEEEeREnTE
ware parformed om various typss of meinforoed oconcrets peoke:
atmoaphbere-aged and chloride-conbtamicated. Tha oSampled wars selected so
thak the corroeion potential was equal to ore more poeitive than -0.3 ¥ wa.
BCE. From the a.0. results an interpretation is given of tha cosmanly
cheerved difficalty in reaching the steady stare whan parforming 4.2,
mespurements. The Iinterpretation is based on the redox activicy of cha
oxids layer in this potential ranps. A Linear Polarlsatios methed i
propsoed that allows the measuressntc of the chargs tranafear realstance Lo
be asscclated correctly te  tha corromion process. The usdsaired
contributions that Seed ta be eliminaced are the bulk consrels remiabancs
arel Ethe reslscance asscciated with Fe sub 3 O gulh 4Fe sub 2 O sub 3
crapaformatiome. Qrapha. 30 ref.
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Docusant Typs: Article
¢ CHINESE

Abstract: Abstract Rased on the theary of corrosion electrochemintry, &
new predecearminate model of steel bar esrrosion ratic in concrete under
common  alr eonditiem dp escablished, which considered the effect of
Concrate Carbonation Model [(OCH] and the vaclation of steel bars radius.
Thecratical analysis shows both thar comsideration im necessary, meanwhile,
ke stirrup would be corroded more serlsudly than the lonmgitudinal stssl
bar in the same mesber, oo chat it is secessary to pay important attesmtiom
te tha problem of phear failore. The relationship betesen che stesl
corrodlon Fatio and parameters i the predsterminate model is  also
decuassd in the paper, and some useful results are cbtained. Wumerical
Data; Graphs. % ref.
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Carbosatios of coocrets sod corvosion of stesl bars Iz exlstlsg
rednforced comorets Struchurses.

Eitago, T ; Mipsgews, T

JR Best Japan Consulvants

Japan, 00

Journal of the Scclety of Materlials Sslesce, Japan 4%, (4], 413-41%
Apr . I00D

I83R: O514-5163

Country of Publication: Japan

Jourmal Announcement: G00%

Domament Type: Article

Language: JAPANESE

Abetract: In this paper, the cause of oogrosion of stesl bars in
oonorete, pl.rtieulnlr carbonation af comcrete and the affect of Tepalr
work are discussed according to comprehsselve lsvestlgation of exipting
reinforced concrete structures. A coafficlest of carbonatiom rate (= alpha
|} which i ocaloulaced from Che sxasinatics axcesds the woual value.
Deviations of the ecosafficlent of carbesatlon rcate (= alpha ) have a
tendency Lo De smaller in thé past few yeard. A depansivated oritical value
of the differemcs Dbectwsan cover and carbomation depth ie mearly 10 mm or

When the differencs betwsen thoss valuss is 0 em, the stesl bars are

perfectly Jdepassivated., Whan the half call potential is mearly -120 a¥ ve
Ag/egCl, the depassivatics bBegima and Lf che pobtentials is - 230 a¥ vo
Ag/hgCl, the steal Bar Lle ales pacfectly depasaivated, Thers is little
influsnced of chlaglda @ the corccaicn of stesl bare in  exipting
carbonated comoretes. Tha differencs bstwsan cover and carbonstlon depth ham
the most important rels in the corcceics of steel bare. Mumerical Datap
OGraphs. 11 zaf,
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Charwis, 8 ; Hagtt, W B ; Laa, 8§ ; Powara, B §
Florida Atlantic Unlvecsity
Confarence: Corrosicm 2000, Orlanda, FL, USA, 326-)1 Mar. 2900

R2

P o dialoge i corny U181 6THI FITMLY

BT0ALT &1 P



Dby husor. Wihiami o wrrw abialogol e om0 | & LS TREB HTMILT

Publi MWACE Imternaticmal, P.0O. Box 210340, Houston, TX 77218, DEA,
00

Corrosion 2200 ODB02.1-00@02.27 Mar, 2000

Country of Publicaticn: TEL
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+ EWGLISH

Abgtract: Tha elsarch reported heceln was performsd for the purpose of
decermining threakald chlarides concentrations for high performance
conoretes under @ expasuce conditlons relevant to ocoastal bridge
substractures im Flerida, The escparissnts were based upon & series of
relnforced and non-relafereed concrete specisenas that contaimed 20, 35, and
80 percent ocement seplacement by Ffly ash, 3, 8, and 15 percent oement
replacement by ailica  fums, and comtiol  specimens (oo possolandc
admintare). In sddiclon, the utility of calsivm nitrite sas & corrosion
inhibitor was evalosted based spon alabs thet contained 1] 3% percemt
coment replacemesnt with fly aak asd 116 I/imexp 3 (4 galiyd exp 1 )
calojum mnitrive, B percest cement replacement with milica fame and 5.8 1im
exp 3 {2 gal/yd exp 3 | ecaleius nitrits, and controle ino possalandc
admiwtare wich (11.6 1/ &xp 3 ] 4 galf/yd exp 3 calcium mitritel . The
specimens, &8 of this writing, Beve bess bt 8 one week wek - ooe
week dry pondieg oycle with pabtieral aea water for approximately 37 monthse.
Bamerical Daca; OGeaphs. 23 ref.
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Abstract: The uss of sacrificisl zine amodes for cackndie provection [CP)
of steel in reinforced concrete is a subject of inCreasing intereat in
Mexico, epsoclally for their potential applications on highway bridges
ssriously damaged by chloride ocontamimation. Ooe anods saterial gasdeg
soceptance is thermally sprayed zimc (TECP). In this papsr, tha feasikilitvy
of using EIS; a8 a monitoring tool to determins LF the CF Llevael ia
sufficient to mitigate corroeiom was inesstigated for carbon atesl in
conorete. A a firet approach, this investigation dsals with the bebavior
of the galvanic couple scesl/rine wnder CF conditioms in Batl solurion. The
EIf diagrams obtaimsd wers ocompared with chobs corresponding fo laboraboEy
conorete slabs, whoss surface wan thermal oprayed with Zn. Craphe. § ref.
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Dacument Type: Conference Paper
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Abstract: Adhesion of Coatings to both steel and ccoscreta la often weed
as & measurement of the integrity of the coating systes. DIffersct ssthods
of measuremsnt may lesd b0 varying best results, The authors discuse
currant methods of messuring sdbssleon on Bath surfaces and conelder the
best waye to achieve commistent results. Numserical Dats,
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Lamgusge: CHIMESE

Abgrract: A new polyser DETA-TU [lscwolar adduct of disthylenstrismine
and chipores) was first istroduced Into reinforced concrete to imhibit
coErdalon of Che eEbedded dtesl reinforcesestsa. Ite ichibition behavior and
msechanion wers atudied wiktk lisnar polarisation, Tafel polarizatiom, EIB
secbod either in sisclated pore ealutics (EPS] or in real concrete. The
regules showsd thar DOFTA-TU waé & mlxing typs ishibitor, & 1% dosage wap
sufficiant to Rinder the corposics of etesl bar in BFS comtaining ©.1 mol/L
BaCl., Tha &alt andurance was lncresssd [rom 0,03-0.10 molfL. The results
alas ahosed OETA-TU and HaRd gab 7 had a elgnificlant synergietic effect
far corrceliomn inhibition of meinforcing bar, sspacially at lower HaMD gub 2
concentration, The EIS revealed the double beneficial functiom of DETA-TD
far reinforced concrete, i.e., densifying the comcrete pors structurs and
adporbing om the wurface of the steel reinforcement. TPE analysis showed
the inhibitiom was concentracted &t the stesl/concrete loterface. Tha
concentratliom gradient of DETA-TD from the stesl/conceets interface and
tulk concrets was croclial for it inhibition efficiemcy. Graphs. & ref.
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mortars  and cancretes for opecial agplicatioms such as refractory and
sulpbate-resiscant materials. However, wsose failures have hesn repasted
whan used in reinforced concrete exposed to wet scvironments in presence of
chlaride iloom. Chlorcaluminstes formstion in elther einforoed CAC moFtar
aF  mmcrete could be & way to reduoe chloride foms im ths pors solution of
this material, theraly, Jdecseasing the risk of serseslesn. This paper
peesants the charscteristic valuss of corrosion rate, corcoalos potemtial
and rasistivity and the relationablp betwesn them. Aopsming a sigeificant
corrosies stats At corroalon rate valuss cver 0.1 mu Afom exp 2, we can
establish a threshold level for correalon initistion in reinforced mortar
of concrete of -350 aV and 10 exp 4 Omega om, Therefors, lesser valuss
congtltute impartant corrosdion rates. Momerical Data; Graphe. 7 ref.
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