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SUMMARY 

The main factors that influence the initiation and propagation of rebar corrosion in 

concrete are concrete properties, aggressive corrosive elements from the environment and 

concrete, and defects of the reinforcing material. The presence of chloride ion appears to 

be the dominant cause for rebar corrosion in concrete. Rebar corrosion is complex and the 

basic mechanisms of individual factors are not well understood because of the complex 

nature of physical and electrochemical factors and because of their interdependence. 

A visualization technique was developed for use in our laboratory for the 

determination of chloride ion distribution and concentration near the reinforcements in 

concrete. A galvanic current measurement technique was developed for estimating the 

corrosion rates of rebars in simulated concrete solutions and for investigating the effects of 

relevant parameters that may be responsible for macro-cell corrosion on rebars as a function 

of chloride ion concentration. The corrosion mechanism of rebars was explored by using 

the galvanic current measurement method as well as by using optical and scanning electron 

microscopy. 

The compounds that combine the properties of a corrosion inhibitor and a surfactant 

were explored for retardation of re bar corrosion. Organic compounds slowed the corrosion 

of rebars acting as an adsorption-type inhibitor. Organic compounds developed hydrophobic 

surfaces on concrete. Such an observation implies that salt solution may be prevented from 

penetrating the microcracks in concrete. 
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complete responsibility/or the contents herein. 
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INTRODUCTION 

The main factors that influence the initiation and propagation of rebar corrosion in 

concrete are concrete properties, aggressive corrosive elements from the environment and 

concrete, and defects of the reinforcing material. The presence of chloride ion appears to 

be the dominant cause for rebar corrosion in concrete. 

The electrochemical corrosion in concrete may occur because of the non-uniformities 

of the reinforcing steel (different steels, welds, active sites on the steel surface) (1), or of 

chemical or physical environments in the surrounding concrete (2). These non-uniformities 

under certain specific conditions can produce significant electric potential differences and 

resultant corrosion. Macro-cell corrosion in rebars due to the difference in chloride ion 

concentration as well as the structural and compositional defects of rebars in concrete could 

accelerate the localized corrosion. 

Rebar corrosion is complex and the basic mechanisms of individual factors are not 

well understood because of the complex nature of physical and electrochemical factors and 

because of their interdependence. Many research efforts (3,4) have been made in the last 

two decades which contributed to the understanding of rebar corrosion, to the development 

of monitoring methods and to the protection methods of rebars. However, many 

contradictory experimental results and views have been reported on the deterioration 

behavior of reinforced concrete structures. 

Corrosion rates of rebars can be determined by measuring weight losses only after 

the concrete structure is destroyed. Since the corrosion of rebars is electrochemical in 

nature, many approaches (5,6) have been tried to develop electrochemical methods for 

testing. However, various fundamental and experimental factors contribute to the 
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inaccuracies in these results. The linear polarization and polarization resistance techniques 

of monitoring corrosion rates in concrete has uncertain factors such as the location of 

counter and reference electrodes and the material of the counter electrode (5). In addition, 

these techniques are not applicable for a continuous monitoring of corroding rebars in situ 

over extended periods of time, while a galvanic current measurement technique is capable 

of such measurements. The method has been used successfully in an investigation on the 

corrosion mechanism of grinding media under dynamic conditions in our laboratory for the 

past 15 years (7-9). 

Localized corrosion of reinforcements in concrete is caused by the impurities of the 

reinforcement material, deformation of the reinforcement surfaces, concentration difference 

of chloride ion near the reinforcement, and the complex interactions of the above factors 

(10,11). Deformed and/or defect surfaces of reinforcements could be the corrosion 

initiation sites even under very low chloride ion concentrations because of their 

thermodynamic instabilities, while no corrosion may be found on the deformation-free 

and/or defect-free surfaces under relatively high chloride ion concentrations. Galvanic 

interactions between corroding and non-corroding areas accelerate the localized corrosion 

at the surfaces of reinforcements. 

Similarly, the concentration differences of chloride ion near reinforcements create 

galvanic cells between the high and low or no chloride concentration surfaces of the 

reinforcements (11). High chloride concentration areas become the anode, and low or no 

chloride concentration areas the cathode. Corrosion rates increase as the chloride 

concentration difference increases. 
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Chloride contents of concrete are usually measured by dry drilling and chemical 

analysis of the drilled samples. However, the conventional method does not provide any 

information on chloride distribution near the reinforcement in concrete, particularly along 

hair-line cracks. Such an information would be essential in understanding the localized 

corrosion mechanisms and kinetics. 

The use of de-icing salts accelerates rebar corrosion in bridge decks and parking 

ramps as mentioned previously. The compounds that combine the properties of a corrosion 

inhibitor and a surfactant that imparts water-repellent coating on concrete would prevent 

the penetration of salt solutions through pores and cracks in concrete, and even when the 

salt solution reaches the rebar, the surfactants adsorb on the rebar surfaces and act as 

corrosion inhibitors. 

The purpose of the present investigation was to develop, 

(i) a visualization technique in use in our laboratory for the determination of 

chloride ion distribution and concentration near the reinforcements in 

concrete, and 

(ii) a galvanic current measurement technique for estimating the corrosion rates 

of rebars in simulated concrete environments and for investigating the effects 

of relevant parameters that may be responsible for macro-cell corrosion on 

rebars as a function of chloride ion concentration. 

The corrosion mechanisms of rebars were explored by using the galvanic current 

measurement method as well as by using optical and scanning electron microscopy. The 

compounds that combine the properties of a corrosion inhibitor and a surfactant were 

explored for retardation of rebar corrosion. 
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EXPERIMENTAL 

1. Field Samples 

Rebar samples with and without concrete blocks were collected from the 1-94 bridge 

deck in front of the State Capital, St. Paul and the 1-94 Lowry Hill Tunnel pavement in 

Minneapolis, Minnesota. The diameter of the rebars was ½ inch, and the chloride content 

in a concrete sample analyzed 1100 ppm. The rebars were examined for corrosion behavior 

and corrosion initiation sites through observation of the surfaces under a JEOL 840 II 

scanning electron microscope and the cross section by an Olympus microscope model PM­

lOAD. 

The rebar samples for scanning electron microscopy were cleaned by dipping in 10% 

hydrochloric acid for 5 seconds and by rinsing with distilled water. The rinsed samples were 

dried with 99% isopropyl alcohol and blowing air over them. 

The cross-cut rebars were cold-mounted in epoxy and polished using conventional 

metallographic polishing techniques and etched with 2% Nital solution. 

2. Visualization Technique 

Concrete blocks containing reinforcements were collected in the field, cut and ground 

to expose flat smooth surfaces. The concrete surfaces were finished with 320 grit silicon 

carbide abrasive papers. A crack was intentionally made from one edge of the concrete 

block to the reinforcement as shown in Figure l(a). A solution of 10% CaC12 was applied 

repeatedly to the crack in order to simulate the chloride penetration through the crack. 

The indicator solutions used for detection and determination of chloride ion on the 

surface of the concrete block were 0.025% mercuric nitrate in 0.008M nitric acid, and 0.25% 

diphenylcarbazone in methanol. A filter paper was wetted by the mercuric nitrate solution 
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Figure 1. Visualization results for chloride ion distribution and concentration in concrete; (a) concrete sample 
with rebar , (b) color map, and ( c) calibration strips. 
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uniformly. The filter paper was placed over the flat smooth concrete block, pressed firmly 

with a roller and left standing for a few minutes. Then the filter paper was peeled off and 

the diphenylcarbazone solution was sprayed over it, and air dried. For the purpose of 

calibration, 0, 0.01, 0.1, 1 and 10% CaC12 solutions were also applied to filter papers, and 

the color was developed as before. 

3. Electrochemical Measurements 

A galvanic current measurement method was chosen for investigating the effect of 

chloride ion concentration on rebar corrosion in concrete. A laboratory galvanic cell was 

made by dipping two rebars in chloride-containing and chloride-free solutions and short­

circuiting them, as shown in Figure 2(a). The test solutions were prepared by saturating 500 

ml deionized water with 25g of concrete chips of approximately 1/8" in size in a series of 

600 ml beakers and adding 0, 0.1, 1 and 10% calcium chloride in one set of beakers and 

none in the other set in order to simulate the chemistry of concrete environments. The pH 

of the concrete chip saturated solution was 12. 5. To compensate for the evaporation loss, 

the solution levels were maintained constant by frequent addition of distilled water. The 

chemical composition of the rebars was determined by spectrographic analysis as follows: 

C Mn p s Si Sn Cu Ni Cr Mo 

------------------------------------------------
0.35 0.72 0.021 0.053 0.03 0.009 0.04 0.04 0.05 0.10 

The ½" rebar samples were made into electrodes by attaching an electrical wire to ¼" high 

steel pieces with a silver conductive epoxy and by mounting in epoxy. After the epoxy 
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Schematic representation of experimental set-us for galvanic current 
measurements of reinforcements in (a) a simulated concrete environment, 
and (b) a concrete block. 
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hardened, the bottom surfaces of the mounted rebars were ground and polished. A Lucite 

tube of¼" I.D. was attached to the other flat surface by using 5-minute epoxy. 

To test the relevance of the foregoing beaker-scale method, galvanic current 

measurements were made between two rebars imbedded in a concrete block obtained from 

the field. The concrete block had an overall dimension of 2.0 x 5.0 x 2.5 inch, and the ½ 

inch diameter rebars were imbedded 2 inches apart. The concrete was analyzed to contain 

approximately 1100 ppm er. The concrete block was divided into two sides with a barrier 

as shown in Figure 2(b ). One side was filled with 10% CaC12 solution and the other filled 

with deionized water. The rebars were short-circuited and the galvanic currents between 

the two were monitored as a function of time. 

The effects of welded and bent rebars on galvanic corrosion in concrete was 

investigated by using a galvanic cell setup mentioned earlier (Figure 2( a)) by dipping and 

short-circuiting normal and welded or bent rebars in 10% CaC12 solution saturated with 

concrete chips as described earlier in an attempt to simulate the concrete environment. 

Localized strain of a bent rebar was induced by a three point loading. The bend angle of 

the ½ inch diameter rebar was approximately 30°. A welded sample was prepared by a 

shield-metal arc welding method. The weld was made on a ½" diameter rebar using 

Lincoln E7024 flux electrode and d.c. straight polarity with a Miller model 330A/BP welding 

machine. The welded rebar sample was ground to a smooth surface after the slag was 

removed. 

All the measurements were made with an EG & G model 350 A corrosion 

measurement console. A saturated calomel electrode (SCE) was used as the reference 

electrode via a salt bridge containing a saturated solution of ammonium nitrate. 
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4. Evaluation of Salt Additives 

As a corrosion prevention or retardation method, three chemical additives were 

investigated by using the galvanic current measurement method as shown in Figure 2(a). 

A rebar sample dipped in a concrete chip saturated solution containing 10% calcium 

chloride was short-circuited with another rebar sample in a concrete chip saturated solution 

free of the salt. Different amounts of chemical additives were added to the concrete chip 

saturated solution containing 10% calcium chloride, and the galvanic currents were 

monitored by the EG&G model 350A corrosion measurement console. 

To investigate the additives for their surfactant properties, the wettability of concrete 

surface was determined by measuring the contact angle of an air bubble on concrete pieces. 

RESULTS 

1. Optical and Scanning Electron Microscope Observations of Corroded Rebars. 

Figure 3(a) and (b) show typical field samples of corroded rebars in concrete with 

yellow stains of corrosion products and concrete cracks by the corroded rebars. Severe 

localized corrosion of the re bars was found near grid-intersections (Figure 3( c) ), material 

defects (inclusions) (Figure 3(d)) and welded areas (Figure 3(e)). Figure 3(f) shows that 

the rebar lost more than a half of the volume from the original rebar by corrosion. 

The surfaces of corroded rebars were examined under a scanning electron 

microscope. Figure 4 shows numerous sharp cracks on the rust layer (a) and irregular 

cracks on the rebar metal matrix (b). The photomicrographs (Figure 4(c) and (d)) of 

corroded rebar surfaces indicate that the corrosion of rebars was initiated and propagated 

along the grain boundaries of the rebar material microstructure, especially carbide 
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Figure 3. Corroded reinforcements with and without concrete blocks collected from 
the field: (a) and (b) concrete cracks around corroded reinforcements, ( c) 
severe corrosion near grid-intersections, ( d) and ( e) localized corrosion near 
material defects (inclusions) and welded areas, and (t) reinforcement 
volume changes by corrosion. 
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Figure 4. Surfaces of corroded reinforcement by scanning electron microscopy: 
(a) sharp cracks on oxide layer, (b) irregular cracks in reinforcement metal 
matrix, ( c) and ( d) corrosion initiation and propagation along grain 
boundaries of reinforcement material, ( e) a space between oxide layer and 
_metal matrix, and (t) crack propagation on oxide layer by fatigue stresses. 
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( cementite ). Also, there was a space between the rust layer and the metal matrix (Figure 

4( e )), which was large enough for chloride ion to spread throughout the whole rebar. The 

parallel and continuous lines (striations) in Figure 4(f) suggest that the cracks on the oxide 

layer propagated by fatigue stresses due to vibration (12). 

The corroded rebars were cut, and the cross sections examined under an optical 

microscope. Figures 5(a) and (b) show that even though the surfaces of corroded rebars 

appeared smooth, severe corrosion was taking place underneath. Conventional rebar 

materials are mild steel, which consists of ferrite (white in Figure 5) and pearlite ( dark) 

structures. Figure 5( c) shows that the pear lite structure was attacked preferentially, and that 

the ferrite structure survived longer than the pearlite structure under corrosive conditions 

in concrete. Figure 5( d) was obtained by using a polarized filter, which shows that the 

corrosion of the rebar propagated along the grain boundaries of the rebar material 

microstructures. 

2. Chloride Concentration and Distribution in Concrete 

The color map of Figure l(b) shows the chloride ion distribution and concentration 

in the concrete. The light area indicates where chloride ion is present, and the different 

shades of purple represent chloride ion concentrations which may be estimated from the 

calibration strips shown in Figure l(c). The technique is simple and rapid for the 

determination of chloride ion concentration and its distribution in concrete. 
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Figure 5. Cross section of corroded reinforcement by optical microscopy: (a) and (b) 
severe corrosion beneath the surface, (c) preferential corrosion on pearlite 
structure, and ( d) corrosion propagation along the grain boundaries of 
reinforcement material. 
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3. Galvanic Current Measurements 

Combination potentials and galvanic currents of rebars were obtained at different 

chloride ion concentrations as a function of time by using the galvanic current measurement 

method shown in Figure 2(a), and the results are presented in Figure 6. The galvanic 

currents increased with increasing chloride ion concentration until visible yellow corrosion 

products appeared on the rebar sample surfaces as indicated by arrows in Figure 6(a). After 

the corrosion products appeared, the galvanic currents increased dramatically in 0, 0.1 and 

1 % CaC12 solutions. In 10% CaC12 solution, the galvanic current increased and then 

decreased when the corrosion products appeared. The combination potentials were most 

active in 10% CaC12, followed by 1, 0, and 0.1 % CaC12• The combination potentials are 

seen to cross over randomly after 100 days as shown in Figure 6(b ). 

The surfaces of rebar samples were examined for their corrosion behaviors after 

completing the galvanic current measurements. The results are shown in Figure 7. The left­

side photos show the surfaces of rebar samples recovered from the solutions containing 

chloride ion, while the right-side photos are from the chloride-free solutions. The yellow 

corrosion products on the rebar samples can be seen only in the left-side photos. The rebar 

samples in the chloride solutions acted as anodes and those in the chloride-free solutions 

acted as cathodes. It is apparent that those samples which acted as cathodes (right-side 

photos) are all free of rust. The figure also shows that the corroded areas on the surfaces 

of rebar samples increased with increasing chloride ion concentration in the solution, and 

hence with increasing galvanic currents. 

The galvanic currents of re bars imbedded in a concrete block (Figure 2(b)) were 

measured and the results are shown in Figure 8. The galvanic currents decreased initially, 
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and then increased. After 50 days, the galvanic currents decreased, and eventually 

approached the galvanic currents obtained in the simulated concrete environments (Figure 

2(a)). 

The galvanic currents of the normal, bent and welded rebars were obtained by using 

the galvanic cell (Figure 2(a)) as a function of time and the results are plotted in Figure 9. 

The galvanic currents of bent and welded rebars decreased with time, and those of normal 

rebar decreased initially, then increased somewhat and remained constant thereafter. Note 

that the galvanic currents of welded and bent rebars were two orders of magnitude higher 

than those of normal rebar. 

4. Salt Additives 

The optimum dosage of salt additives was determined by the galvanic cu~rent 

measurements. The amount of additives to the concrete chip saturated solution containing 

10% CaC12 was varied from 0.001, 0.01, 0.1 to 1 %. Figure lO(a) shows that 0.01 % of the 

additives provided the best performance as an inhibitor. Figure lO(b) illustrates the effect 

of 0.01 % additives on the galvanic currents of the rebars in the concrete chip saturated 

solution containing 10% CaC12• The decrease in the galvanic currents (Figure l0(b)) 

provide the inhibitor efficiency ranged from 15 to 20% as shown in Figure 10( c ). 

Another significant observation of the additive was that air bubbles remained 

attached to the concrete pieces (Figure 11) indicating that the concrete surface was made 

hydrophobic. The contact angle was zero when there was no additive, while the concrete 

surface gave finite contact angles when the additives were used. Figure 11 suggests that the 

additive could act as a surfactant in concrete cracks. 
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DISCUSSION 

Conventional rebar materials are mild steel. The usual impurities have no 

significant effect on the corrosion rate in atmosphere, neutral water, or soil, but have a 

marked effect in the case of acid and chloride attacks (13). The presence of sulfur in the 

form of inclusions markedly increases the rate of attack. Small additions of copper, 

chromium, and/or nickel (14), and the reduction of sulfur (inclusions) decrease the 

corrosion rates of rebars significantly in chloride environments. 

Galvanic cells between dissimilar constituents ( e.g., ferrite and pearlite) of a mild 

steel structure, and between constituents and inclusions along the grain boundaries could 

accelerate the rebar corrosion as shown in Figures 4 and 5. Differences in potentials 

between the dissimilar constituents of the structure cause electron flow between them when 

they are electrically coupled (9). Direction of the current flow (galvanic behavior) depends 

on which constituent is more active. Thus, the more active constituent becomes the anode, 

and the more noble constituent becomes the cathode in the couple. The driving force for 

galvanic corrosion is the difference in potential between the constituents. Figure 5(c) 

suggests that the pearlite was the anode and the ferrite was the cathode. 

The use of deicing salts in winter could develop a strong galvanic corrosion cell 

between the rebars in chloride-contaminated concrete and in chloride-free concrete. The 

presence of chloride ion near the rebars changes the rest potentials of the rebars, and the 

difference in the rest potentials of the rebars leads to the galvanic corrosion cell in concrete 

(15). Large areas of the rebars in chloride-free concrete and exposure of the rebars to 

oxygen or air further accelerates the galvanic corrosion. Also, galvanic corrosion cells may 
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be developed by contact of different grades of materials as well as metallurgical defects in 

rebars (14). 

1. Chloride Concentration and Distribution in Concrete 

Chloride contents of concrete are usually measured by dry drilling and chemical 

analysis of the drilled samples. However, the conventional method does not provide any 

information on chloride distribution. A visualization technique involving color mapping was 

developed for the determination of chloride ion distribution and concentration near the 

reinforcement in concrete. 

Chloride ion concentration in aqueous solutions can be determined by titration with 

mercuric nitrate in the presence of diphenylcarbazone as an indicator (16). This method 

was adapted to this investigation. Chloride ion on the concrete block surface reacted with 

mercuric ion to form insoluble mercuric chloride. Excess mercuric ion produced violet color 

when the diphenylcarbazone solution was sprayed over the filter paper as follows: 

Hg++ + 2 Cr - HgC12 

Excess Hg++ + diphenylcarbazone - violet color 

(1) 

(2) 

The color map of Figure l(b) shows the chloride ion distribution and concentration 

in the concrete. The light area indicates where chloride ion is present, and the different 

shades of purple represent chloride ion concentration which may be estimated from the 

calibration strips shown in Figure 1( c ). The technique is simple and rapid for the 

determination of chloride ion concentration and its distribution in concrete. 
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2. Electrochemical Measurement Techniques for Rebar Corrosion 

The galvanic current measurement method used in this investigation (Figure 2(a)), 

demonstrated that a chloride ion concentration difference generated a galvanic corrosion 

cell between a rebar in chloride-contaminated and another rebar in chloride-free concrete, 

and that the corrosion rates of the rebars in chloride-contaminated concrete increased with 

increasing chloride ion concentration. The corroded surfaces of rebars tested by galvanic 

current measurements suggested that localized corrosion was initiated at metallurgical defect 

areas. Metallurgical defects could be multi-phase microstructure, localized plastic 

deformation, welded joints, grain boundaries of microstructure, and non-metallic inclusions 

(17-19). 

In the present investigation, the effect of chloride ion concentration on rebar 

corrosion in concrete was investigated by simulating the concrete environment by saturating 

the test solutions with concrete chips. To test the relevance of this simple laboratory 

experimental set-up, shown in Figure 2(a), the results were compared with those obtained 

in another experimental set-up as shown in Figure 2(b). The results shown in Figure 8(a) 

demonstrated that the shapes of galvanic currents were similar, and the galvanic currents 

eventually approached each other. The comparison suggested that the laboratory scale test 

may be used as a quick screening method to study the environmental parameters of rebar 

corrosion. The difference in the early stages of corrosion may be attributable to the slow 

diffusion of chloride ion through the concrete block. The diffusion rate of chloride ion 

through the concrete block was estimated by using Fick's second law of diffusion, 
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de 
dt 

-erf(-x ) 
2fi5i 

(3) 

(4) 

where c is the concentration of chloride ion at a distance from the concrete surface, x, at 

a time, t, and cc is the concentration at equilibrium. Diffusion coefficient, D, of chloride ion 

through sound concrete was reported to be 10·7 
- 10-8 cm2 /sec (20). The distance from the 

concrete surface to the rebar (Figure 2(b)) was 2.8 cm. Well over ten years would be 

required for chloride ion to reach the rebar surface by diffusion through the concrete block 

tested (Figure 8(b)), but the experimental data in Figure 8(a) took only 0.25 year (90 days). 

Perhaps, micro-cracks in the concrete block might have facilitated the diffusion of chloride 

ion by an order of magnitude. 

The surfaces of rebar samples tested by the electrochemical measurements (Figure 

7) indicated that the rebars in chloride solutions acted as anodes, and those without chloride 

ions acted as cathodes. The cathode samples were seen to be free of corrosion which 

suggested that the rebar pairs in this investigation indeed acted as galvanic couples. 

3. Mechanisms of Rebar Corrosion 

Various corrosion products of the re bars have larger specific volumes than the re bar 

material itself. An increase in volume of the corrosion products causes stresses that can 

lead to cracks in concrete. These cracks allow easier penetration of chloride ions, and, 

therefore, more rapid attack on the rebars in concrete. 
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Corrosion of rebars in concrete may proceed by the formation of hydrated oxides. 

The reactions of corrosion can be expressed as 

½ 0 2 + H20 + 2e - 2 OH· 

Fe - Fe++ + 2e 

(cathode) 

(anode) 

The foregoing reaction products lead to the precipitation of hydroxides according to 

(5) 

(6) 

Fe++ + 2 OH- - Fe (OH) 2 (7) 

2 Fe (OH) 2 + ½ 0 2 + H20 - 2 Fe (OH) 3 (8) 

The hydrated oxides in concrete can convert to various oxide species, such as magnetite 

(Fe30 4), hematite (Fe20 3), and goethite (FeOOH), leading to a complex system of 

compounds depending on pH, oxygen availability and the composition of rebars (21). 

FeOOH is more adherent to metal substrates than Fe20 3 and Fe30 4 (22), and, therefore, 

could slow the corrosion rates at the interface between the oxides and the metal matrix. 

The oxides shown in Figure 4(e) are suspected to be either Fe30 4 or Fe20 3• 

Mechanical stresses are responsible for the cracks within corroded rebars. Sharp 

cracks were formed in the brittle rust by the fatigue stresses of road vibrations as shown in 

Figure 4(a). Irregular cracks in the metal matrix (Figure 4(b)) were presumably initiated 

by the corrosion attack and propagated by fatigue stresses (12). 

From the corrosion point of view, welding is a particularly troublesome treatment. 

Because welding involves local beating of a material, it can lead to phase transformation, 

formation of secondary precipitates like inclusions, and the stress in and around the weld 

(23), which lead to significant local differences in electrochemical properties. Welded rebar 

experienced metallurgical transformations across the weld metal and the heat-affected zone 

so that the microstructures and morphologies became important factors to the 
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electrochemical characteristics. A wide range of microstructures could be developed based 

on cooling rates, and the microstructures depend on energy input, preheat, and weld bead 

size. As a result of different chemical compositions and weld inclusions ( oxides and 

sulfides), the weld metal microstructures are usually significantly different from those of the 

heat-affected zone and the base metal (24). Accordingly, the electrochemical characteristics 

of the weld metal, heat-affected zone and base metal are different. It is apparent that the 

weld metal was more active than the base metal, and acted as an anode (Figure 9). Severe 

localized corrosion near the welded rebar is shown in Figure 3( e ). 

Plastic deformation occurred on the rebar as a result of slip when the rebar was 

bent plastically. The bending of rebars can be explained in terms of the dislocation theory. 

Dislocations are nucleated, rearranged, and accumulated around the plastically deformed 

area as the stresses are applied. The areas with a high density of dislocations are generally 

unstable thermodynamically and in a high energy state (10), which means electrochemically 

active. Difference in the electrochemical properties between high and low dislocation 

density areas accounts for the higher corrosion rate of the plastically bent rebar compared 

to the normal rebar as shown in Figure 9. 

4. Retardation of Rebar Corrosion 

Possible method of corrosion retardation by chemical additives to salt is shown 

schematically in Figure 12. The additives can have properties combining a corrosion 

inhibitor and a surfactant that imparts water-repellent coating on concrete would retard the 

penetration of salt solutions through pores and cracks in concrete, and even when the salt 

solution reaches the rebar, the surfactants adsorb on the rebar surface and act as corrosion 
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Figure 12. 
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Schematic diagram for a possible method of corrosion retardation by 
chemical additives to salt. 
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inhibitors. Figures 10 and 11 indicated that the additives tested had the combined 

properties of a corrosion inhibitor and a surfactant. 

The additives were organic compounds, which have different number of carbons and 

different hydrocarbon chainlengths. Further investigation is necessary to explore the 

optimum structure and chain length of those compounds for inhibitor activities on rebars 

and surface activities on concrete. 

CONCLUSIONS 

1. Galvanic current measurement technique was developed for investigating the effects 

of chloride ion concentration on the rebar corrosion in simulated concrete 

conditions. 

2. Visualization technique for estimating chloride concentration and distribution in 

concrete was developed. 

3. Galvanic currents increased with increasing chloride ion concentration until visible 

yellow corrosion products appeared. 

4. Galvanic currents of rebars measured in a simulated concrete solution correlated 

well with those of rebars imbedded in a concrete block. 

5. Corrosion rates of welded and bent rebars determined by the galvanic current 

measurement method were about two orders of magnitude higher than those of 

normal rebars. 

6. Severe localized corrosion was found near the grid-intersections, material defects, 

and welded areas of rebars in concrete. 

29 



7. Corrosion of rebars was initiated and propagated along the grain boundaries of 

rebar materials. 

8. The pearlite structure of rebar microstructure was attacked preferentially to the 

ferrite structure under corrosive conditions in concrete. 

9. Organic compounds slowed the corrosion of rebars acting as an adsorption-type 

inhibitor. 

10. Organic compounds developed hydrophobic surfaces on concrete. Such an 

observation implies that salt solution may be prevented from penetrating 

microcracks in concrete. 
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ABSTRACT 

Chloride contents of concrete are usually measured by dry drilling and chemical 

analysis of the drilled samples. However, the conventional method does not provide any 

information on chloride distribution. A visualization technique involving color mapping was 

developed for the determination of chloride ion distribution and concentration near the 

reinforcement in concrete. 
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INTRODUCTION 

Localized corrosion of reinforcements in concrete is caused by the impurities of the 

reinforcement material, deformation of the reinforcement surfaces, concentration difference 

of chloride ion near the reinforcement, and the complex interactions of the above factors 

(1, 2). Deformed and/or defect surfaces of reinforcements could be the corrosion initiation 

sites even under very low chloride ion concentrations because of their thermodynamic 

instabilities, while no corrosion may be found on_ the deformation-free and/or defect-free 

surfaces under relatively high chloride ion concentrations. Galvanic interactions between 

corroding and non-corroding areas accelerate the localized corrosion at the surfaces of 

reinforcements. 

Similarly, the concentration differences of chloride ion near reinforcements create 

galvanic cells between the high and low or no chloride concentration surfaces of the 

reinforcements (2). High chloride concentration areas become the anode, and low or no 

chloride concentration areas the cathode. Corrosion rates increase as the chloride 

concentration difference increases. 

Chloride contents of concrete are usually measured by dry drilling and chemical 

analysis of the drilled samples. However, the conventional method does not provide any 

information on chloride distribution near the reinforcement in concrete, particularly along 

hair-line cracks. Such an information would be essential in understanding the localized 

corrosion mechanisms and kinetics. 

The purpose of this note is to communicate a visualization technique in use in our 
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laboratory for the determination of chloride ion distribution and concentration near the 

reinforcements in concrete. 

EXPERIMENTAL 

Concrete blocks containing reinforcements were collected in the field, cut and ground 

to expose flat smooth surfaces. The concrete surfaces were finished with 320 grit silicon 

carbide abrasive papers. A crack was intentionally made from one edge of the concrete 

block to the reinforcement as shown in Figure 1 (a). A solution of 10% CaC12 was applied 

repeatedly to the crack in order to simulate the chloride penetration through the crack. 

The indicator solutions used for detection and determination of chloride ion on the 

surface of the concrete block were 0.025% mercuric nitrate in 0.008M nitric acid, and 0.25% 

diphenylcarbazone in methanol. A filter paper was wetted by the mercuric nitrate solution 

uniformly. The filter paper was placed over the flat smooth concrete block, pressed firmly 

with a roller and left standing for a few minutes. Then the filter paper was peeled off and 

the diphenylcarbazone solution was sprayed over it, and air dried. For the purpose of 

calibration, 0, 0.01, 0.1, 1, and 10% CaC12 solutions were also applied to filter papers, and 

the color was developed as before. 

RESULTS AND DISCUSSION 

Chloride ion concentrations in aqueous solutions can be determined by titration with 

mercuric nitrate in the presence of diphenylcarbazone as an indicator (3). This method was 

adapted to this investigation. Chloride ion on the concrete block surface reacted with 

mercuric ion to form insoluble mercuric chloride. Excess mercuric ion produced violet color 
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when the diphenylcarbazone solution was sprayed over the filter paper as follows: 

Hg++ + 2 Cl" - HgC12 

Excess Hg++ + diphenylcarbazone - violet color 

The color map of Figure 1 (b) shows the chloride ion distribution and concentration 

in the concrete. The light area indicates where chloride ion is present, and the different 

shades of purple represent chloride ion concentrations which may be estimated from the 

calibration strips shown in Figure 1 (c). The technique is simple and rapid for the 

determination of chloride ion concentration and its distribution in concrete. 
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Visualization results for chloride ion distribution and concentration in concrete; (a) concrete sample with 
rebar, (b) color map and ( c) calibration strips. 
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ABSTRACT 

A galvanic current measurement method was developed as a rapid and simple 

technique to study the effect of chloride concentration, welding and bending on the rebar 

corrosion in concrete. Some parameters that were responsible for the corrosion of rebar 

were identified by using the galvanic current measurement method as well as optical and 

scanning electron microscopy. Examination of corroded rebars collected from the field 

showed severe localized corrosion near grid-intersections; material defects and welded areas 

in concrete, and preferential corrosion attacks on certain micro-constituents of the rebar 

material. The corrosion behaviors of the field samples are discussed in the light of the 

galvanic current measurement results. 
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INTRODUCTION 

The main factors that influence the initiation and propagation of rebar corrosion in 

concrete are concrete properties, aggressive corrosion elements from the environment and 

concrete, and defects of the reinforcing material. The presence of chloride ion appears to 

be the dominant cause for rebar corrosion in concrete. 

The electrochemical corrosion in concrete may occur because of the non-uniformities 

of the reinforcing steel ( different steels, welds, active sites on the steel surface) ( 1 ), or of 

chemical or physical environments in the surrounding concrete (2). These non-uniformities 

under certain specific conditions can produce significant electric potential differences and 

resultant corrosion. Macro-cell corrosion in rebars due to the difference in chloride ion 

concentration, the structural and compositional defects of rebars in concrete could 

accelerate the localized corrosion. 

Rebar corrosion is complex and the basic mechanisms of individual factors are not 

well understood because of the complex nature of the physical and electrochemical factors 

and because of their interdependence. Many research efforts (3,4) have been made in the 

last two decades which contributed to the understanding of rebar corrosion, to the 

developments of monitoring methods and to the protection methods of rebars. However, 

many contradictory experimental results and views have been reported on the deterioration 

behavior of reinforced concrete structures. 

Corrosion rates of rebars can be determined by measuring weight losses only after 

the concrete structure is destroyed. Since the corrosion of rebar is electrochemical in 

nature, many approaches (5,6) have been tried to develop electrochemical methods for 

testing. However, various fundamental and experimental factors contribute to the 
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inaccuracies in these results. The linear polarization and polarization resistance techniques 

of monitoring corrosion rates in concrete has uncertain factors such as the location of 

counter and reference electrodes and the material of the counter electrode (5). In addition, 

these techniques are not applicable for a continuous monitoring of corroding rebars in situ 

over extended periods of time, while a galvanic current measurement technique is capable 

of such measurements . The method has been used successfully in an investigation on the 

corrosion mechanism of grinding media under dynamic conditions in our laboratory for the 

past 15 years (7-9). 

The purpose of the present investigation was to develop a galvanic current 

measurement technique for estimating the corrosion rates of rebars in simulated concrete 

environments and for investigating the effects of relevant parameters that may be 

responsible for macro-cell corrosion on rebars as a function of chloride ion concentration. 

EXPERIMENTAL 

Electrochemical Measurements 

A galvanic current measurement method was chosen for investigating the effect of 

chloride ion concentration on rebar corrosion in concrete. A laboratory galvanic cell was 

made by dipping two rebars in chloride-containing and chloride-free solutions and short­

circuiting them, as shown in Figure l(a). The test solutions were prepared by saturating 500 

ml deionized water with 25g of concrete chips of approximately 1/8" in size in a series of 

600 ml beakers and adding 0, 0.1, 1 and 10% calcium chloride in one set of beakers and 

none in the other set in order to simulate the chemistry of concrete environment. The pH 

of the concrete chip saturated solution was 12. 5. To compensate for the -evaporation loss, 
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the solution levels were maintained constant by frequent addition of distilled water. The 

chemical composition of the rebars was determined by spectrographic analysis as follows: 

C Mn p s Si Sn Cu Ni Cr Mo 
-------------------------------------------------------------------------------
0.35 0.72 0.021 0.053 0.03 0.009 0.04 0.04 0.05 0.10 

The ½" rebar samples were made into electrodes by attaching an electrical wire to ¼" high 

steel pieces with a silver conductive epoxy and by mounting in epoxy. After the epoxy 

hardened, the bottom surfaces of the mounted rebars were ground and polished. A Lucite 

tube of ¼" I.D. was attached to the other flat surface by using 5-minute epoxy. 

To test the relevance of the foregoing beaker-scale method, galvanic current 

measurements were made between two rebars imbedded in a concrete block obtained from 

the field. The concrete block had an overall dimension of 2.0 x 5.0 x 2.5 inch, and the ½ 

inch diameter rebars were imbedded 2 inches apart. The concrete was analyzed to contain 

approximately 1100 ppm er. The concrete block was divided into two sides with a barrier 

as shown in Figure l(b). One side was filled with 10% CaC12 solution and the other filled 

with deionized water. The rebars were short-circuited and the galvanic currents between 

the two were monitored as a function of time. 

The effects of welded and bent rebars on galvanic corrosion in concrete was 

investigated by using a galvanic cell mentioned earlier (Figure 1 (a)) by dipping and short­

circuiting normal and welded or bent rebars in 10% CaC12 solution saturated with concrete 

chips as described earlier in an attempt to simulate the concrete environment. Localized 
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strain of a bent rebar was induced by a three point loading. The bend angle of the ½ inch 

diameter rebar was approximately 30°. A welded sample also was prepared by a shield­

metal arc welding method. The weld was made on a ½" diameter rebar using Lincoln 

E7024 flux electrode and d.c. straight polarity with a Miller model 330A/BP welding 

machine. The welded rebar sample was ground to a smooth surface after the slag was 

removed. 

All the measurements were made with an EG & G model 350 A corrosion 

measurement console. A saturated calomel electrode (SCE) was used as the reference 

electrode via a salt bridge containing a saturated solution of ammonium nitrate. 

Field Samples 

Rebar samples with and without concrete blocks were collected from the I-94 bridge 

deck in front of the State Capital, St. Paul and the I-94 Lowry Hill Tunnel pavement in 

Minneapolis, Minnesota. The diameter of the rebars was ½ inch, and the chloride content 

in concrete analyzed 1100 ppm. The rebars were examined for corrosion behavior and 

corrosion initiation sites through observation of the surfaces under a JEOL 840 II scanning 

electron microscope and the cross section by an Olympus microscope model PM-l0AD. 

The re bar samples for scanning electron microscopy were cleaned by dipping in 10% 

hydrochloric acid for 5 seconds and by rinsing with distilled water. The rinsed samples we.re 

dried with 99% isopropyl alcohol and blowing air over them. 

The cross-cut rebars were cold-mounted in epoxy and polished using conventional 

metallographic polishing techniques and etched with 2% Nital solution. 
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RESULTS 

Galvanic Current Measurements 

Combination potentials and galvanic currents of rebars were obtained at different 

chloride ion concentrations as a function of time by using the galvanic current measurement 

method shown in Figure l(a), and the results are presented in Figure 2. The galvanic 

currents increased with increasing chloride ion concentration until visible yellow corrosion 

products appeared on the rebar sample surfaces as indicated by arrows in Figure 2(a). After 

the corrosion products appeared, the galvanic cur!ents increased dramatically in 0, 0.1 and 

1 % CaC12 solutions. In 10% CaC12 solution, the galvanic current increased and then 

decreased when the corrosion products appeared. The combination potentials were most 

active in 10% CaC12, followed by 1, 0, and 0.1 % CaC12• The combination potentials are 

seen to cross over randomly after 100 days as shown in Figure 2(b ). 

The surfaces of rebar samples were examined for their corrosion behaviors after 

completing the galvanic current measurements. The results are shown in Figure 3. The left­

side photos show the surfaces of rebar samples recovered from the solutions containing 

chloride ion, while the right-side photos are from the chloride-free solutions. The yellow 

corrosion products on the rebar samples can be seen only in the left-side photos. The rebar 

samples in the chloride solutions acted as anodes and those in the chloride-free solutions 

acted as cathodes. It is apparent that those samples which acted as cathodes (right-side 

photos) are all free of rust. The figure also shows that the corroded areas on the surfaces 

of rebar samples increased with increasing chloride ion concentration in the solution, and 

hence with increasing galvanic currents. 

The galvanic currents of re bars imbedded in a concrete block (Figure l(b)) were 
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measured and the results are shown in Figure 4. The galvanic currents decreased initially, 

and then increased. After 50 days, the galvanic currents decreased, and eventually 

approached the galvanic currents obtained in the simulated concrete environments (Figure 

1 (a)). 

The galvanic currents of the normal, bent and welded re bars were obtained by using 

the galvanic cell (Figure 1 (a)) as a function of time and the results are plotted in Figure 

5. The galvanic currents of bent and welded rebars decreased with time, and those of 

normal rebar decreased initially, then increased somewhat and remained constant thereafter. 

Note that the galvanic currents of welded and bent rebars were two orders of magnitude 

higher than those of normal rebar. 

Optical and Scanning Electron Microscope Observations of Corroded Rebar. 

Figure 6( a and b) show typical field samples of corroded rebars in concrete with 

yellow stains of corrosion products and concrete cracks by the corroded rebars. Severe 

localized corrosion of the rebars was found near grid-intersections (Figure 6(c)), material 

defects (inclusions) (Figure 6(d)) and welded areas (Figure 6(e)). Figure 6(t) shows that 

the rebar lost more than a half of the volume from the original rebar by corrosion. 

The surfaces of corroded rebars were examined under a scanning electron 

microscope. Figure 7 shows numerous sharp cracks on the rust layer (a) and irregular 

cracks on the rebar metal matrix (b). The micrographs (Figure 7(c) and (d)) of corroded 

rebar surfaces indicate that the corrosion of rebars was initiated and propagated along the 

grain boundaries of the re bar material microstructure, especially carbide ( cementite ). Also, 

there was a space between the rust layer and the metal matrix (Figure 7(e)), which was large 
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enough for chloride ion to spread throughout the whole rebar. The parallel and continuous 

lines (striations) in Figure 7(f) suggest that the cracks on the oxide layer propagated by 

fatigue stresses due to vibration (10). 

The corroded rebars were cut, and the cross sections examined under an optical 

microscope. Figures 8 (a) and (b) show that even though the surfaces of corroded rebars 

appeared smooth, severe corrosion was taking place underneath. Conventional rebar 

materials are mild steel, which consists of ferrite (white in Figure 8) and pearlite . ( dark) 

structures. Figure 8 ( c) shows that the pear lite structure was attacked preferentially, and 

that the ferrite structure survived longer than the pearlite structure under corrosive 

conditions in concrete. Figure 8 ( d) was obtained by using a polarized filter, which shows 

that the corrosion of the rebar propagated along the grain boundaries of the rebar material 

microstructures. 

DISCUSSION 

Conventional rebar materials are mild steel. The usual impurities have no 

significant effect on the corrosion rate in atmosphere, neutral water, or soil, but have a 

marked effect in the case of acid and chloride attacks (11). The presence of sulfur in the 

form of inclusions markedly increases the rate of attack. Small additions of copper, 

chromium, and/or nickel (12), and the reduction of sulfur (inclusions) decrease the 

corrosion rates of rebars significantly in chloride environments. 

Galvanic cells between dissimilar constituents ( e.g., ferrite and pearlite) of a mild 

steel structure, and between constituents and inclusions along the grain boundaries could 

accelerate the rebar corrosion as shown in Figures 7 and 8. Differences in potentials 
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between the dissimilar constituents of the structure cause electron flow between them when 

they are electrically coupled (9). Direction of the current flow (galvanic behavior) depends 

on which constituent is more active. Thus, the more active constituent becomes the anode, 

and the more noble constituent becomes the cathode in the couple. The driving force for 

galvanic corrosion is the difference in potential between the constituents. Figure 8 (c) 

suggests that the pearlite was the anode and the ferrite was the cathode. 

The use of deicing salts in winter could develop a strong galvanic corrosion cell 

between the rebars in chloride-contaminated concrete and in chloride-free concrete. The 

presence of chloride ion near the rebars changes the rest potentials of the rebars, and the 

difference in the rest potentials of the re bars leads to the galvanic corrosion cell in concrete 

(13). A large area of the rebar in chloride-free concrete and exposure of the rebar to 

oxygen or air further accelerates the galvanic corrosion. Also, galvanic corrosion cells may 

be developed by contact of different grades of materials as well as metallurgical defects in 

rebars(12). 

The galvanic current measurement method used in this investigation (Figure l(a)), 

demonstrated that a chloride ion concentration difference generated a galvanic corrosion 

cell between a rebar in chloride-contaminated and another rebar in chloride-free concrete, 

and that the corrosion rates of the rebars in chloride-contaminated concrete increased with 

increasing chloride ion concentration. The corroded surfaces of rebars tested by galvanic 

current measurements suggested that localized corrosion was initiated at metallurgical defect 

areas. Metallurgical defects could be multi-phase microstructure, localized plastic 

deformation, welded joint, grain boundaries of microstructure, and non-metallic 

inclusions(14-16). 
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In the present investigation, the effect of chloride ion concentration on rebar 

corrosion in concrete was investigated by simulating the concrete environment by saturating 

the test solutions with concrete chips. To test the relevance of this simple laboratory 

experimental set-up, shown in Figure 1 (a), the results were compared with those obtained 

in another experimental set-up as shown in Figure 1 (b). The results shown in Figure 4(a) 

demonstrated that the shapes of galvanic currents were similar, and the galvanic currents 

eventually approached each other. The comparison suggested that the laboratory scale test 

may be used as a quick screening method to study the environmental parameters of rebar 

corrosion. The difference in the early stages of corrosion may be attributable to the slow 

diffusion of chloride ions through the concrete block. The diffusion rate of chloride ion 

through the concrete block was estimated by using Fick's second law of diffusion, 

de 
dt 

cfce = 1 - erf (-x ) 
2/Dt 

(1) 

(2) 

where c is the concentration of chloride ion at a distance from the concrete surface, x, at 

a time, t, and cc is the concentration at equilibrium. Diffusion coefficient, D, of chloride ion 

through sound concrete was reported to be 10-7 
- 10..a cm2/sec (17). The distance, from 

the concrete surface to the re bar (Figure 1 (b)) was 2.8 cm. Well over ten years would be 

required for chloride ion to reach the rebar surface by diffusion through the concrete block 

tested (Figure 4(b)), but the experimental data in Figure 4 (a) took only 0.25 year (90 days). 

Perhaps, micro-cracks in the concrete block might have facilitated the diffusion of chloride 

10 



ions by an order of magnitude. 

The surfaces of rebar samples tested by the electrochemical measurements (Figure 

3) indicated that the rebars in chloride solutions acted as anodes, and those without chloride 

ions acted as cathodes. The cathode samples were seen to be free of corrosion which 

suggested that the rebar pairs in this investigation indeed acted as galvanic couples. 

Various corrosion products of the rebars have larger specific volumes than the re bar 

material itself. An increase in volume of the corrosion products causes stresses that can 

lead to cracks in concrete. These cracks allow easier penetration of chloride ions, and, 

therefore, more rapid attack on the rebars in concrete. 

Corrosion of rebars in concrete may proceed by the formation of hydrated oxides. 

The reactions of corrosion can be expressed as 

½ 0 2 + H20 + 2e - 2 OH­

Fe - Fe++ + 2e 

(cathode) 

(anode) 

(3) 

(4) 

The foregoing reaction products lead to the precipitation of hydroxides according to 

Fe++ + 2 OH- - Fe (OH) 2 (5) 

2 Fe (OH) 2 + ½ 0 2 + H20 .. 2 Fe (OH) 3 (6) 

The hydrated oxides in concrete can convert to various oxide species, such as magnetite 

(Fe 30 4), hematite (Fe 20 3), and goethite (FeOOH), leading to a complex system of 

compounds depending on pH, oxygen availability and the composition of rebars (18). 

FeOOH is more adherent to metal substrates than Fe20 3 and Fe 30 4 (19), and, therefore, 

could slow the corrosion rate at the interface between the oxides and the metal matrix. The 

oxides shown in Figure 7 (e) are suspected to be either Fe 30 4 or Fe 20 3• 

Mechanical stresses are responsible for the cracks within the corroded rebar. Sharp 
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cracks were formed in the brittle rust by the fatigue stresses of road vibrations as shown in 

Figure 7 (a). Irregular cracks in the metal matrix (Figure 7(b)) were presumably initiated 

by the corrosion attack and propagated by fatigue stresses (10). 

From the corrosion point of view, welding is a particularly troublesome treatment. 

Because welding involves local heating of a material, it can lead to phase transformation, 

formation of secondary precipitates like inclusions, and the stress in and around the weld 

(20), which lead to significant local differences in electrochemical properties. Welded rebar 

experienced metallurgical transformations across the weld metal and the heat-affected zone 

so that the microstructures and morphologies became important factors to the 

electrochemical characteristics. A wide range of microstructures could be developed based 

on cooling rates, and the microstructures depend on energy input, preheat, and weld bead 

size. As a result of different chemical compositions and weld inclusions ( oxides and 

sulfides), the weld metal microstructures are usually significantly different from those of the 

heat-affected zone and the base metal (21). Accordingly, the electrochemical characteristics 

of the weld metal, heat-affected zone and base metal are different. The weld metal was 

more active than the base metal, and acted as an anode (Figure 5). Severe localized 

corrosion near the welded re bar is shown in Figure 6 ( e ). 

Plastic deformation occurred on the rebar as a result of slip when the rebar was 

bent plastically. The bending of rebars can be explained in terms of the dislocation theory. 

Dislocations are nucleated, rearranged, and accumulated around the plastically deformed 

area as the stresses are applied. The areas with a high density of dislocations are generally 

unstable thermodynamically and in a high energy state (22), which means electrochemically 

active. Difference in the electrochemical properties between high and low dislocation 
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density areas accounts for the plastically bent rebars higher corrosion rate compared to the 

normal rebar as shown in Figure 5. 

CONCLUSIONS 

1. Galvanic current measurements technique was developed for investigating the 

effects of chloride ion concentration on the rebar corrosion in simulated 

concrete conditions. 

2. Galvanic currents increased with increasing chloride ion concentration until 

visible yellow corrosion products appeared. 

3. Galvanic currents of rebars measured in a simulated concrete solution 

correlated well with those of rebars imbedded in a concrete block. 

4. Corrosion rates of welded and bent re bars determined by the galvanic current 

measurement method were about two orders of magnitude higher than those 

of normal rebars. 

5. Severe localized corrosion was found near the grid-intersections, material 

defects, and welded areas of rebars in concrete. 

6. Corrosion of rebars was initiated and propagated along rebar material grain 

boundaries. 

7. The pearlite structure of rebar microstructure was attacked preferentially to 

the ferrite structure under corrosive conditions in concrete. 
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Figure 2. Galvanic current and combination potential as a function 
of time at different chloride concentrations. 
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effect of chloride ion concentration . 
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Corroded reinforcements with and without concrete blocks collected from the 
field: (a) and (b) concrete cracks around corroded reinforcements, (c) severe 
corrosion near grid-intersections, (d) and (e) localized corrosion near material 
defects (inclusions) and welded areas, and (f) reinforcement volume changes by 
corrosion. 



Figure 7. Surfaces of corroded reinforcement by scanning electron microscopy: (a) sharp 
cracks on oxide layer, (b) irregular cracks in reinforcement metal matrix, (c) 
and (d) corrosion initiation and propagation along grain boundaries of 
reinforcement material, (e) a space between oxide layer and metal matrix, and 
(f) crack propagation on oxide layer by fatigue stresses. 



Figure 8. 
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Cross section of corroded reinforcement by optical microscopy: (a) and (b) 
severe corrosion beneath the surface, (c) preferential corrosion on pearlite 
structure, and ( d) corrosion propagation along the grain boundaries of 
reinforcement material. 
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