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Reinforced concrete is one of the most versatile construgtion materials used for the construction
of several strategic structures like long-span highway bridges, pavements, off=shore_structures,
multi-storied framed structures and many other mega- industrial structures. Some engineers still
believe that once the reinforced concrete structures are designed and built, it will remain durable
and maintenance free and they can fulfill theé intended purpese and functionsfor the whole of its
designed life.This is not true. The microstructural properties andypermeability of concrete to
various aggressive ions are responsible for corrosion‘of embedded Steel in concrete. This paper
presents in brief, the mechanism of steel corrosion in concrete and the state of the art of anti-
corrosive steel rebar coatings ‘tsed so far to protect the steelembedded in concrete against
corrosion.

CORROSION OF STEEL INNCONCRETE

The phenomenon of*widespread deterioration of reinforced concrete structures during the past
two decades’ has become aymatter of global concern, and therefore the long-term durability of
concretesstructures has assumed, great importance today [l]. Corrosion of steel in concrete is one
of the"major causes of the premature failure of reinforced concrete structures [2-6]. Enormous
amount of moneyais required for repair measures to improve the durability of new structures as
well as to guarantee the durability’of existing structures after repair or strengthening [7].

The deterioration of‘reinforced concrete structures is mainly due to the corrosion of embedded
reinforcing steel in concrete. Corrosion of steel in concrete occurs when the outside environment
influences the change in the composition of pore solution present in
concrete. Permeability of concrete is one of the main reasons by which the change in pH of pore
solution takes place. Aggressive chloride ions, carbon dioxide, moisture and oxygen can easily
diffuse into concrete through the pores and cracks present in concrete from the outside
environment and thus lower the pH of the pore solution from high alkalinity. This reduction in
pH destroys the passive oxide film formed over the surfaces of the embedded steel. The process
of corrosion starts when once the passive oxide film is broken or destroyed. On onset of

corrosion, the rust products are being formed around the steel bars. These rust products are many
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times in volume than that of the original metal lost from the steel bars. Therefore, these rust
products exert pressure on the

cover concrete. When this pressure exceeds the tensile strength of concrete, the cover concrete
cracks and subsequently spalling of concrete takes place by exposing larger area of steel bars to
the environment directly which accelerates further serious corrosion damages to the structures.
As a result of this corrosion damage, loss of structural integrity and safety arise. Many reports
presented in various International Congresses afford many examples of such serious damages to
reinforced concrete structures with in a relatively short period aftereonstruction.

A SHORT HISTORY OF DEVELOPMENT OF COATING MATERIALS

Primitive men first used paints about 25,000 years ago [8] Chemical/analysis of cave paintings
discovered at Altamira (Spain) and Lascaux (France) showed that'thexmain pigments used were
of iron and manganese oxides. Some earth pigments were ground to'a fine powder using stone
mortar and bone pistols and mixed with bone marrow, animal fats, egg white or vegetable sugars
to form paints. Although these paints were of very poor@urability, they survived because of their
shelter in deep caves which were subsequently sealed off.

Egyptians developed the art of paint-making with wider colour range considerably during the
period Cirea 3000-600 B.C. The first synthetic pigment, known today as Egyptian Blue, was
produced almost _5000 years ago. During.“ this period, red lead was
used in wood preservative paints, but was more extensively used by the Romans. First resins
used were almost all naturally occurring gums and waxes. During 600 BC— AD 400, Greeks
and Romans were known to preserve and decorate objects with paints. Varnishes incorporating
drying oils‘'were introduced during this peried. By the late eighteenth century, owing to increased
use of iron and steel by industrial, revolution, all types of paints and coatings were developed for
construction“and, engineering purposes. The use of turpentine as a paint solvent was first
described in 1740. The basis of;formaldehyde resin chemistry was laid down between 1850 and
1890, although it“was not used in paints until the twentieth century. During 1877, the
nitrocellulose was discovered and used safely by plasticizing it with camphor. In 1918, a new
white pigment, Ti02, which was to replace white lead completely, was introduced. During 1949-
1951, epoxy resins were developed in Switzerland and 'in the United Kingdom (UK) and became
available in the United States of America (USA). These resins could be applied in heavy
coatings, from 75 to 500 microns per coat. By the end of 1950, usage of epoxy coatings had
developed in volume, and various formulators were trying to correct some of the disadvantages
of these coatings in several applications [9]. As far as coatings on steel reinforcements in
concrete are considered, most cases serve as a means of isolating the embedded steel from the
surrounding environment. Thus, an intact coating shields the steel from various adverse
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conditions occurring at the concrete/steel interface which can cause corrosion of the steel and
subsequent failure of the structure. More specifically, a coating on steel reinforcement is
generally used to eliminate the effect of some anticipated factor which could promotes corrosion.

ORGANIC COATINGS

A stable organic coating on reinforcing steel, to serve as a barrier for isolating the steel from
moisture, chlorides and oxygen was first sponsored by Federal, Highway Administration
(FHWA), Washington D.C., USA, during earlys1970s,, and the project
was sponsored at the National Institute of Standards and¢Technology, and then the National
Bureau of Standards, to search for organic coatings for this application[10].

Coal-tar epoxy coatings have been used in numerous' applicationshwith good results. Their
tolerance for poor cleaning, strength, excellent'bond characteristics with steel surface and quick
curing properties made  them more  satisfactory. But coal-tar  epoxy
coated bars cannot be fabricated without serious damage'to the coatings and also it provides poor
bonding property with concrete.

Asphalt coatings have been used for._coating reinforcing steelg’but some significant drawbacks
are inherent in the system. The ‘tendencystowards cold flow and the intolerance towards poor
surface cleaning are significant drawbacks [11].

Chlorinated rubper-coatings offer substantial advantages in bond characteristics with concrete
and steel No major fabrieation problems would be anticipated .But unstabilised chlorinated
rubbers have the tendencyto liberate hydrechloric acid [11].

Various vinyl coating systems are acceptable for rebar coatings, if sufficient efforts are made for
adequate surface preparationgand to assume sufficient coating thickness. They require either
high build vinyl oria two coat minimum application. They are suitable for application prior to
fabrication of reinforcement:

Epoxy-coated reinforcing steel is being used extensively in the United States for corrosion
protection in concrete structures. The first full scale application of this material was in four-lane
bridge in Pennsylvania in the year 1973 [12-15]. Since then, tens of thousands of structures have
been constructed with this material. Epoxy-coated rebars have gained widespread acceptance as
a means to extend the service life of parking garages, bridges, pavements and other reinforced
concrete structures susceptible to corrosion. Since its first use in 1973, the cost of epoxy-coated
rebars has dropped significantly. As use and production grew, the cost decreased. For most
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structures, coating all the reinforcing steel will usually only increase the total structural cost by
between 1% and 3% [13]. Epoxy coatings to steel reinforcements are either applied by brushes or
electrostatically using a bisphenol-amine epoxy powder over the hot, freshly sand blasted surface
[16,17].

Initial laboratory tests have suggested that the epoxy product could provide good corrosion
protection. Corrosion performance over the long-term in bridge decks applications has been
reported to be satisfactory [12]. To date, theregmare. a few published
data of significant corrosion failure of epoxy-coated rebpar in bridge decks with United
States. But observations of severe corrosion damage of epoxy-coated rebar in sub-tropical
marine environment have been reported [18].

LABORATORY PERFORMANCE OREPOXY COATED REBARS

According to FHWA report [10], out of 47sm0n=metallic coatings studied for corrosion protection
of steel rebars in concrete, four fusion-bonded epexy powders emerged as the most promising
coatings studied. Performance of epoxy-coated rebars has been evaluated by many workers
under laboratory test conditions, in aqueous as well as in concrete environments. Agueous
environment mainly included saturated and chlorides.

Studies carried out by Sagues and Powers [19]}..in FElorida, USA, concluded that cathodic
disbondment and delamination of coatingdccurred-at freely corroding and lower potentials when
exposed to 3.5%/NaCl solution. Expasure under anodic polarization resulted in pitting, but little
disbondment of the coating. When the'eoating was exposed to Ca(OH), + NaCl solution, it did
not resultdn extensive dishondment at cathedic potentials. However, under anodic polarization,
both pitting and delamination were observed.

In another study, Zayed andeSagues [20] at the University of South Florida, investigated the
corrosion of epoxy coated rebars with intentional surface defect in a naturally aerated 3.5% NaCl
solution for 140 days, usingsStraight and bent coated rebars.It was concluded that the straight and
moderately bent epoxy-coated rebars showed Similar corrosion behavior when damaged.

In 1992, in a final report for the Canadian strategic Highway Research Programme [21], it was
pointed out that the epoxy-coated steel rebars exhibited coating disbondment, blisters and cracks
under long-term corrosion and structural performance tests.

In another report of Federal Highway Administration, Washington [22], it was reported from
pull-out tests conducted with intentionally induced disbondment in coatings, bars with good
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coating and uncoated rebars, that the critical bond strength of disbanded coating showed very
poor values compared to grid epoxy-coated rebars. However, even with 20 to 30% coating
disbondment, the bars developed 80% of the mean critical bond strength of bare bars.

Kahhaleh et al. [23] concluded in their report that even the smallest damage in the coating will
initiate corrosion of rebar in a severe environmental condition, Vibrating equipments used during
compaction of concrete at site may cause considerable damage to the coating. It is also reported
that the holiday detectors cannot be considered as reliable devicedemmenitor coating defects; and
the quality of coating can be effectively identified by hot water immersion test. In this test,
deliberately damaged bars were immersed in hot water having a temperature around 800C for 7
days. After the test period, bars were retrieved from the hot'water bath and, visually examined
for any corrosion damages.

Kahhaleh et.al.[24] from the University of Aexas at Austin have investigated the current US
specification limits on acceptable damage to fusion bonded epoxy-coated bent bars Following
are the conclusions drawn from this study:

(i) Corrosion of damaged epoxy-coated rebar in concrete, was delayed and initiated when the
chloride concentration reaches aroundytwice the levels associated with the on-set of corrosion of
uncoated steel.

(i) Under macrocell, action, even 'damaged epoxy-coated rebars reduce the
severity of reinforgément corrosion; however, the corrosion resistance is governed by degree of
damage to the coating.

(iii) The limits of allowablexcoating damage in the current US specification are not strict enough.
Damage close to these limits causes breakdown on the coating adhesion and underfilm corrosion.
(iv) The quality of concrete at the coated bar interface has a significant effect on corrosion
protection when concrete contains high chlorides. The epoxy coating has a tendency to develop
blisters at voids in contact with the bar surface.

(v) Repairing the coating damage with patch coating material reduces the corrosion activity, but
is not always effective.

(vi) Smaller diameter .oated rebars exhibited less corrosion than the larger diameter bars.

Makhlouf et al. [25] carried out experiments to verify and compare the bond strength of epoxy-
coated deformed bars, using beam specimens. It was found that the epoxy-coated bars developed
bond strength as low as 74% as that of uncoated bars.

Sharafi et al. [26] carried out chemical resistance tests on epoxy-coated rebars as
per ASTM A775/775M-1992. It was reported that the coating did not show blistering or
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softening. However, at the patched ends, softening had occurred due to adhesion loss in most of
the specimens tested. From the chloride ponding test, it was found that even with high chloride
levels at the rebar locations, there was no threat to rebar corrosion. This could be due to the fact
that the reinforced concrete specimens were totally immersed in chloride solution and there was
no oxygen available for the galvanic cell operation.

Jiro Satake et al. [27] from Simitomo Metal Industries Ltd., Japan, carried out a
detailed study on the long-term performance study of epoxy-ceated,steel rebars, With three
different coating thicknesses, varying from 100 to 300 microns, with concrete of compressive
strength 240 kg/cm® . The prisms were subjected to staficitensile test to generate cracks in
concrete prior to exposure test and loaded gradually to"a value ef 3000 kg/cm2 and specimens
were loaded to constant stress of 2000 kg/cm? in theéyreinforcing bafs. The erack width varied
from 0.11 to 0.12 mm, from 0.16 to 0.19 mm, and from 0.22 to 0.25'mm, at the covers 20, 40 and
70 mm respectively. All the specimens were&ubjected toyalternate wetting,and drying for 6, 12
and 24 consecutive months. It was coneluded,from the test results that after 24 months of

exposure, 200 to 300 micron epoxy-coated rebars rémained unaffected and retained all the
original properties of the coating even with a minimumiconcrete cover thickness of 20 mm.

FIELD PERFORMANCE OF EPOXY COATED REBARS
In the early 1970's many concrete bridgestin, North America had shown signs of deterioration
after only 2 to 3 years,of construction and frequently,required extensive repair after 5 to 10 years
[28]. Fusion bonded epoxy-coated rebars (FBECR) were found to provide corrosion resistance
combined with lexibility and abrasion resistance, and therefore in 1977 seventeen American
states had adopted the use of epoxy-coated steel in bridge construction. The use of FBECR also
spread rapidly in Canada between 1979 and1981 [28].

While EBECR was becoming an-established product in North America and Middle East, the use
of the material in gmEUrope and UK  was relatively limited and
confined to small“applications in the road bridges. The largest application of FBECR in
the mid-eighties was at” Candiff peripheral distribution link road built by South
Glamorgan Country Council. The majority of the structures using FBECR in the UK are
for marine applications, water retaining structures and chemical plants.

In Japan, epoxy-coated reinforcing steel has been used frequently in concrete structures built in

water front areas, highway bridges, and foundations of airport facilities constructed on artificial
islands.
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Field evaluation studies carried out by some researchers [29, 18, 30] during late 1980's reported
that the epoxy-coated rebars are generally rated in excellent condition despite high chloride
content in surrounding concrete. It is also reported that, based on deterioration rate and life
expectancy, epoxy-coated rebar decks have performed better
than the calculated rates and however, the rating is not a true indictor of the performance because
there are so many variable factors influencing the performance. In Florida, severe corrosion of
epoxy-coated reinforcing steel has been documented at some major construction projects in
subtropical manne environments. Sagues et al. [15] reported thatsthesdamage took place in the
form of extended metal loss with additional localized pitting«<Low pH water accumulated at the
resulting coating crevices, and the coating disbondment extends beyond the areas of high metal
loss. Spalling of concrete cover was observed before ten years of,servicesln Japan, Jirosatake et
al. [27] carried out a long-term corrosion study on epoxy- coated«rebars at the tidal zone of
Kashima Harbour. It was concluded that after”24 months marine exposure, extensive deep
rusting had occurred in plain bars. When 200fmicron thick,epoxy-coated rebars were used in the
same environment, the reinforcements were protected against corrosion and the coating itself
remained intact irrespective of concrete cover thickness.

However, in some positions of United States, especially in Elorida, some concerns about
potential problem of long-term ‘durability of epoxy-coated barswere raised during 1993 with the
following objectives[22].

To re-examine the effectiveness of “the epoxy coating on steel rebar under
simulatedsmarine environment and to identify the cause of the problem.

To determine the.up-to-date owverall performance of epoxy-coated reinforcement bars in
concrete bridge decks exposed to actual service conditions.

To search for the“mest corrosion-resistant organic coating system for the steel
rebars.

A report of 10 years experiment [31] on reinforced concrete beams exposed at the sea coast of
Hokkaido, showed that even with beams using epoxy-coated rebars, longitudinal cracks were
formed along the reinforecements. It was also reported that the corrosion spread from the ends of
the bar or from defects in the coating, eventually stopping along the line of a circumferential rib,
some distance from the origin of corrosion. It further stated that there was very little bonding
between the steel and the coating in the areas where the steel was corroded.

Many researchers reported [26, 32-34] that more negative potential values were recorded on the
epoxy-coated bars, indicative of more severe corrosion condition. But post exposure examination
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indicated that they were in good condition with corrosion limited to isolated pitting attack and
some under film attack.

During 1996, eleven state highway agencies in the United States and Canadian State Highway
Research Programme conducted investigations to evaluate the performance of epoxy-coated
rebars on 92 bridge decks, which are exposed to harsh service conditions, to give some light on
the controversy regarding performance Of epoxy coated rebars. Federal Highway Administration
(FHWA), Washington D.C., [15] analysed the data obtained by thevinvestigators and concluded
as follows.

Most of the epoxy-coated rebars found to have holidays/ 0f»202 rebar segments
extracted, 81% did not have any corr@sien present. ‘Rebar segments extracted
from lower concrete cover areas only should presence of corrasion.

In many bridge decks, loss of coating adhesion with rebar was found.

Defects and holidays in the/Coatings reduce the effectiveness of epoxy-coated
rebar in protecting steel from corrosion.

From the core test data, it was found that the concreté surrounding the rebars in
many structures had aeeumulated sufficient chloride 16 exceed 0.6 kg/m®, which is
considered by many researchers as the threshold level. In 33 decks the chloride
level was exceeding this, thresholdwlevel. In JI' decks the chloride content was
greater than 3.0 kg/m3, with the highest contéhtibeing 6.8 kg/m®.

Fusion bonded "epoxy. coeated rebars has been used by most highway agencies including the
Pennsylvania Dept. of" Transportation, (Penn DOT) and the New York State Dept. of
Transportation (NYS DOT), to | protect reinforcing steel in concrete from
corrosion. However, research from recent research activities [35-37] cast doubt on the ability of
epoxy coating. toy provide long-term corrosion protection of steel in concrete exposed to
chlorides. A recent Summary‘Report from FHWA, Eastern Resources Center, USA [38] suggests
necessary precautions to'be taken while using epoxy coated rebars at site.

Study completed by Krauss et al [39] on corrosion investigation of four bridges built between
1973 and 1978 using epoxy coated rebars confirmed good performance of epoxy coated rebars.
However, this report indicates significant softening and
disbondment of coating on some samples due to exposure to wet chloride environment.

Many recent technical reports on the performance of epoxy coated rebars in bridge decks (40-
451 concluded that the epoxy coating on steel rebars performed well with occasional evidence of
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coating disbondment and corrosion. These observed failures
were minor and did not show any pattern to cause any major concern. Another recent
report (461 based on laboratory evaluation with epoxy coated rebars and uncoated rebar
in various environments including high saline conditions indicated excellent performance
of epoxy coating. Though there are few drawbacks with the epoxy coated steel rebars, they can
be corrected 147,481 by improving the film adhesion with the steel substrate, by reducing the
holidays and damages in the coating and by increasing the coating thickness.

OTHER TYPES OF ORGANIC COATINGS

Shreekant Patil and Shenoy [49] formulated polyurethane coating basedwen.acrylic resin and
aliphatic isocyanate for rebar coating. It is claimed to possess excellent chemical resistance,
adhesion, toughness and abrasion resistance. The addition of cyclohexanone in the formulation
helps in leveling the film and ensures® uniform ceating thickness, and pinholes.

L.K. Aggarwal et al. [50] of Central Building Research Institute, Roorkee, India has developed
epoxy-phenolic interpenetrating polymer network (IPN)ysystem to protect steel reinforcements
from corrosion in concrete. IPN €0ating system is a two component system, consisting of two or
more polymer alloy. It is claimed that the polymer phases are devoided of chemical linking
between them interwoven to each other by permanent
entanglements. A medium viscosity epoxy resin, based on epichlorohydrin and bisphenol
as base and ansaromatic amine adduct as the <ross-linker and a phenolic resin obtained
from an indigenous “phenol with its cross-linker has been used in this formulation.

S.K. Manjrekar et al. [51] reported that'polymer-cement-inhibitor (PCI) coating on steel rebar
provided an‘impermeable membrane as well as effective passivating environment for embedded
steel rebar. It is reported thatsthe PCI is a highly alkaline emulsion coating compatible with
concrete environment,provides extraordinary tensile and flexural properties to the film, highly
impermeable to water and possesses chemical resistance.

K. Kumar et al. [52] of Central Electrochemical Research Institute (CECRI), Karaikudi, India,
has developed cement-polymer composite coating (CPCC) for corrosion protection of steel in
concrete. The salient feature of this coating system is the rapid curing of primer and sealing coat.
It is also reported that the bond strength of the coating is enhanced as the top coat being a cement
based system, is quite compatible with concrete to improve bond strength.
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S.X. Wang et al. [53] developed an acrylic latex coating system to protect steel bars in concrete
against corrosion. Addition of inhibitive pigments such as zinc yellow or red in the coating
system provides passivation of the steel surface against aggressive agents.

L.G. Andion et al. [54] developed a phenol polymer coating for steel rebars embedded in
concrete. It is reported that the phenol and its substituted derivatives can be electropolymerised
by oxidation in agueous and non-aqueous solution giving polymeric

film. This has been substantiated by several authors [55-61]. Ingthisssystem, polymeric film is
deposited on steel surface as thin film by electrochemical @xidation of\phenol (concentration
0.06M) in solution of sodium carbonate of 0.1M. This‘ coating system has been tested by
measuring corrosion  current densities and compared», with wbare steel  rebars,
under different chloride concentrations in concreten This systemis reported to protect the
embedded steel rebars against corrosion in chloride environments.

INORGANIC COATING SYSTEMS

Two types of inorganic coating systems were developed at CECRI/Karaikudi, India [62-65] for
corrosion protection of steel rebars in concrete. The first @ene is@n inhibited and sealed cement
slurry coating, is obtained by an in Situ,process to be carried out after all bending and shaping
operations are completed at the construction Site. This coating has been evaluated under different
field conditions and also under different aceelerated laboratory test conditions. It has a minimum
durability factor of 25. This system ‘@bwiously has multifarious sequential operations and hence
laborious and time consuming. The second coating is an inorganic alkali-silicate coating, found
to have the.durability factorof 10 to 300, in terms of galvanic current measured. Even with 1%
prior damage on coating, the ceating was found to have a durability factor of 10. In situ patch
repairing 1s.easy to perform inthese systems. However, the long-term performance in the field is
yet to be assessedin the case of alkali-silicate coating system.

Silicon and Si-Ti based\coatings were developed [66-68] to coat the steel rebars by chemical
vapour deposition in fluidized bed rector (CVD-FBR). The coating material such as silicon or
mixture of silicon #+ titanium particles is loaded as a powder in an FBR
An inert gas is used to fluidise. With a coating temperature ranging from 500-600 °C, a very thin
diffusion coating thickness of 1-10 micron is obtained which is quite adherent, compact and
conformal. The main portion of the coating composed of Fe3Si and FeSi when silicon was the
only coating material used AC Impedance measurements showed the protective nature of coating
when tested with 5% NaCl solution Best coatings were obtained when silicon and titanium were
co-deposited at a temperature around 550 °C.
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Metallic coatings on steel rebars provide protection against chloride-induced corrosion in
concrete. Metallic coatings presently under serious consideration are of zinc, nickel and copper.
Metallic coatings can be classified into the categories. Sacrificial or non-sacrificial (noble)
coatings made of metal like zinc, which has more negative potentials than steel, can provide
sacrificial protection to steel. When this sacrificial coating on steel is broken, a galvanic cell is
formed whereby the coating is slowly sacrificed. Noble metals like.copper and nickel can also be
coated over steel. However, the protection exists only as longsas the coating is unbroken, since
any exposed steel is anodic to this coating. Of these, hot dip galvanizing (zinc coating) has
gained most widespread use for reinforcing bars.

LABORATORY PERFORMANCE OF GALVANISED REBARS

Galvanising of steel is done by number of ways such as,hot-dip galvanizing, zinc spraying,
sherardizing and electrolytic coating, Hot-dip galvanizing ofssteel rebars is normally used in
construction  practices.  Considerable  controversy  exists |\ in  respect of the
effciency of hot-dip galvanizing for protection of steel in concrete. The reason is that the
efficiency of protection dependsien the one hand on the steel composition and on the other hand
on the pH value of the concrete especially.in the case of chloride attack.

The corrosion behavieur of galvanized steel in concrete has been studied extensively in the
laboratory and in the field [69-71]. The reaction of zinc with concrete is quite superficial and the
reaction productS may not induce damaging stresses [72]. However, 100% pure zinc can react
with wet concrete to form insoluble salts, which crack concrete in the presence of hydrogen gas
evolutiond[73,74] A report [75] indicatesythat zinc has low tolerance limit for chloride. Some
other testresults (761 have revealed theanpredictable behaviour of galvanized steel in concrete.

Macias and co-workers [77-81]studied the corrosion behaviour of galvanized steel in simulated
aqueous environment of.cement in the presence of various soluble components of Na*, K*, Ca*,
S047, CI by conducting polarization experiments. It was
concluded that at the threshold pH of 1.355 £ 0.1, corrosion of galvanized steel had occurred. It
was reported that at pH of 13.2, a protective layer of calcium hydroxy zincate
[Ca(Zn(OH)32H,0] was not formed uniformly. Compared to NaCl, CaCl, produces more
adverse effect. It was concluded that sulphate ions did not causes the dissolution of
zinc as chloride, as long as their presence in pore solution causes the passivity of zinc and
more importantly sulphate ions did not promote pitting corrosion of galvanized rebars, A
total dissolution of zinc was observed when the pH of the medium was greater than 13.4 + 0.1.
Above this pH, there was a porous layer of calcium hydroxy zincate thus causing the dissolution
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of Zn with the formation of Zn(OH), and ZnO, Galvanized rebars embedded in slag and fly ash
cements which had low pH value around 12.I, showed a higher icor of around 0.8pA/cm?.

Stresses produced by the corrosion of galvanized and bare steel embedded in cement mortar was
studied [82]. At equal corrosion rates bare steels produced larger stresses than galvanized rebars.
This is because, the Fe;O4 layer formed on bare steel was continuous, adherent and locked in
place at the interface causing expansive pressure. Whereas ZnO layer was powdery, much less
adherent, had some degree of mobility and was able to into concretejthus reducing the expansion
at the interface.

Hildebrand and Schwenk [83] reported that only at partial immersion/cenditions the corrosion
susceptibility was more, because in this condition,chlorides, waterand oxygen passed together
towards the rebar. Zinc coating was removed up to 25 micron in-aggressive condition, which
indicates that the hot-dip galvanizing can only delay theycorrosion and hencerit can give only
temporary protection.

Hime and Machin [84] reported that Zns(OH)sCI.H20,was found to be a corrosion product of
zinc coating of galvanized steel embedded in concrete eontaminated with a large amount of
chloride. Cracking of mortar' or "eencrete can occur_due to corrosion of Zn layer if
Zns(OH)sCI.H,O was formed.

Thangavel et al. [85]) have studied ‘thedinfluence of coating thickness on bond strength using
galvanized, chromated-galvanised rebars with different coating
thicknesses,/Pull-out strength tests carried out as per BIS:2770:1979 revealed that the galvanized
rebars had more bond strength compared to uncoated rebars. It is also reported that if the
thickness “ofy, the coating “Is\ increased, the bond strength is reduced. Chromate
treatment on galvanized rebars has no beneficial effect with regard to bond strength.

FIELD PERFORMANCE OF GALVANISED REBARS

Field performance of hot-dip galvanized steel rebars is being evaluated in many countries
(particularly in the USA). In most cases, the performance has been compared with bare steel as
well as epoxy coated steel [86].

Swamy et al. [87] had carried out long-term field exposure studies on hot rolled galvanised
rebars in off-shore environment at Tokyo Bay, Japan. It was concluded that the delaying of

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




International Journal of Advances in Engineering Research http://www.ijaer.com

(VAER) 2015, Vol. No. 10, Issue No. VI, December e-1SSN: 2231-5152/ p-1SSN: 2454-1796

concrete cracking due to corrosion of galvanized steel couldn't be expected in most corrosive off-
shore environments.

Norimoto Kashino [88] has evaluated the long-term performance of galvanized rebar in concrete
under various environmental conditions with three types of concrete mixes. It was concluded that
the galvanized rebars performed well in low chloride concrete.

The Building Research Establishment, UK had undertaken field exposure studies on galvanized
rebars at different sites for a period of 5 years 1891. From this extensive study, it was reported
that the galvanized bars in 5.4% NaCl concrete, corroded completely and.the measured weight
loss was 13.9 gms, which was very much higher wheémcompared-to bare steel, ' whose weight loss
was only 5.9 gms. Only in chloride free concrete; the weight loss of'galvanized bar was less, i.e,
0.31 gm, when compared to bare steel i..0.50°/gm.

Swamy [90] had evaluated corrosion resistance efg4plain and galvanized rebars at stressed
condition in a tidal zone of se water. Specimens were stressed up to 200 N/mm?.It was concluded
that the performance of,_ galvanized coating » mainly depends on concrete
cover thickness and the chloride ion concentration.

The performance of galvanized rebars in concrete are,conflicting, perhaps the conflict pointed to
possible influence 0f experimental techniques on the results and there is a need to develop an
evaluation method that can be standardized.

OTHER TYPES OF METALLICEOATINGS

Some of the'noble metals such as copper, nickel, stainless steel and titanium were coated over
the bare steel surface of rebars.and evaluated for their corrosion resistance performance in
concrete.

Copper-clad reinforcing steel rebars were initially tested during 1980 and 1984. Re-evaluation of
copper-clad rebars has been undertaken recently by FHWA, Washington [91]. It was reported
that the copper-clad rebars are more resistant to corrosion, and provide better protection against
corrosion than calcium nitrite inhibitors. Copper-clad rebars in concrete with chloride level 8.5 to
10.32 kg/m®, which is at least 14 times more than the corrosion threshold level of chloride, did
not show any corrosion failure when tested in reinforced concrete slabs, but it discoloured the
surrounding concrete to a gray-green colour, due to significant amount of unhydrated cement
around these rebars. As the copper can retard the hydration of cement, a detailed study on
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structural effects on retardation of cement hydration is required, prior to using these rebars in
bridge structures.

Nickel cladding of steel rebars received attention in the late 1960’s and has been shown to be
capable of delaying in some cases and preventing corrosion of rebars in concrete [92-94].
Wrought nickel, at least 0.025 mm thick with underlying diffusion zone
of alloyed nickel and iron provides additional corrosion protection. It is reported [95] that
even in the event of break in the nickel coating, corrosion of steel.is-hot appreciably accelerated.
Results of 11 year testing of nickel coated bars in marine eavironment showed [94] that the
coating was effective in delaying or sometimes completely preventing corrosion of rebars.
However, nickel coating on steel rebars IS still expensive.

Use of stainless steel rebar was encouraged¢by the British“Standards Institution (BSI)
specifications [95] in 1986. The solid stainless Steel appears to be a potential alternative to bare
steel bars due to its high polarization resistance [96]. ‘Due to high cost
of stainless steel bars, alternatively, cost-effective stainless steel ‘coated rebars were tried as
rebars in concrete. Stainless steel was sprayed on bare steel surface by the technology called
twin-wire electric arc (TWEA) and high pressurefhigh velacity oxygen fuel processes
(HP/HVOF) [97]. The stainless steel coating processed by«HP/HVOF process has superior
polarization resistance compared'to that TW.EA process. The former process produces a dense,
low-oxide content coating, while the latter. produees relatively more porous coating. Galvanic
coupling corrosion IS a problem in this stainless steel coating.
Elimination of open‘poresity, cracks, surface defects and minimizing oxide content in the coating
are very important for langiterm performance.

Jayaweera et al. [98] reportedthat alloy metal coating using Si, Ti and Ni can be used for coating
steel rebars™in concrete. Ti-Ni coating can be formed by fluidized bed chemical vapour
deposition (FBR-CVD), paintiand heat or FBR-plasma spray techniques. It is reported that these
metallic powder coatings provide non-sacrificial, superiOl
corrosion protection for long time, Ti: Ni (70:30 by weight percent) coating on steel rebars
provides a 20 fold increase in corrosion resistance over uncoated steel.
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