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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  

• “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. 

• “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 

• “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 
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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 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. 

1.2.2 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.  

1.2.3 Stainless Steels 

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

• “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.  

• “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. 
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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: 
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• 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 
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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.  

• 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: 

• 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%.  

• 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.  

• 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: 

• 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 HCl solution is 
examined. The possibility of the corrosion detection of rebar inside concrete is 
investigated using an accelerated corrosion experimental method (Li 1998). 
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“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: 

• 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.  

• 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. 

• 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: 

• 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). 

• 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: 
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• 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.  

• 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: 

• 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.  

• 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.  

• 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: 

• 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.  
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• 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. 

• 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: 

• 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.  

• 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.  

• 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.  
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• 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:   

• 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). 

• 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.  

• 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: 

• 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 NaCl solution. The specimens were held in a chamber 
with a relative humidity of 70–85% at room temperature, with polarization curves 
being recorded.  

• 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: 

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

• 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: 

• 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.  

• 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:  

• 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.  

• 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.  

• 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: 

• 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.  

• 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. 

• 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.  

• 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: 

• 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: 

• 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.  

• 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:  

• 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. 

• 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.  

• 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: 

• 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 lb/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-lb and 32-lb 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 



 

 19 

condition. However, in both 8-lb and 32-lb 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-lb and 8-lb chloride 
concretes, as no corrosion and concrete cracking were observed. 

• However, for the 32-lb 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-lb 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% HCl 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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• 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: 

• 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: 

• 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.  

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

• 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.  

• 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: 

• 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 

• “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 

• “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. 

• “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, n 6, 
Nov./Dec. 2001, pp 454–458. 

3.3 Various Steels and Steel Claddings 

3.3.1 Alloy Steels 

• “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, n 7, 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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• “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, I-200121, Italy, 
2001. 

3.6 Manufacturing Process 

• “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.  

Illinois 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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