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Foreword 

The symposium on Corrosion Rates of Steel m Concrete was held m B alnmore, Maryland, 
on 29 June 1988 The symposium was sponsored by ASTM Committee G01 on Corrosion 
of Metals and ASTM Committee C09 on Concrete and Concrete Aggregates and its Sub- 
committees C09 03 08 on Admixtures and C09 03 15 on Concrete's Resistance to Its En- 
vironment Neal S Berke, W R Grace and Company, Victor Chaker, Port Authority of 
New York and New Jersey, and David Whiting, Construction Technology Laboratones,  
Presided as symposium cochalrmen and are editors of this pubhcahon 
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Overview 
STP1065-EB/Aug. 1990 

Steel reinforced concrete is a widely used and durable structural material The concrete 
environment protects the steel from direct atmospheric corrosion However, this protective 
environment can be compromised due to the regress or addition of chloride ions, or by 
carbonauon, or both Indeed, the widespread use of steel reinforced concrete in bridge and 
parking decks subjected to chloride dexclng salts, and the use of reinforced concrete m 
marine environments has lesulted in early need of repair due to reinforcement corrosion 
Other failures have occurred m reinforced pipes and other structures where carbonation has 
reached the reinforcement level Often the corrosion damage cannot be determined until 
visible signs of cracking and spalhng are ewdent 

ASTM Committee G01 on Corrosion of Metals is actively revolved in the wrmng and 
evaluatmn of test methods related to corrosxon of metals SubcommltteeG01 14 on Corroslon 
of Reinforcing Steel is the committee addressing rebar corrosion An actwe goal of Sub- 
committee G01 14 is to develop test methods that can be used to determine and predict the 
corrosmn rates of steel m concrete Nondestructwe techmques would be qmte useful m 
assessing the condmon of reinforced concrete m laboratory and more ~mportantly field 
condmons The results could be used to develop mamtenance and repair schedules, and to 
evaluate new corrosion protecnon methods The symposmm thus provides a useful starting 
point m the evaluatmn of test methods to be developed by ASTM 

Reahzmg that corrosion of steel m concrete is also of interest to ASTM Committee C09 
on Concrete and Concrete Aggregates, G01 14 is cooperating closely with subcommittees 
in C09 This Specml Techmcal Pubhcatlon (STP) is the result of a joint symposmm cospon- 
sored by Subcommittees G01 14, C09 03 08 04 (Corrosion Inhlbltors), and C09 03 15 on 
Methods of Testing the Resistance of Concrete to Its Environment 

This STP contams eleven papers dealing directly with methods of determining corrosion 
rates of steel m concrete Several of these papers and the other two papers also address 
other issues of interest such as chloride mgress, the effects of pozzolans, concrete properties, 
corrosmn mh~bltors, different metals and repair techniques, and mechamsms of corrosion 
Not all of the methods or mechamsms discussed are umversally used or accepted, but they 
do show the actwe interest m this area of study, and the diversity of views. 

Neal S. Berke 
W R Grace, Construction Products Divi- 

sion, Cambridge, MA 02140, symposmm 
coehalrman and editor 

Victor Chaker 
Port Authority of NY-NJ, Jersey City, NJ 

07310-1397, symposium cochalrman and 
editor 

David Whtting 
Concrete Technology Laboratories lnc,  

Skokle, IL 60077-1030, symposium co- 
chairman and editor 
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Carolyn M. Hansson 1 and Birgit SOrensen ~ 

The Threshold Concentration of 
in Concrete for the Initiation of 
Reinforcement Corrosion 

Chloride 

REFERENCE: Hansson, C M and S0rensen, B , "The Threshold Concentration of Chloride 
in Concrete for the Initiation of Reinforcement Corrosion," Corrosion Rates of Steel m Con- 
crete, ASTM STP 1065, N S Berke, V Chaker, and D Whiting, Eds ,  American Society for 
Testing and Materials, Philadelphia, 1990, pp 3-16 

ABSTRACT: The mechanism by which chlorides inmate corrosion Is by locally breaking down 
the passwe film which forms on steel m the hxghly alkaline concrete pore solution However, 
the breakdown of passwlty requires a certain concentration of chlorides The aim of the project 
described m the paper has been to determine the influence of a number of factors on the 
crmcal concentratmn of C1- necessary for lnltmtmn of corrosion of steel embedded m concrete 
The variables investigated include hardenmg condmons, water/cement ratio, cement type, 
reinforcing steel surface condmon, and salt type 

Mortar samples containing a steel rod have been cast, hardened, and subsequently exposed 
to a sodmm chloride or calcium chloride solution The corrosion current of the embedded 
steel has been monitored electrochemically and mmally was of the order of 10 -4 A /m s, cor- 
responding to a corrosion rate of approximately 0 1 ixm/year from the steel surface After a 
period of time, the corrosion current increased by several orders of magnitude indicating that 
the chloride had penetrated to the steel surface and had lnmated corrosion The rate of this 
penetratmn, the chloride concentratmn m the mortar adjacent to the steel at the onset of 
corrosmn, and the subsequent corrosmn rate have all been measured to determine the influence 
of the precedmg variables 

KEY WORDS: critical chloride concentration, chloride diffusion, cement type, water/cement 
ratxo, corrosion rates, corrosion, steels, concrete 

In  good  quah ty  po r t l and  c e m e n t  concre te ,  s teel  develops  a pro tec t ive  passive layer  because  
of the  h igh alkal ini ty of  the  pore  solut ion In the  passive s tate ,  the  steel cor rodes  at  an  
insignificantly slow ra te ,  typically of the  o rder  of 0 1 ixm/year  [1,2] Unfor tuna te ly ,  however ,  
chlor ide ions can b r e a k  down  this passivity and  allow the  steel  to actively cor rode  at rates  
several  orders  of  magn i tude  higher  than  the  passive ra te  

The  critical a m o u n t  of chlor ide necessary  for the  b r e a k d o w n  of the  passive film and the  
onse t  of  active corros ion has  been  the  subjec t  of cont roversy  a m o n g  scientific Invest igators  
for  many  years Moreove r ,  its c o r o l l a r y - - t h e  a m o u n t  of chlor ide  which can be  to le ra ted  
wi thou t  risk of  c o r r o s i o n - - i s  of m a j o r  in teres t  to the pract ic ing eng ineer  who  would  like to 
use accelera tors  or o the r  ch lor ide-conta in ing  addit ives in concre te  or to those  who  must  
bui ld cons t ruct ions  in areas  where  the  mixing water  or  aggregate  are con t amina t ed  by 
chlor ides  (for example  in the  Middle  Eas t )  A knowledge  of the  chlor ide th resho ld  value 
for  r e in fo rcemen t  cor ros ion  is also of u tmos t  impor t ance  to those  involved in inspect ion,  

Department head and research engineer, respectwely, The Danish Corrosion Centre, Park Alld 
345, DK-2605, Br0ndby, Denmark 
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4 CORROSION RATES OF STEEL IN CONCRETE 

repair, and maintenance of constructions which are exposed to chlorides from seawater or 
from de-icing salts 

The reason for the scientific controversy and practical confusion is basically a question 
of "which concrete and when 9'' because the amount of chloride whxch can be tolerated is 
highly dependent on a large number of factors including (1) whether the chloride IS present 
in the original concrete mix or penetrates the concrete from the atmosphere, (2) the com- 
position and history of the concrete, and (3) the atmospheric conditions 

The majority of laboratory lnvesngatlons have either been carried out in synthetic cement 
pore solution to which chlorides have been added [3-6] or cement paste or mortar mixes 
containing chlorides [5-12] On the other hand, the majority of practical investigations of 
critical values of chloride have revolved constructions into which chloride ions have pene- 
trated from the environment [13-18] 

The present project is aimed at bridging the gap between these two types of investigations 
by making laboratory investigations of the actual amount of chloride necessary to initiate 
active reinforcement corrosion in mortar samples when the salt penetrates from the envi- 
ronment 

From the viewpoint of reinforcement corrosion, it is the amount of "free" chloride present 
m the cement paste pore solution rather than the total chlonde concentration which is 
critical The difference between these two, the amount or proportion of "bound" chloride 
is primarily dependent on the composition of the cement used in the concrete, particularly 
the cement's alumlnmm phase content [19], its pH [20,21] and, probably, its specific surface 
area [22] Thus, the advent of new cement types containing, for example, fly ash, slag, or 
mlcrosfllca, can have a strong influence on the amount of "free" chlorides present m the 
pore solution 

The composition of the concrete and its history (that is, age, temperature, and humidity 
history) determine the degree of porosity and amount of free water (pore solution) in the 
cement paste phase These factors, m turn, determine the rate at which chlorides can 
penetrate into the reinforcement and, thus, the initiation time for corrosion They also 
determine the concentration of C1 in the pore solution which effects the total chloride 
threshold value for corrosion Finally, they determine the access of oxygen from the envi- 
ronment and the electrical reslstwity of the concrete which, together, control the corrosion 
rate after ruination 

In the present investigation, the time to initiate corrosion, the total chloride concentration 
in the mortar adjacent to the steel at the time of ruination, and the subsequent corrosion 
rate have been determined with the following parameters as variables (1) cement type, (2) 
water/cement ratio, (3) curing condmons, (4) state of the reinforcement, and (5) salt type 
In addition, the proportion of "bound" chloride has been determined for a single sample 
of each cement type 

It should be noted that the exact value of threshold concentration cannot be used in 
practice because each part of each construction is likely to have its own unique value 
However, the aim of the project has been to determine the relative influence of the different 
factors so that the risk of corrosion due to penetrating chlorides can be minimized in future 
constructions 

Experimental Procedure 

Sample Preparatton 
The samples investigated were mortar prisms (40 by 40 by 160 mm 3) with a cement sand 

ratio of 1 3 and with the cement type and water/cement (w/c) ranos given in Table 1 and 

Copyright by ASTM Int 'l  (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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HANSSON AND SORENSEN ON THRESHOLD VALUE OF CHLORIDE 

TABLE 1--Summary of samples tested Six samples of each type were cast and tested 

5 

Sample No of Days at 
Mortar Type Deslgnahon w/c 100% RH Salt 

EFFECT OF CEMENT TYPE 
Danish ordinary portland cement DK-OPC 0 50 14 NaCl 
Danish low alkali sulphate 

resistance portland cement DK-SRPC 0 50 14 NaC1 
Danish rapid hardening 

portland cement DK-RHPC 0 50 14 NaCl 
Danish standard flyash cement DK-STD 0 50 14 NaCl 
Austnan ordinary portland 

cement A-OPC 0 50 14 NaCl 
Swedish ordinary portland 

cement S-OPC 0 50 14 NaCI 
90% Swedish ordinary portland 

cement + 10% mlcrosilica S-SIO2 0 50 14 NaCl 

EFFECT OF WATER/CEMENT RATIO 

Danish ordinary portland cement DK-OPC/40 0 40 14 NaCl 
Danish ordinary portland cement DK-OPC/45 0 45 14 NaC1 
Danish ordinary portland cement DK-OPC/50 0 50 14 NaCI 
Danish ordinary portland cement DK-OPC/60 0 60 14 NaC1 

EFFECT OF HARDENING CONDITIONS 

Damsh OPC DK-OPC-03 0 50 3 NaCl 
Damsh OPC DK-OPC-07 0 50 7 NaC1 
Danish OPC DK-OPC-14 0 50 14 NaCl 
Danish OPC DK-OPC-31 0 50 31 NaC1 

EFFECT OF SALT TYPE 
Danish OPC DK-OPC-Ca 0 50 14 CaC12 
Danish standard flyash cement DK-STD-Ca 0 50 14 CaC12 

EFFECT OF STEEL SURFACE CONDITION 
Danish OPC with cleaned 

reinforcing steel DK-OPC-cr 0 50 14 NaC1 
Danish OPC with as-received 

reinforcing steel DK-OPC-ar 0 50 14 NaC1 
Danish OPC with rusted 

reinforcing steel DK-OPC-rr 0 50 14 NaC1 

containing a centrally placed, smooth, plain carbon steel rod, as illustrated in Fig 1 The 
compositions of the cements investigated are given in Table 2 After casting, the samples 
were kept for 24 h in 100% relatwe humidity (RH) before demolding Except where indicated 
in Table 1, the prisms were then stored In 100% RH (that is, over water m a closed container) 
for an additional 13 days and, thereafter, In the laboratory atmosphere at approximately 
50% RH for 16 days Six samples of each composition or hardening condition or both were 
prepared and tested 

As indicated in the Results section of this paper, the threshold value of chloride concen- 
tration measured for these samples was judged to be unrealistically high Therefore, three 
additional sets of samples were prepared using profiled reinforcing steel instead of the smooth 
steel rod In one set, the reinforcement was used in the slightly rusted "as-received" con- 
ditlon, in the second set, it was cleaned by sand-blasting, and in the third set, it was further 
rusted by outdoor exposure for two weeks 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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6 CORROSION RATES OF STEEL IN CONCRETE 

FIG. 1--Mortar sample containing a centrally placed steel rod. 

Exposure Procedure 

Thirty days after casting, the samples were immersed in a 1 N sodium chloride (NaC1) or 
calcium chloride (CaCI2) solution containing calcium hydroxide (Ca(OH)2) and coupled to 
potentiostat. They were held at a constant applied potential of 0.00 mV saturated calomel 
electrode (SCE) and the current flowing between each embedded steel rod and an external 
stainless steel counter electrode was monitored daily. The initial current densities monitored 
were of the order of 10 4 A /m  2 (approximately 0.1 p~m/year) and continued unchanged until 
the chloride penetrated the cover and initiated corrosion at which time the current increased 
by over three orders of magnitude in the course of a few days. 

At this time, three samples of each set were removed and broken to expose the mortar 
surface adjacent to the steel. Small samples, of the order of 1 g, were removed in approx- 
imately 2 to 3 mm from this surface, dissolved in hot nitric acid (HNO3), cooled and analyzed 
for C1- by potentiometric titration against silver nitrate (AgNO3). 

In addition, very small samples, of the order of 5 rag, were scraped from the surface 
adjacent to both the noncorroding part of the steel and to the corroded part. These were 
analyzed for C1 by energy dispersive X-ray fluorescence spectrometry (XRF). In this tech- 
nique, the ratio of the intensities of the characteristic X-rays for chlorine and calcium were 
determined for a number of samples containing known amounts of sodium chloride and the 
results plotted as a calibration curve. The chloride content of the samples was then deter- 
mined by comparing their C1/Ca intensity ratios with those on the calibration curve. 

The remaining three samples were disconnected from the potentiostat and positioned 
vertically with the lower 2 to 3 cm in the chloride solution. Their free potentials were 
monitored over a period of several weeks and their corrosion rates were determined by 
polarization resistance measurements. The reason for their being partially exposed to the 
atmosphere is that earlier experiments showed that the initial corrosion rate is so high that 
the oxygen dissolved in the pore solution of totally submersed samples is rapidly depleted 
and the corrosion reaction is stifled despite the high chloride content of the mortar. Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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HANSSON AND SORENSEN ON THRESHOLD VALUE OF CHLORIDE 

TABLE 2--Analyses of the different cement types mvestlgated Composmons are given in percent 
by weight 
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Cement Type D-OPC A-OPC S-OPC D-SRPC D-RHPC D-STD 

Loss on lgmtlon 
(1000~ 2 4 2 3 2 3 0 9 0 2 0 2 

Insoluble residue 0 6 0 6 0 4 
S102 19 6 19 9 19 6 24 4 22 4 22 4 
A120~ 6 0 5 5 4 8 2 6 4 9 4 9 
Fe203 3 0 2 8 2 1 3 1 2 8 2 8 
CaO 62 9 61 7 62 8 65 1 66 2 66 2 
MgO 09 24 30 06 10 10 
SO~ 27 27 28 20 06 06 
Alkahs 1 9 2 1 2 2 0 4 0 9 0 9 

"Bogue composmon" 
C~S 54 7 51 2 63 4 49 0 58 0 58 0 
C2S 15 0 18 5 8 5 33 0 21 0 21 0135 
C~A 108 98 92 20 80 80 
C4AF 9 1 85 64 90 80 80 
Flyash ad&tlons 3 0 22 0 

Specific surface 
area, m2/kg 300 355 390 300 400 440 

At the end of this exposure period, the bound chloride content was determined for a 
single sample of each cement type by the following procedure The lower half of the sample 
(that is, that which had been partially submersed in the NaC1 solution) was removed and 
crushed One part was weighed, dried for 48 h at 110~ and rewelghed to determine the 
free water content The total chloride content of these samples was determined by dissolving 
the dried mortar in 0 01 N HNO3 and analyzing the solution for C1- by potentlometrlc 
titration against AgNO3 The pore solution was expressed from the remaining part of the 
samples and analyzed for both OH-  and C1 by chemical and potentlometric titration, 
respectively 

Results and Discussion 

The values of time to initiate corrosion, to, the critical chloride concentration, Co, the 
steady-state corrosion rate, to, fhe proportion of free chloride given as a percentage of the 
total chloride content, the pH value of the pore solutions expressed from the samples together 
with the pH values of the same cements without chloride additions, are given in Table 3 
The effects of the different parameters investigated are presented in graphical form m 
association with the following discussions 

The pH values (calculated from hydroxyl ion contents) of the pore solutions after long- 
term exposure to sodium chloride solution vary very little from cement to cement and are 
all lower than might be expected This may be explained, however, by the previous obser- 
vation [20] that an ion-exchange takes place at the surface of concrete exposed to salt 
solutions, the hydroxyl ions being leached out while the chloride ions diffuse in Thus, the 
low, fairly constant values of pH reflect the result of this exchange 

It can be seen from Table 3 that the threshold value of chloride concentration at the onset 
of corrosion is not as pronounced as might be expected and appears, unexpectedly, to be 
independent of the proportion of the total chloride remaining in the pore solution 

The actual value of the threshold concentration determined by potentlometrlc t i t rat ion--  Copyright  by ASTM Int ' l  (a l l  r ights  reserved) ;  Sun Dec 27 14:29:17 EST 2015
Downloaded/pr in ted  by
Univers i ty  of  Washington (Univers i ty  of  Washington)  pursuant  to  License  Agreement .  No fur ther  reproduct ions  author ized.



8 CORROSION RATES OF STEEL IN CONCRETE 
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HANSSON AND SORENSEN ON THRESHOLD VALUE OF CHLORIDE 9 

approximately 0 15 to 0 35% by weight of the mortar, giving a value of 0 6 to 1 4% by 
weight of the cement-- is  significantly higher than expected from practical measurements of 
chloride concentrations m constructions in which the reinforcement is actively corroding 
There are two possible explanations for this 

First, only a small amount (approximately 1 g) of mortar is removed from the sample 
adjacent to the steel and it is likely that the cement sand ratio in this sample is higher than 
in the bulk of the sample Therefore, to convert the total amount of chloride present to 
weight percentage of the cement, the mult~phcation factor should be lower than the theo- 
retical value of x 4 

Second, the steel used was smooth and clean whereas normal reinforcing steel is both 
profiled and more or less covered by a rust layer at the time the concrete is cast The profiling 
g~ves a larger specific surface area and, together with the rust, can also give rise to corrosion 
at lower chlonde contents by the phenomenon known as crevice corrosion 

The values of cnt~cal concentration determined by X-ray fluorescence are consistently 
lower than those determined by titration One reason for this is that they are determined 
on very small amounts (approximately 5 mg) of material scraped from the layer immediately 
adjacent to the steel whereas those for tltranon are obtained from samples drilled from the 
mortar adjacent to the steel to a depth of approximately 2 mm Assuming a linear concen- 
tration gra&ent exists from the surface of the sample to the steel, the difference in XRF 
and titration values can partly be accounted for by the difference in C1- concentration over 
these 2 mm. 

A second effect is that the XRF determinations were made by comparison of the intensities 
of the C1 and Ca characteristic X-ray emissions with those of standard samples prepared m 
the same manner By th~s technique, the uncertainties in the content of sand in the sample 
are ehmlnated It is felt, therefore, that XRF results are the more realistic values 

A very good correlation is observed between the time to Initiate corrosion, to, and the 
electrical resistance of all the hardened samples, as illustrated m Fig 2 This suggests that 
electrical resistance of fully saturated concrete or mortar could be used as a s~mple and 
inexpensively determined parameter to rank their resistance to penetration of salts 

Effect of Curmg Time 

The transfer of samples from 100% RH to the laboratory atmosphere of approximately 
50% RH results in a drying out of the mortar and effectively stops hydration Thus, samples 
which were cured at 100% RH for only three days and allowed to dry out for 27 days can 
be expected to contain slgmficant amounts of unhydrated cement and to be extremely porous 
When the sample is subsequently immersed in NaC1 solution, the chloride ions will penetrate 
the mortar very rapidly together with the water as it is drawn in by capillary suction The 
unhydrated cement can then begin to react and will be affected by the presence of the C1- 
ions which will have a greater chance of being chemically bound than if they penetrated 
fully hardened cement paste and may also have an accelerating effect on the hydration 

The longer the period of moist curing, the slower will be the penetration of chlorides but 
the degree of chemical binding can also be expected to be lower The first hypothesis is 
confirmed by the results shown in Fig 3 the initiation time for corrosion increases ap- 
proximately linearly with an increasing penod of moist curing On the other hand, any 
increase in chemical binding is not reflected in a higher critical chlonde concentration for 
corrosion and, m fact, the tendency is the opposite One possible cause could be that a 
moist cunng period of only three days was not sufficient to allow a fully protective passive 
film to be formed before the chlondes penetrated the mortar cover 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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10  CORROSION RATES OF STEEL IN CONCRETE 
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FIG. 2--The time to initiate corrosion as a function of the electrical resistance of the hardened samples. 

Effect o f  Water/Cement Ratio 

A major effect of increasing the w/c ratio is an increase in the porosity. This has a threefold 
negative effect from the point of view of reinforcement corrosion: a more rapid diffusion 
of chloride ions in to the steel surface; easier ingress of oxygen and lower electrical resistivity. 
Increasing the w/c ratio has two additional effects: first, it results in a lower pH of the pore 
solution [20] which, in turn, influences both the degree of chloride binding [20,21] and the 
critical concentration of chlorides required to break down the passive film [23]. Second, a 
higher w/c ratio gives a greater total amount of free water and, therefore, a more dilute 
chloride concentration in the pore solution [20]. 

The net effect of these factors is negative, however, as illustrated in Fig. 4, with a rapidly 
decreasing initiation time for corrosion and a similar decrease in the critical chloride con- 
centration for corrosion (as determined by XRF). It should be noted that the effect of 
w/c ratio on the initiation time is considerably greater than that of curing shown in Fig. 3. 

The Effect of  Cement Type 

The critical chloride concentrations and the initiation times for corrosion for mortars 
prepared with all seven types of cement are given in the bar diagram in Fig. 5. In Fig. 6, 
the values of to for samples prepared with the three Danish cements, sulphate resistant 
portland cement (SRPC), rapid-hardening portland cement (RHPC) and standard cement, 
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FIG. 3--The corrosion initiation time and critical chloride concentration (determined by XRF) for 
Danish OPC mortar samples as a function of the period of moist curing. 

are plotted versus the steady-state diffusion coefficients determined for 28 day old paste 
samples of the same cements also with w/c = 0.50 published previously [24]. The correlation 
is excellent and confirms that steady-state diffusion measurements on paste samples can be 
used as an indication of resistance of mortar and concrete to penetration of chlorides. 

The Ordinary Portland Cements (OPCs)--Despite the fact that the composition of all 
three OPCs lie within the general specification for ordinary portland cement, their response 
to exposure to chlorides is quite different. The present results confirm a previous observation 
[25] that the Swedish OPC has a much lower binding capacity for chlorides than do the 
Danish or Austrian OPCs. The reason for this is not clear but is probably a combination 
of the effects of the lower total aluminium content (that is, tricalcium aluminate 
(CaA) + tetracalcium aluminate ferrite (C4AE)), the higher pH of the pore solution (which 
has been shown to decrease the chloride binding [20,21]) and, possibly, the additions of 
ferrous sulphate to this cement�9 

Although the concentration of chlorides remaining in solution in the Swedish OPC is 
much greater than that if the other OPCs, the critical total chloride concentration necessary 
to initiate corrosion is the highest of the three OPC cements. It must be concluded, therefore, 
that the high dissolved chloride content which can be tolerated is a result of the very high 
pH of this cement. 
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FIG. 4--The effect of water/cement ratio of Danish O PC mortar samples on the time to initiate corrosion 
and the critical chloride concentration (determined by XRF). 

There is no relationship between the values of to for samples made with these three cements 
and, for example, the specific surface area of the cement which must play a role in the pore 
size distribution of the hardened paste. That the Danish OPC had the lowcst value of all 
seven cements is probably due to its coarse particle size but the Swedish OPC has the highest 
specific surface area of thc three but a lower value of t,, than the Austrian OPC samples. 
The additions of ferrous sulphate to the Swedish OPC which have a mild accelerating effect 
may, however, result a more open pore structure and, thereby, allow more rapid penetration 
of the chloride solution. Ferrous sulphate is also normally added to Danish cements, but 
the OPC used in this project was one prepared for experimental purposes and did not contain 
this additive. 

Sulphate Resistant Portland Cement--Apart from the Swedish OPC which was just dis- 
cussed, samples prepared with SRPC exhibited the lowest degree of chloride binding, as 
expected from its low C3A content. 

It should be noted, however, that despite previous reports [26] that SRPC has a lower 
resistance to chloride diffusion than OPC, the present results show very littlc difference in 
the behavior of SRPC samples relative to those prepared with the three OPCs. 

Cements with Microsilica or Fly Ash--The previous observation [251 of a significant in- 
crease in the binding of chlorides by additions of silicon dioxide (SiO2) to thc Swedish OPC 
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is confirmed by the present measurements. There are probably two reasons for this: first, 
the low value of pH which influences the degree of chloride binding [20,21] and, second, 
the enormous increase in internal surface area available for adsorption of the CI- resulting 
from the presence of the extremely fine silica particles. 

Despite the high degree of CI binding, however, the samples of prepared Swedish OPC/ 
SiO, exhibited the lowest value of critical chloride concentration. This is also attributable 
to the low pH of this cement mixture. 

The Danish rapid hardening (RHPC) and Standard cements contain 3% and 22% fly ash, 
respectively, and exhibited the highest values of t, suggesting that the fly ash is very effective 
in rcducing the porosity in the hardened paste. In comparison, the SiO2 probably produces 
a more open structure in mixes without the use of a superplasticizer. 

Effect o f  Cation Type 

It has been reported that chloride as CaCI: diffuses through hardened cement paste more 
rapidly than it does as NaCI [27]. Moreover, chloride added as CaCI2 to mortar in the mixing 
water results in a higher corrosion rate than similar additions of NaCI [28]. In the present 
experiments, however, where the chloride penetrates the hardened mortar together with 
water, there is no significant effect on the time to initiate corrosion of steel in Danish OPC 
mortar and, in fact, the CaCI: gives a slightly longer average initiation time than does NaCI. 

In contrast, the CaCI, initiated corrosion of steel in Standard cement considerably more 
rapidly than did NaCI. It is possible that this is due to the Standard cement's very slow 
hardening rate relative to that of the OPC. This is supported by the fact that the electrical 
resistance of the Standard cement samples exposed to CaCI2 solution which was 88 1] at the 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



1 4  C O R R O S I O N  R A T E S  O F  S T E E L  IN C O N C R E T E  

175 

oJ 

! 

o 

,d 
o ~ 

o ~ 

150 

1 2 5  

100 

75 I I I I 

I00 200 300 400 500 

Time to in i t ia te  corrosion, days 

FIG. 6--The time to initiate corrosion versus the steady-state diffusion rates (from Ref 2 4 ) for samples 
prepared with the Danish cements. 

time of exposure, rose to 397 II when corrosion was initiated after 96 days. Compared to 
that the electrical resistance of the samples exposed to NaCI solution had reached a level 
of 1087 fl  by the onset of corrosion after 389 days. 

Effect o f  Steel Surface Condition 

At the time of writing of this article, that is after 100 days exposure to chloride solution, 
all the samples containing sand-blast, profiled reinforcement had begun to corrode. Five of 
the six samples containing as-received reinforcement and only two samples containing rein- 
forcing steel which had been exposed outdoors prior to being embedded in the concrete 
had begun to corrode. The initiation time for smooth steel in the same cement (Danish 
OPC) was only 48 days and it must be concluded, therefore, that the profiling or the presence 
of rust or both have a positive effect on the onset of corrosion. It was noted, however, that, 
in contrast to the normal single area of corrosion observed on the smooth steel, tiny areas 
of corrosion were visible on the profiled steel, especially at the corners of the profiling, as 
illustrated in Fig. 7, suggesting that crevice corrosion can play a role in corrosion of this 
steel. 

Conclusion 

The investigation has shown that the initiation time to onset of corrosion is strongly 
dependent on hardening condition, water/cement ratio and type of cement, including content 
of microsilica and fly ash. All of these properties are reflected in the electrical resistance Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG. 7--Macrograph of profiled reinforcing bar showing corrosion initiation at the corners of the 
profiling. 

of the concrete. It has been shown that the time to initiation is proportional to the logarithm 
of the electrical resistance. 

The critical chloride concentration is less dependent than the initiation time on the pre- 
viously mentioned parameters. 

Drying test specimens in laboratory atmosphere three days after casting, causes a reduction 
of 2 to 3 times in the critical chloride concentration and in the initiation time, compared to 
specimens that has been hardened in 100% RH for 31 days. 

Tests performed on specimens with water/cement ratios of 0.4 to 0.6 showed that reducing 
the w/c ratio has two synergistic effects: (1) the critical chloride content is increased due to 
the higher pH in the pore solution and: (2) the porosity of the paste is considerably reduced. 
The combination of these two factors leads to a considerable increase in the time to corrosion. 

The replacement of 10% of the cement with microsilica leads to a reduction of the critical 
chloride concentration to approximately one third of the level for the same cement without 
microsilica. However, the denser structure in the mortar containing silica leads to an increase 
in the initiation time of a factor of 2 to 3 and the net effect of microsilica on chloride initiated 
corrosion is therefore positive. 

Fly ash has only a minor, if any, effect on the critical chloride concentration. However, 
the time to corrosion is increased considerably due to the less porous structure. This effect 
is even greater if the pozzolanic reaction of the fly ash is allowed to progress before the 
chloride ions reach the reinforcement. 

In the test series with profiled reinforcing steel, the results indicate that the corrosion 
properties of the profiled steel are at least as good as those of the smooth steel. Further, 
the presence of a rust layer on the steel prior to casting seems to have a positive effect on 
the corrosion properties. 
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ABSTRACT: The polarlzaUon resistance method was used to measure the corrosion rate of 
steel bars embedded m mortar specimens The measurements were carried out on specimens, 
with different percentages of blast furnace slags (0, 20, 45, and 75% weight relative to the 
weight of cement) During the first 28 days, all the speomens were cured, immersed in water, 
and subsequently stored partially immersed at 50 and 100% relative humidity In addition to 
the polarization resistance, the corrosmn potential and ohmic resistance of the specimens were 
recorded The influence of the different storage conditions and the percentage of furnace slags 
on the corrosmn rate of steel bars embedded m the mortar are discussed An analysis of the 
correlation between the measured parameters is presented 

KEY WORDS: steel in concrete, corrosmn rate, blast furnace slags, corrosion, steels, concrete 

Port land cement  blended with blast furnace slags (BFS) have been  used m several coun- 
tries Argent ine  standards allow up to 20% BFS mixed with cements  to be used m reinforced 
concrete structures Recent ly ,  attempts have been made to increase this level up to 75% 
and controversial  oplmons appeared For  that reason,  it was found necessary to survey the 
performance of steel m BFS blended cements 

Two features of BFS are indicated as potential ly dangerous m relation to steel passivity 
presence of sulfide and lower content  of  alkalis 

Longuet  [1] has studied the chemical composi t ion of the pore  solution of several BFS 
blended cements  The results showed that solution compositions were strongly dependent  
on both cement  composit ion and metallurgical slags composit ion The influence of sulfide 
on the electrochemical  behavior  of iron and steel in alkaline media  was studied in connection 
with corrosion in the pulp and paper  industry Tromans [2] repor ted  that sulfide might be 
incorporated into the magnet i te  lattice yielding a nonprotec twe film of contammated  mag- 
netite under  those conditions On the other  hand, Salvarezza et al [3] showed that the 
behavior of iron in high alkaline solutions is related to the concentrat ion ratio of S H -  / O H -  
In solutions with pH  ranging from 11 0 to 12 0 and with 0 01 M of sodium sulfide, they 
found a strong pH dependent  pitting potential  and inhibition of the pitting process at pH  
higher than 12 0 

In spite of these worrying reports,  in some countries furnace slags are used, as shown by 
the available information The failure of several prestressed concrete  structures have been 

Research engineer, research engineer, and research chemist, respectively, Sector Electroquimlca 
Aplicada, Instltuto Nacional de Tecnologia Industrial, C C 157, 1650 San Martin, Pcia de Buenos 
Aires, Repubhca Argentina 
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18 CORROSION RATES OF STEEL IN CONCRETE 

ascribed to the use of metallurgical cements, however, Vanden Bosch [4] argued that in 
many cases the true reason was a defective construction (high concrete porosity, poor 

concrete coverage, etc) 
In laboratory experiments Bat~c [5] determined that more than 35% BFS mixed with 

cements promotes steel corrosion In a previous work [6], we found that corrosion rate of 
rebars embedded m mortar with 20 and 65% BFS was shghtly different from that of slmdar 
rebars m portland cement mortar Two hundred days after curing the steel rods presented 

no differences m surface attack 
In this paper, the polarization resistance (Rp) technique was used with adaptations mtro- 

duced by Andrade [7] to measure the instantaneous corrosion rate of steel bars embedded 
m mortar specimens w~th &fferent contents of BFS 

Experimental Procedure 

Equlpment 

Conventional electrochemical equipment has been used PAR (New Hartford, New York) 
Model 173 potentlostat with ohmic resistance compensation, low rate linear voltage generator 
constructed m the laboratory and Phihps (Waltham, Massachusetts) X-Y recorder PM 8041 

Spectmen Preparatton 

Mortar specimens (7 by 6 by 3 5 cm) were constructed with 0, 20, 45, and 75% BFS as 
a cement replacement and with portland cement with a water/cement (w/c) ratio of 0 5 and 
cement/sand (c/s) ratio of 1 3 Cement and BFS chemical composition are reported m Ta- 

ble 1 
The specimens contained two identical bars and a central auxlhary steel electrode. The 

steel bars arrangement is displayed m F~g 1. Nine specimens of each composition were 
prepared and cured, immersed m water for 28 days Three specimens were kept m each 
storage con&tlon 50 and 100% relative humidity (RH) and partially Immersed (PI). Elec- 
trochemical measures were performed only for the storage period 

Steel bars were cleaned m hydrochloric acid 1 1 solution with 3 g/L of hexametylene- 
tetramme as corrosion inhibitor, washed with water, and dried m hot mr 

TABLE 1--Chemtcal composttzon of cement and slag 

Substance Cement, % Slag, % 

Insoluble residue 0 70 
Sdtcon &oxtde 21 60 
Aluminum oxide 4 55 
Ferric oxide 3 06 
Calcium oxide 64 00 
Sodium oxide 0 08 
Potassium oxide 1 06 
Magnesium oxide 0 70 
Sulfur tnoxtde 3 12 
Loss by calcination 1 90 
Free calcium oxide 0 38 
Total alkahnes 0 78 
Manganese oxide 
Sulfide 

2 00 
35 80 
11 00 
2 12 

42 80 

3 54 
0 12 

1 07 
0 90 
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FIG. 1--Mortar specimen scheme. 

Procedure 

In the present work, the Rp was obtained by applying a potentiostatic step of - 1 0  mV 
from the corrosion potential, and the current value was recorded after 15 to 20 s as suggested 
elsewhere [8]. In order to calculate the instantaneous corrosion current, Stern's formula was 
used. The constant B values in Expression 1 vary from 13 to 52 mV in the majority of the 
metal /medium systems. In the present work, B values of 26 mV for steel in the active state 
and 52 mV for steel in the passive condition were assumed as it was suggested [12] elsewhere. 

B 
current density = electrode area • Rp (1) 

An electrical circuit (Fig. 2) is assumed to represent the system; where C is the capacitance, 
Rp the Faradic resistance of the metal electrolyte interphase, and R~ is the resistance of the 
electrolyte and the mortar layers between the metal and the calomel reference electrode. 
R~ is measured through the comparative system of the potentiostat. Expression 2 is used to 
calculate R e values. 

AE 
Rp - Im . . . . . .  d Rfl (2) 

C 
I I 

Rp 
FIG. 2--Electrical equivalent circuit. Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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MORTARS IN 50% R.H.  
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F I G .  3--Variation o f  the corrosion intensity o f  steel bars embedded in BFS concrete mortars, 50% 

RH. 

where 

AE = p 
R~ -- measured ohmic resistance. 

Corrosion rate is directly proportional to the current density. In the present work, results 
were expressed as current density. 

The corrosion potential (E~) was measured between each steel rod and a reference standard 
calomel electrode (SCE). 
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FIG. 4--Variation of the corrosion potential of steel bars embedded in BFS cement mortars, 50% RH. 

R e s u l t s  

Figures 3 to 8 depict current density and potential versus time curves. The shadow zone 
marked on the graphs represents an approximate boundary between current densities that 
are considered significant in terms of their effect on service life and those that are not, as 
suggested by Andrade [11]. In all the cases, corrosion behavior shows a passivation trend 
(Figs. 3, 5, and 7), the smallest values correspond to the 50% RH stored specimens. The 
current density immediately after 28 days of curing (t = 0 day in the graphs) is independent 
on the BFS content and is about 10 times the current for specimens without BFS. On the 
other hand, there seems not to be another clear influence on the BFS content. Figure 9 
shows minimal corrosion rates of rebars embedded in 0 and 75% BFS cement mortars kept 
in 100% RH and PI. The corrosion potential versus time curves also show a trend of 
passivation (Figs. 4, 6, and 8). 

As it can be seen, the 50% RH condition promotes the higher Ec values. The 100% RH 
and PI potentials, are very similar to each other but smaller in magnitude. A well-defined 
dependence of potential on BFS content is apparent only in the 100% RH condition (Fig. 
6). 

Using ohmic resistance data, an overall conductance value has been computed for each 
condition and composition with 40 days of storage life. The results are presented in Fig. 10. 

Two types of behavior are evident. For 100% RH and PI conditions, the specimens 
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FIG. 5--Variation o f  the corrosion intensity of  steel bars embedded in BFS cement mortars, 100% 
RH. 

conductances are strongly dependent on the BFS content, otherwise a weak dependence 
appears in the 50% RH conditions. 

The first set of mortar specimens was broken after 60 days of storage, and the steel 
appearance was observed. Steels which had been embedded in cements without BFS pre- 
sented a whitish surface and those in BFS cements a blackish one. No other differences 
were evident between the steel probes. 

The polished bars used as auxiliary electrodes showed a slight, homogeneous attack in 
the case of BFS cement mortars. 

Within the mortar near the steel, some green regions occurred in the specimens containing 
BFS, except in those stored in the 50% RH conditions. The intensity of those patches 
increased with the BFS content. 

Discussion 

Cementitious materials are complex mediums, in the sense that chemical and physical 
properties change with time during months or even years. Furthermore, steel corrosion 
behavior can be affected not only by the solution aggresivity but also by oxygen availability, 
medium conductance, etc. 
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FIG. 6--Variation of the corrosion potential of steel bars embedded in BFS cement mortars, 100% 

RH. 

Sulfide concentration in the pore solution does not have a constant value [1]. During the 
hydration period, sulfide is leached out in the pore solution, but there is a simultaneous 
disappearance due to both its oxidation and its solubility in the tetracalcium iron aluminate 
(C4AF) phase [9]. The green patches observed near the rebar support the later mechanism. 
Moreover, even though the whole alkali content of the BFS mortars is lower than that of 
the pure cement mortar, the pore solution pH seems to be enough to maintain safe conditions. 
The fact that the S H - / O H  ratios calculated from the dates reported by Longuet ]1], remain 
well below the safe value suggested by Salvarezza [3] would support that supposition. 

The influence of the BFS content on the conductance, for the PI and I(X)% RH conditions 
(Fig. 10), could be related with the permeability decrease promoted by slag in blended 
mortars [10]. In the case of 50% RH condition, the conductance would be restricted by the 
less quantity of solution within the pores. 

The unexpected diminution in current densities for the PI and 100% RI-I conditions on 
going from 20 to 75% BFS (Fig. 9) could be ascribed to the diminution in conductance 
discussed previously that would exist between microanodes and microcathodes. Conductance 
dependence was sketched in Fig. 9 to emphasize this supposition. 
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F I G .  7--Variation o f  the corrosion intensity o f  steel bars embedded in BFS cement mortars, P1. 

C o n c l u s i o n s  

Both corrosion currents and corrosion potentials show passivation trends for steel embed- 
ded in portland cement mortars whether blended or not with blast furnace slags up to 75%, 
in all tested conditions. 

The corrosion current immediately after the curing period is independent of the amount 
of blast furnace slags (in the 20 to 75% range) and is about 10 times the current for pure 
portland mortar. This strong influence disappears with time. Then, laboratory tests per- 
formed on different ages of specimens could give contradictory results. 
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ABSTRACT: The approach presented here is an attempt to implement the values of corrosion 
intensity which have been measured m laboratory tests, m the framework of the serwce hfe 
pre&ctmn analysis for corroding structures F~rst of all, the model on serwce hfe suggested 
by Tuutl was considered, and only the propagation period model has been analyzed m this 
paper 

In order to expand the proposal, different steps were covered (1) the definition of an 
unacceptable level of deterioration, taking into consideration the levels suggested by the Comet6 
Euromternatmnal du B6ton (CEB) in its Bulletin No 162, in order to define the urgency of 
mtervennon m a damaged structure, (2) the reduction m bar &ameter or bar secuon was taken 
as the determining parameter m failure risk, assuming that this decrease m sectmn occurs 
either m a generahzed form or m the zones of the structure m which the load-carrying capacity 
may be significantly affected, and (3) the ranges of possible corrosmn intensity values were 
introduced m TuutFs model for calculating the reduction in bar secUon in function of the life 
of the structure Some examples for bars of 10 and 20 mm ~b were presented Finally, the 
hmltatmns and the ~mprovements of the proposal are discussed 

KEY WORDS: residual service life prediction, corrosion intensity, deterioration levels, cor- 
rosion, steels, concrete 

The  unexpec ted ,  p r e m a t u r e  de te r io ra t ions  m re inforced  concre te  s t ruc tures  have  gener-  
a ted  several  theor ies  and  models  m o rde r  to predict  concre te  service life [1-4], as a funct ion 
of different  sources  of  aggressive agents  and  of &fferen t  r a t e -de te rmin ing  pa rame te r s  

Service hfe p r e & c t m n  is a complex ma t t e r  in which b o t h  techmcal  topics and  economical  
consequences  are involved This concep t  has  been  expressed in different  ways, an adequa te  
one ,  perhaps ,  be ing  the  per iod  m which a s t ructure  fulfills its s t ructural  r equ i r emen t s  

Many  aspects conce rn ing  nomina l  design life and  res idual  serwce hfe r ema in  unexp lo red  
In the  case of fadures  due  to rebar  corros ion,  some of the  more  key aspects  are re la ted  to 
the  de te r io ra t ion  ra te  of  rebars  and  the  acceptable  hm~t of de t e r lo r a tmn  Th~s is the  max imum 
to le rab le  a m o u n t  of  corros ion co r respond ing  to the  condi t ion  of fadure  or  tha t  which may 
affect the  load-carrying capacity of  the  s t ruc ture  

In this paper ,  a first a t t empt  is p r e sen t ed  on  the  predic t ion  of the  r ema in ing  service hfe 
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30 CORROSION RATES OF STEEL IN CONCRETE 

of concrete structures being deteriorated by rebar corrosion. The approach has been made 
assuming that the "reduction in bar diameter or bar section" is the determining parameter 
in calculating the loss in load-carrying capacity of the structure. 

Service Life Models 

The most suitable scheme for modeling the service life of corroding structures is that 
presented by Tuutti [5], shown in Fig. 1. This model describes corrosion in two parts: (1) 
initiation period in which external aggressives enter into the concrete cover and (2) a prop- 
agation period which starts when the steel depassivates. The residual lifetime of the structure 
depends on the rate of deterioration. An unacceptable degree of corrosion, not quantified 
by Tuuti, is reached when a repair should be undertaken. 

The quantification of this deterioration period becomes of crucial importance in the 
assessment of damaged structures. 

Different laws of diffusion of chlorides and carbon dioxide (CO2) have been proposed in 
order to calculate the time of corrosion initiation as a function of different parameters (cover 
quality, cover thickness, etc.). The length of this initiation period is not going to be a topic 
of discussion in this paper since other more documented authors [6-8] have suggested good 
models. 

The propagation period, however, has received less attention, perhaps due to the scarce 
data offered by the literature on deterioration rates. In addition, the determination of an 
unacceptable level of corrosion has been described more philosophically than quantitatively. 

For this propagation period model, three different steps need to be set out in order to 
calculate the residual service life of corroding structures: (1) a more accurate definition of 
the level or levels of deterioration which may affect the serviciability or the load-carrying 
capacity of the structure; (2) the election of the deterioration determining parameters, that 
is, the parameters that need to be measured to be able to quantify the damage; and finally, 
(3) the transformation of the experimental data of steel corrosion rates into a form applicable 
to the determining parameter. When introduced in Tuutti's model, the transformed data 
will allow the calculation of the residual service life. 
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FIG. l--Tuuti's model of  service life. 
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TABLE 1--Damage levels o f  remforced concrete buddmg elements sublect to steel corroston" 

Damage Levels 
Visual 

Indications A B C D E 

Color changes b 
Cracking 

Spalhng 

rust stains as in A as in A as in A as in A 
some longitudinal several longitudinal extensive as m C as in C 

some on stirrups 
some extenswe In some areas steel as m D 

is no more in contact 
with concrete 

Loss in steel -c some stirrups broken 
section mam bars buckled 
(AAs As) -5% -10% -25% 

Deflecuons possible apparent 

a As = bar cross sectlon 
b Color modifications are not always present Therefore, this indication is not a prereqmslte for damage classification 
c Corresponding thickness of oxides to = a (AAs/As) +, where + = bar diameter, a = 0 5 for plato oxides, and 

a = 1 0 for oxides mixed with cementltmUS matter 

Levels of Deterioration 

The  proposa l  p r e sen t ed  m Bul le t in  No 162 of the  Coml t6  E u r o m t e r n a t l o n a l  du B6 ton  
( C E B )  for classifying the  urgency of r e p a m n g  or  s t r eng then ing  a s t ruc ture  af ter  damage  is 
an  appropr ia te  one  for  the  purposes  of this  paper  In  Table  1, we have  just  r ep roduced  the  
levels of de te r io ra t ion  (A,  B,  C, D,  and  E)  classified in the  bul le t in  [9] Combin ing  these  
levels with  the  calcula t ion of "capaci ty  r a t io"  v - R ' / S '  (R '  be ing  the  load-bear ing  capacity 
and  S '  the  act ion effect  this system or e l emen t  would be  requ i red  to resist according Nat iona l  
Codes) ,  the  res idual  stiffness may be  approximate ly  es t imated  Thus ,  capacity rat io values  
lower  t han  a b o u t  0 5 (see Table  2) [9] would  r eqmre  immedia t e  repai r  act ion Higher  values  
of  v would allow up to 1 or  2 years be fore  in te rven t ion  and  values abou t  the  unity would  

to le ra te  longer  per iods  of t ime (10 to 20 years)  before  relbalrmg 
There fo re ,  bea r ing  in mind  these  pnnc lp les ,  Levels  C and  D would be  those  which would 

requi re  a rapid in te rven t ion ,  tha t  is, the  s t ructure  would  have  run  out  its residual  service 

hfe,  whereas  Level  B and  A indicate  a longer  residual  service life 

Determining Parameter of the Load-carrying Capacity Loss 

In  Table  1 five p a r a m e t e r s  (color changes ,  cracking,  spalhng,  loss of steel sect ion,  and  
deflect ions)  are used  to def ine the  level of de te r io ra t ion  A m o n g  them,  only cracking-spal l ing 
and  steel  sect ion loss are going to be  cons idered  for  discussion m this pape r  

TABLE 2--Pseudo-quantitative estimation of  capacity ratio ,for buddmg-elements after 
chemical attack 

R C Elements Damage Level 

Constructmn A B C D 

New 0 95 0 80 0 60 0 35 
Old 0 85 0 70 0 50 0 25 
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32 CORROSION RATES OF STEEL IN CONCRETE 

Cracks running parallel to the rebars are the common external sign of steel corrosion 
Attempts have been made to calculate the stress needed to spall the cover by the generation 
of the oxides and, therefore, to design the bar diameter/cover ratio in order to avoid cracking 
ff corrosion develops Then, the cracking of the cover might be a rate-determining parameter 
in order to set the level of unacceptable deterioration 

However, when concrete reinforcements are corroding, the oxides generated may either 
crack the cover or may diffuse through the pore network producing brown spots on the 
concrete surface This last situation often happens in very wet concrete and, although the 
steel corrosmn may be high, no cracks can be observed in the concrete surface Therefore, 
cracking has not been considered by the authors as a general indication of the corrosion 
level 

We have preferred to work with the reduction of the bar diameter or bar section (attack 
penetration) as the rate-determining parameter because in both cases (cracking or dlffusmn 
of the oxides through the pores), this reduction occurs as a consequence of the metal loss 

For the purposes of this paper, this reduction needs to be either generalized or to take 
place in the crmcal zones (from the mechanical point of view) of the structure In order to 
assume ~t affects the load-carrying capacity 

Therefore, referring to the previously suggested levels of deterioration, reduction in bar 
section between 10 to 25% m the critical zones of the structure wdl mean the depletion of 
its residual service life, whereas reductmn of up to 5% (even with cracking and spalling) 
will indicate an early stage of detenoration with a remaining service life depending on the 
real corrosmn rate of the steel 

Corrosion Intensity Ranges in Concrete Structures 

The next step in predicting the remaining service life consists in calculating the number 
of years needed to reach the deterioration level previously described This may be done 
once the real corrosion rates (attack penetration rate) of the steel bars embedded in concrete, 
are known 

Over a 20-year period, the authors have collected a large set of corrosion intensity values, 
too. [10-12], which were calculated using the electrochemical technique known as polarization 
resistance (Rp) Mortar and concrete specimens of different sizes were tested in the laboratory 
in order to monitor the corrosion intensity (by means of R e values) Numerous variables 
were studied which might affect the corrosion rate of embedded steel such as amount of 
chlorides in the mix, penetration of chlorides, humidity content in concrete, type of cement, 
etc 

Figures 2 and 3 are examples of the trend of the ~ . . . .  over time as a function of different 
variables Figure 2 shows the case of steel bars embedded in mortar which was carbonated 
and held at different relative humidities, and Fig 3 depicts the case of steel bars (1 5 and 
7 5 cm cover) embedded in concrete immersed in seawater (using a B value in Stern's 
formula of 26 mV for active state and of 52 mV for the passive one) 

Figure 4 summarizes the t .... values which have been recorded in all the previously men- 
tioned experiments When the tcorr values measured are below 0 1 to 0 2 ixA/cm 2 (1 1 to 2 2 
ixm/year), then either no corrosion products may be observed (passive state) or the attack 
is insignificant Above 0 2 IzA/cm 2 (2 2 ixm/year) corrosion products may already be de- 
tected The maximum t .... measured in very aggressive environments is about 100 to 200 
i~A/cm 2 [12] This maximum value also may be drawn up from Fig 5 which shows the 
relationship found between lcorr and electrical resistance of carbonated mortar [13] It is not 
the purpose of this paper to comment on the meaning of this figure, but only to emphasize 
that the tr values which correspond to the lower electrical resistance that can be measured Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG. 2--Evolution of  ice,, values with time o f  bars embedded in carbonated mortar specimens fabricated 
with ordinary portland cement (OPC). The specimens were held in chambers with different relative 
humidities. The corrosion intensity values were calculated from polarization resistance, Rp, measurements. 

in uncracked concrete (between 50 to 100 .(3. during setting) are about 100 to 200 ixA/cm 2, 
which is the range limit previously mentioned. 

Residual Service Life in Corroding Concrete Structures 

The final step of the present approach consists in implementing all previous statements 
in Tuutti's model. Figure 6 represents such implementation as a first attempt to predict the 
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FIG. 3--Evolution of  ice,, values (calculated from Rp measurements) o f  steel bars embedded in concrete 
specimens fabricated with OPC and submerged in natural seawater. The cases of  1.5 and 7.5 cm cover 
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FIG. 6--Examples of residual service life for bars of 10 and 20 mm ~b. The reduction in bar section 
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residual service life by a simple, and therefore practical, methodology. This figure has been 
arrived at by calculating the penetration attack in millimeters per year for bars of 10 mm 
in diameter (10 mm 4)) and 20 mm ~b, from the values of the possible corrosion rates. The 
icor, values were transformed into percentage of reduction in bar diameter or bar section (1 
IxA/cm 2 is equivalent to about 11 txm/year). Therefore, assuming the corrosion rate remains 
constant, the~prediction of the number of years to reach a deterioration level (either 5, 10, 
or 25%) is easily attained. So, for instance, if the corrosion rate is 5 ixA/cm 2 (0.05 mm/ 
year) a 25% reduction in bar section is reached in 12.5 years after depassivation for a bar 
of 10 mm + and in 25 years in another 20 mm 4). Hence, the remaining service life would 
be the double for that of 20 mm + (this example allows us to deduce that in a corroding 
structure, a few bars of large diameter seem safer than numerous thinner ones). Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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Final Considerations 

The main difficulty of the proposal presented here is the estimation of the corrosion 
intensity m a corroding structure At  the moment, no rehabte methods exist which could 
be applied on-site, and thus, only indirect estimations may be used for implementation in 
Fig 6 Even though corrosion intensity values could be extrapolated from laboratory results, 
a high degree of uncertainty would remain Therefore, to predict the residual serwce life, 
only rough approaches are presently available such as (a) the estimation of the penetration 
attack from the real reduction of the bar section, assuming the life of the structure and its 
depasswation moment are known, or (b) using corrosion intensity values obtained from Fig 
5 by means of the on-site measurement of the local ohmic resistance of the concrete 

However, the reliability of the proposal to predict residual service life rests on the pos- 
sibdlty of on-site measurement of the steel corrosion rate of damaged structures (a matter 
which the authors are also working on) and its further statistical treatment m order to take 
mto consideration the fluctuations of tco,r due to environmental changes 

Conclusions 

The ideas set forth here are a first attempt to approach the prediction of the residual 
service hfe of corroding structures The authors have tried to advance previous suggestions 
by introducing a certain level of quantification in the schematic of existing service life models 
Future improvements are needed 

(a) optimizing the assumptions made here, 
(b) applying statistical treatment to the possible fluctuations of t .... values during the 

structure life, and 
(c) on-site monitorxng of the corrosxon intensity of damaged structures 
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Comparison of the Polarization 
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Society for Testing and Materials, Philadelphia, 1990, pp 38-51 

ABSTRACT: Reinforced concrete structures are often subjected to chloride intrusion from 
deicing salts or marine environments or both The chloride ions disrupt the normal passivity 
of steel in concrete initiating corrosion The corrosion can lead to structural failure of the 
concrete due to the increased volume of the corrosion products which results in cracking and 
scaling Much work Is underway to determine the corrosion rate of steel in concrete to de- 
termine the benefits of a particular protection system or to ascertain current condition of the 
steel 

Polarization resistance can be used to compare different protection systems and to determine 
the corrosion rate at a given time The technique involves the use of a potentiostat or gal- 
vanostat, and ideally means to correct for ohmic resistance in the concrete Though relatively 
easy to perform, it requires a potentIostat with a means of correcting for ohmic resistance and 
occasionally a better than superficial understanding of corrosion theory 

The Macrocell corrosion technique Involves the measurement of the galvanic current passing 
between a layer of steel in a chloride rich top mat and a low chloride bottom mat which acts 
as a cathode A resistor IS placed between the two mats, and the macrocell current is determined 
by measuring the voltage drop across the resistor This technique is most applicable when 
comparing corrosion protection systems in the laboratory 

In this paper, we compare polarization resistance measurements to macrocell measurements 
on the same specimens Whenever the macrocell technique indicates severe corrosion is in 
progress, the polarization resistance technique also shows corrosion to be occurring However, 
the polarization resistance technique is able to determine localized corrosion in addition to 
the macrocell corrosion effect In several cases, this is present in the absence of a macrocell 
current Furthermore, even when the macrocell technique shows the presence of corrosion, 
rates can be significantly underestimated due to localized rates When calcium nitrite is present 
in the concrete, localized corrosion rates remain low 

KEY WORDS: concrete corrosion, corrosion testing, polarization resistance, macrocell, cal- 
cium mtrlte, mhlbitors, reinforcing bars, concrete, corrosion, steels 

Approximate ly  half of  the 500 000 plus bridges in the U S Highway system are in need  
of repair  [1] The Strategic Highway Research  Program (SHRP)  pointed  out that  $450 to 
500 million per  year can be saved by correcting corrosion p rob lems  in current  bridges [2]. 
In recognit ion of the p rob lem of  assessing the extent  of corrosion damage ,  the SHRP program 

t Senior engineering research associate, senior technical specialist, and assistant product manager, 
respectively, W R Grace, Construction Products Division, 62 Whlttemore A v e ,  Cambridge, MA 
02140 
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has allocated approximately $10 mllhon to this problem [3] A good portion of this money 
is for electrochemical test methods 

In addition to the field assessment of steel in concrete, one needs laboratory techniques 
that can be used to develop the field methods and to develop corrosion protection systems 
Two techniques that are widely used are macrocell corrosion [4-6] and polarization resistance 
[6-13] 

In this paper, we compare corrosion rates determined by the macrocell corrosion and 
polarization resistance techniques Advantages of the macrocell techntque are that it is simple 
to use and inexpensive The polarization resistance technique requires more sophisticated 
equipment and should correct concrete resistivity [14] 

Test specimens consisted of control concrete with black steel, control concrete with gal- 
vanized steel, control concrete with aluminum conduit and these metals in concrete con- 
taming two levels of corrosion inhibitor The corrosion inhibitor used in this experimentation 
was a 30% calcium nitrite solution, one most commonly used in concrete structures Concrete 
cover was also varied Comparisons to other reported work on specimens with and without 
calcium nitrite are also given 

It will be shown that corrosion m macrocell measurements is always detected by polari- 
zation resistance However, in several cases, corrosion was detected by polarization resis- 
tance, but not by the macrocell technique. Furthermore, rates determined by macrocell 
measurements do not reflect the total corrosion activity 

Experimental 
The purposes of the following experiments were to compare macrocell corrosion rates to 

those measured by polarization resistance, and to determine if calcium nitrite inhibits the 
corrosion of galvanized steel or aluminum in concrete The mix designs were chosen to help 
accelerate the corrosion process, and as such, have higher water-to-cement (w/c) ratios than 
recommended [15]. Concrete covers were also lower than recommended to accelerate the 
tests 

Matertals 

An ASTM Specification for Portland Cement (C 150-86) Type 1 cement was used The 
coarse aggregate consisted of an ASTM Size 67 (19 to 4 75 mm) (3/4 to 1/4 in ) trap rock 
The fine aggregate was a natural sand, which met the requirements of ASTM Specification 
for Concrete Aggregates (C 33-86) Calcium nitrite was added as a nominal 30% by mass 
solution (DCI corrosion Inhibitor TM) 

A hgnosulfonate-glucose polymer (Daratard-172) retarder was added to the calcium nitrite 
mixes to offset set acceleration A vlnsol resin (Daravalr-M 2) air entraining agent was used. 
Slumps ranged from 10 8 to 15 2 cm (4 25 to 6 in ). 

Concrete Design and Test Samples 

The mix proportions and physical properties of the fresh and hardened concretes are 
presented in Table 1 The cement factor averaged 344 kg/m 3 (580 pounds per cubic yard 
(pcy)) and calcium nitrite solution was added at 0, 10, and 20 L/m 3 (0, 2, 4 gallons per yard 
(gpy)) This mix design is typical of concrete used in the field. The cement factor is high 

2 Registered trademark of W R Grace and Co, Cambridge, MA 
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TABLE 1--Concrete mzx designs and concrete propertws 

Parameters Control Sample Inhlbltor Dosage 1 Inhibitor Dosage 2 

30% Ca(NOz)2 solution 
L/m 3 0 10 20 
gallons/yard 3 0 2 4 

Cement factor 
kg/m 3 348 343 343 
pcy 587 578 578 

Coarse aggregate 
kg/m ' 1044 1028 1028 
pcy" 1759 1733 1732 

Fine aggregate 
kg/m 3 736 725 724 
pcy" 1240 1221 1220 

Water/cement ratio 0 49 0 49 0 
Air content, % 7 2 8 0 8 

Slump 
mm 108 123 148 
m 4 25 4 8 5 

28-day compressive strength 
MPa 28 46 31 77 38 
psi b 4128 4607 5535 

49 
0 

16 

"pcy = pounds per cubic yard 
b psi = pounds per square inch 

enough to be commonly found, but low enough to allow chlorides to penetrate at a reasonably 
rap~d rate 

The concrete mixtures were prepared at 22~ (72~ Samples for concrete mechanical 
testing were cast into 10 2 cm by 20 3 cm (4 in by 8 m.) metal cyhndncal molds The 
cylinders were demolded at 24 h and cured at 22~ in a fog room Compressive strengths 
are based on an average of two cylinders 

Corrosion samples were mlnlslabs 22 9 cm by 11 4 cm by 15 24 cm (9 by 4 5 by 6 in ) 
Each mm~slab had a top and bottom reinforcing bar or, in the case of the alummum samples, 
a conduit The reinforcing bars were #4 bars (1 3 cm in diameter) and were either black 
steel, galvanized steel, or chromate-treated galvanized steel The top bar was set at 1 9 cm 
(0 75 m ) or 3 5 cm (1 375 in ) from the top surface The bottom bars were 2 54 cm (1 in ) 
from the bottom to ensure good access to oxygen. The aluminum conduit samples (2.54 cm 
outside diameter (OD) (1 m )) were only tested at higher cover Corrosion rate measure- 
ments are based on averages of three samples 

All the metal samples were taped with electroplater's tape to expose 17 8 cm (7 in ) of 
bar A 5 1 cm (2 m ) high plastic dam with inside dimensions of 23 cm by 7 0 cm (9 in by 
2 75 m ) was caulked to the top The four sides of the sample and top surface outside of 
the dam were coated with a concrete epoxy. Ground clamps were used to attach a 100 ohm 
resistor between the top and bottom bar 

Test Methods 

Compressive strengths were determined m accordance with ASTM Test Method for Com- 
presswe Strength of Cylindrical Concrete Specimens (C 39-86) Total acid soluble chloride 
was determined as outlined in the Florida DOT Research Report 203 PB 289620 [16] Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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The mlnlbeams were cyclically ponded with 3% sodium chloride (NaC1) solution The 
solution was apphed for two weeks After two weeks of pondlng, the solution was vacuumed 
off, and the mlnlbeams were allowed to dry for two weeks The alternate wetting and dry- 
Ing slmdates normal exposures and allows oxygen into the beams Pondlng procedures that 
allow rapid chlonde ingress are used These practices are common and have been docu- 
mented [5] 

Corrosion rate measurements consisted of polarization resistance and macrocell corrosion 
techniques Both methods have been successfully used to measure corrosion rates of steel 
in concrete [4-14] 

The polarization resistance method ~s a nondestructive means of determining the corrosion 
rate, and thus one can momtor corrosion rate as a function of time The techmque uses a 
potenhostat to supply the current necessary to vary the potential between a reference 
electrode and the specimen away from the corrosion potential (typically -+20 mV) The 
voltage versus current curve is plotted on a linear scale 

Polarization measurements were performed using a PAR Model 351 System with current 
mterrupt The current interruption c~rcmtry ehmlnates ohmic errors in the measurement of 
the polarlzanon resistance These errors can be substantial and cause the calculated corrosion 
rate to be off by as much as 50% [14] 

The polarization resistance values, Rp, a r e  related to the corrosion rate by z .... = B/Rp, 
where B is taken to be 26 mV [8] This value of B was m good agreement with actual 
observed corrosion on embedded rebars in concrete 

Macrocell corrosion measurements were performed by measurmg the voltage drop across 
the 100 ohm resistor connecting the top and bottom bars of the mlnibeams The macrocell 
currents were measured at the beginning of the second week of the ponding of each cycle 
The method is very simple and determines the galvanic corrosion suscepnbihty of a top salt 
rich metal mat coupled to a salt-free bottom mat with good access to oxygen 

Results and Discussion 

Compressive Strength 

As can be seen in Table 1 and Fig. 1, calcmm nitrite substantially improved 28-day 
compresswe strengths The 20 L/m 3 addmon (4 gpy) provided a 34% improvement 

Corroston Rates 

After 14 and 24 months of cyclic pondlng, corrosion rates on all low cover and aluminum 
conduit specimens were measured using polarization resistance m addition to the maerocell 
testing performed every four weeks The samples included mlnlslabs containing black steel, 
galvanized steel, chromate-treated galvanized steel, and aluminum conduit The results for 
low concrete covers and aluminum conduit specimens are listed in Tables 2 to 5 Each type 
of metal was placed in concrete containing no calcium nitrite, as well as concrete containing 
other  10 or 20 L/m 3 (2 or 4 gpy) of calcium mtnte solution The steel embedded in concrete 
without calcium nitrite with 1 9 cm (0 75 m ) of cover are corroding The steel samples with 
3 5 cm (1 375 in  ) of cover have just begun to corrode after 24 months of pondmg As will 
be shown later (Fig 10), the aluminum conduit samples with 3 5 cm cover began corroding 
after tess than one month of pondlng (Aluminum m concrete does not passwate as steel 
does as the result of the high pH of concrete Chlorides do not need to be present for 
aluminum corrosion to begin ) 

In many cases, there is a direct correlation between corrosion rates measured with each 
method Figure 2 displays the relationship between the methods for aluminum condmt m Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG. 1--Compressive strengths as a function of calcium nitrite dosage. 

concrete after 14 months  of ponding.  The corrosion rates determined using the different 
methods are not  equal. At  the lowest corrosion rates, it is difficult to see a correlation. At  
slightly higher corrosion rates, however,  both methods indicate the same trend in corrosion 
rates. 

Figure 3 depicts the corrosion rates for several samples of black steel after 14 months of 
ponding. At  the lowest corrosion rates, there is again little correlation between the different 
methods. At  slightly higher corrosion rates, however,  both methods show the same tend- 
encies. After  24 months  of ponding (Fig. 4), the t rend continues to be  the same, although 
polarization resistance indicates that the rate is much higher than the macrocell test suggests. 

Although there are similarities between the two methods,  there are several cases in which 
macrocell testing is not  sufficiently accurate. Two of these cases are at very low corrosion 
rates and where both  pieces of metal are presumably corroding. Note,  visual observation 
showed severe corrosion of lower a luminum conduits,  as well as the top conduits, when 
calcium nitrite was not added. This could account for the drop in macrocell currents. The 
variation between the test methods is more evident for the steel and a luminum samples that 
are at low corrosion rates. Another  example is galvanized steel after 14 months  of ponding 

TABLE 2--Corrosion currents of aluminum conduit after 14 months. 

Calcium Nitrite, Polarization Resistance, Macrocell Testing, 
L/m 3 icorr, ~ A / c m  z i ........ li, P ~A/cm2 

0 2.22 0.23 
10 0.013 0.005 to 0.001" 
20 0.011 0.007 to 0.0 ~ 

"The first number is the average of the absolute values of all i ....... , values. The second is the average 
of actual i . . . . . .  11 values. (Some samples had negative i ..... .  , values.) 

NOTE--i ...... H is the current measured between the top and bottom bar. A positive number is used 
when the top bar is the anode. 
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TABLE 3--Corrosion currents of steel rebar after 14 months 

43 

Calcmm Nitrite, Polarization Resistance, Macrocell Testing, 
Type of Steel L/m3 t ...... I xA/cm2 t . . . . . . .  ID P .A/cm2 

Black steel 0 0 510 0 508 
10 0 232 0 003 
20 0 061 0 004 

Galvamzed steel 0 4 33 0 212 
10 0 005 0 003 
20 0 006 0.002 

Chromate treated 0 0 541 0 110 
galvamzed steel 10 0 191 0 004 

20 0 03 0 005 

NOTE--/macrocell IS the current measured between bottom and top bar A posmve number is used when 
the top bar is the anode 

(Fig 5) Af te r  2 years (Fig 6), the  cor ros ion  rates  of samples  wi thou t  calcium ni t r i te  have  
increased,  and  there  IS less of a di f ference be tween  the  two me thods  

Note  tha t  the  galvanized steel samples  in concre te  with no  calcium ni t r i te ,  u n d e r  1 9 cm 
of concre te  cover ,  show signs of co r rosmn at abou t  the  same t ime  as the  b lack  steel samples  
O t h e r  s tn&es  have  d e m o n s t r a t e d  the  same results  for ga lvamzed  steel [17] However ,  the  
cor ros ion  ra tes  of the  ga lvamzed  steel  are  abou t  half  tha t  of the  steel samples  (See Figs 7 
and  8 ) Ten  L / m  3 (2 gpy) of ca lcmm m t n t e  solut ion reduced  corros ion on the  low-cover  
galvanized steel mlnls labs ,  bu t  no t  as effectwely as it did for the  black steel  A t  20 L / m  3 (4 
gpy) of calcium mtr l t e  solut ion,  the  ga lvamzed  samples  are no t  corroding.  

Once  bo th  the  pwces  of meta l  have  begun  to corrode,  the  macrocel l  test  is inaccura te  
Since the  test  mon i to r s  the  dif ference be t w een  the  two pieces,  the  expe r imen t  is only realistic 
w h e n  one  acts as a re fe rence  If  bo th  bars  are  corroding,  the  macrocel l  test  wdl suggest  tha t  
there  is little activity on  e i the r  r eba r  A n o t h e r  l imita t ion of the  test  ~s tha t  as concre te  
res~stw~ty increases ,  m m c  cur ren t  flow be t w een  the  bars  ~s reduced  

TABLE 4--Corroston currents of steel rebar after 24 months 

Calcmm Nitrite, Polarlzatmn Resistance Macrocell Testing, 
Type of Steel L/m 3 t . . . . .  P -A/cm2 ~ ..... .  ,, } *A/cmz 

Black steel 0 1 575 0 831 
10 0 026 0 005 
20 b 0 001 

Galvamzed steel 0 0 722 0 041 
10 0 006 0 007 to 0 006 ~ 
20 0 072 0 

Chromate treated 0 1 091 0 035 to 0 025 ~ 
galvamzed steel 10 0 325 0 005 

20 0,253 0 001 

~ The first number is the average of the absolute values of all z ....... n values The second is the average 
of actual t . . . . .  n values (Some samples had negatwe i ....... n values ) 

b Not available 
NoTE--tma~occU lS the current measured between bottom and top bar A positive number is used when 

the top bar is the anode 
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TABLE 5--Corrosion currents of aluminum conduit after 24 months: 

Calcium Nitrite, Polarization Resistance, Macrocell Testing, 
L/m 3 i~r~, ~,A/cm 2 i . . . . . . .  t t .  I a,A/cm2 

O h 0.29 0.06 
10 0.013 0.004 
20 0.013 0.003 

The first number is the average of the absolute values of all imacroccJ~ values, The second is the average 
of actual i ..... co, values. (Some samples had negative i . . . . . . .  11 values.) 

b Cracked beams removed, average based on three beams. 
NOTE--i ....... , is the current measured between the top and bottom bar. A positive number is used 

when the top bar is the anode. 

Polarization resistance, on the other  hand, measures the corrosion rate of  each bar in- 
dividually. The accuracy of polarization resistance is confirmed by a good correlat ion with 

visual inspection. 
The  effects of corrosion of  the lower mat of rebar are demonstra ted in Fig. 4. Both 

methods yield approximately the same current  until it reaches 1 ~ A / c m  2. At  this point,  
polarization resistance indicates a much higher rate of corrosion. The lower i ....... , found 
using macrocell  techniques indicates that the reference,  or lower rebar,  is corroding. 

The  changes in the corrosion rate of black steel with time are shown in Fig. 7. The  rates 
are measured  using macrocell  tests. Af te r  18 months of ponding, it appears that the corrosion 
rates are not  increasing. Polarization resistance would indicate that both the top and bot tom 

rebars are corroding at a faster rate. 
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FIG. 5--Comparison of macrocell and polarization resistance currents for galvanized steel--14 months. 
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FIG. 7--Average macrocell current as a function of time for black steel with 19 mrn of  cover. 

Figures 7 through 11 demonstrate the effects of calcium nitrite on the corrosion rates. In 
every case, both dosage rates have prevented the initiation of corrosion. Figures 7 and 11 
show the wide fluctuations in measured rates using the macrocell method. 

Chloride Analysis 

Figure 12 shows the chloride profile at one year for concrete without calcium nitrite. 
Because chloride contents are significantly greater than 0.89 kg/m 3 (1.5 pcy) at the 1.9 cm 
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FIG. 8--Average macrocell current as a function of  time for chromated-galvanized steel with 19 mm 
of cover, 
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FIG. 11--Average macrocelt current as a function of  time for galvanized steel with 19 mm of cover. 

(0.75 in.) reinforcement level, it is not surprising that the black steel samples were corroding 
rapidly before one year. The galvanized bars were also corroding rapidly before one year 
at low cover indicating that they offered little if any added protection in the presence of 
chloride. 

Figure 12 also shows the predicted chloride profile based upon fitting the data to a one- 
dimensional diffusion model based on Fick's law. A nonlinear regression analysis was used 
to determine Co and D~ (surface concentration and effective diffusion coefficient). As can 
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FIG. 12--Actual chloride concentrations versus predicted. 
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be seen, the data fit this model qmte well The D~ff value was found to be 17 • 10 s cm2/s 
which is in relatively good agreement w~th other values determined in th~s laboratory for 
0 48 w/c concrete [18], and by others [12,19,20] 

Further Discussion 

The improved corrosion resistance w~th calcmm nltnte is m good agreement with previous 
studies measuring macrocell corrosion rates [4,5,18] Improvements with the galvanized 
steel are m general agreement with results reported m Ref 4 The reduced corrosion rates 
of the galvanized steel and aluminum condmt m the presence of calcmm nitrite were slg- 
mflcant and opens up the posstblhty of extending their use in concrete 

The two test methods both measure currents indicating corrosion However, corrosion 
rates (currents) are higher when measured by the polarization resistance method We have 
noticed this trend m other experiments [6,18] Since the macrocell techmque measures only 
the galvanic current, one would expect the rates measured by this technique to always be 
less than or equal to the total corrosion rate [21] 

Both of these methods gave reasonable results during the early stage of corrosion m the 
laboratory. Currently, we are conducting experiments with embedded probes in field struc- 
tures comparing both techmques However, in an already existing structure w~thout embed- 
ded probes, macrocell tests would be difficult to perform 

Conclusions 

Based upon the results of thts work, and comparisons to other studies, several conclusions 
concerning corrosion rate measurements and protection of steel m concrete can be made, 

namely 

1. both macrocell and polanzatlon resistance techniques can be used to determine cor- 
rosion rates of steel and aluminum in concrete m the laboratory until the lower mat of rebar 
(aluminum) begins to corrode, 

2 the macrocell technique appears to underestimate the corrosion rate,  sometimes by an 

order of magnitude; 
3 calcmm nitnte effectively delayed and reduced the corroston of black steel, galvamzed 

steel, and aluminum in concrete, and 
4 unprotected galvanized steel corroded as early as black steel, but to a lesser extent 
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Corrosion Rate Determination on Repaired 
Reinforced Concrete Specimens 
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Chaker, and D Whiting, Eds ,  American Society for Testing and Materials, Philadelphia, 
1990, pp 52-65 

ABSTRACT: The repair and maintenance of reinforced concrete structures is becoming in- 
creasingly important as structures become older and the use of condition surveys becomes 
more extensive Although guidelines exist for repair methods, httle is known about the cor- 
rosmn behavior once repmrs are made In this investigation, electrochemical tests typically 
used on reinforced concrete specimens were used on repmred specimens which were subjected 
to wet (3 5% sodmm chloride (NaCI) solution) and dry cychng Repmred speomens made 
with a water/cement ratio of 0 6 and patched with a common repair material showed rust 
staining, severe delamlnatlon, and cracking after a number of cycles while the typical (control) 
samples did not Although both types of specimens had comparable corrosion potentials, linear 
polarization measurements showed that Rp was lower, and therefore corrosion rates in the 
repaired specimens were higher than in the control specimens 

KEY WORDS: steels, concrete, corrosion, repair, hnear polarization, a-c impedance 

The normal corrosion protect ion afforded to reinforced concrete  structures can be sig- 
nificantly compromised  in chloride environments  This is reflected in the deter iorated con- 
dltlOn of many of the nat ion 's  bridges, which is caused at least in part by salt contaminat ion 
through deicing salt apphcatlon 

Much progress has been made in terms of new bridge deck construction, because epoxy 
coated steel and corrosion lnhlbitors can be quite effective in retarding corrosion in many 
instances [1] Many other  aspects of the corrosion of steel re inforcement  in concrete  con- 
structlon, including the use of cathodic protect ion,  have also been studied [2]. One  of the 
problems which has surfaced Involves the repair of steel-reinforced concrete  structures 
Because the repaired concrete  will involve a repaired port ion and an unrepalred portion,  
increased galvanic action is possible Even m an ordinary steel-reinforced concrete sample, 
oxygen, pH,  and microscopic surface differentials on the steel serve to cause galvanic cor- 
rosion [3-7] The situation will be more  severe in the case of the repaired concrete since 
the s tee l - -which  will contain microscopic and macroscopic surface differences i tself--wil l  
exist in two distinctly different environments  simultaneously Al though a number  of  guide- 
lines are in existence for the repair of reinforced concrete structures [8], in many instances, 
the nature and extent  of the repair are subjective 

Moreover ,  httle follow-up is carried out and the repair IS considered successful unless 
another  problem arises This paper addresses the evolut ion of  the degradation of  repaired 
specimens and the results f rom electrochemical  testing are presented 
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Procedure 

Equipment 

The electrochemical testing was carried out on a Model 350 corrosion measurement system 
and a Model 278 a-c impedance system (which consisted of a lock-in amplifier) from E G & G  
Princeton Applied Research. Both are microcomputer-controlled. Corrosion potential mea- 
surements were made using a saturated calomel electrode (SCE). 

Specimen Preparation 

Concrete prisms that were 5.08 by 5.08 by 30.48 cm (2 by 2 by 12 in.) were cast with a 
centrally located No. 4 (1.27 cm) bar of steel that was" 27.94 cm (11 in.) long. Each bar had 
a piece of copper wire spot-welded to it, and the bottom cut face as well as the interface 
between the steel bar and the copper wire was covered with epoxy. The repair specimens 
were purposely cast with a specified area (approximately 2.54 cm or 1 in.) of the bar exposed. 
This was accomplished by casting the concrete using a foam insert which resulted in a hole 
when the foam was removed. A schematic representation of the specimen showing the 
resultant hole is shown in Fig. 1. Ten inches of the bar remained covered. The concrete 
was made with Type 1 cement and a water/cement ratio of about 0.6 to ensure relatively 
high permeability. 

Procedure 

Reinforced concrete specimens were prepared in two ways. The control specimens were 
cast without sponge inserts while the other specimens were cast with sponge inserts. Twenty 
four hours after casting, the specimens were demolded and sponge inserts were removed 
leaving a hole and exposing the steel underneath. The specimens were then cured for 28 
days at 100% relative humidity, allowed to dry out in laboratory air for one month, and 
then placed in a solution of 3.5% sodium chloride (NaC1) and subjected to alternating wet 
and dry conditions (three days wet, four days dry). This lasted for two months and, by this 
time, severe deterioration had taken place along the exposed portion of the steel. The 
specimens were allowed to dry out again for one month. Some samples were broken open 
at this point to observe the extent of corrosion, and the extent os repair was based on 
observations made at that time. Some specimens were left un-repaired. Other specimens 
were prepared for repair. In those specimens which were repaired, the concrete was cut 

/ 

hole resulting from removal of sponge insert 

,-,,-) 

S 
J 

concrete specimen steel bar 

FIG. l--Schematic representation of a specimen showing the hole which resulted after removal of the 
sponge insert. 
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back to ensure thorough cleaning by sandblasting the corroded at"ea Following the sand- 
blasting, the cleaned steel was covered with a common repair material known as Set-45 
This product, which is made by Set Products, ~s composed of magnesia-phosphate powder 
and fine aggregate and is water activated The Set-45 was prepared according to package 
directions using 0 1 L of H20 per kilogram of Set-45 Efforts were made to ensure good 
bonding of the repair materials with the specimens The repaired specimens were placed in 
a 3 5% solution of NaC1 one week following repair and again subjected to wet-dry cychng 
This aggressive environment served to intensify the galvanic corrosion which resulted from 
the fact that the steel bar (which then contained the original surface and the cleaned surface) 
existed in two enwronments, namely, the old concrete and the repair material Electro- 
chemical tests such as hnear polarization and a-c impedance measurements were conducted 
on the third day of each cycle Linear polarization experiments which were conducted at a 
scan rate of 0 1 mV/s were started at 20 mV below Ecorr and ended above Eco,~ A lock-in 
amplifier was used for a-c impedance measurements in the frequency range of 5 Hz to 100 
kHz and a Fast Fourier Transform technique was used for the range 0 001 to I Hz Specimens 
were marked off m 2 54 cm (1 in ) sections so that half-cell potential measurements could 
be determined according to the ASTM Test for Half  Cell Potentials of Reinforcing Steel in 
Concrete (C 876-80). 

Results and Discussion 

Three control specimens (cast without inserts), three un-repaired specimens (visibly cor- 
roded but not repaired),  and six repaired specimens have been observed through 16 cycles. 
Because of the high water/cement ratio, all repaired specimens exhibited active potentials 
(according to ASTM C 876-80) by the third day of the first cycle. The control specimens 
required several cycles before all of them had active Eco,r values. The values of Ecofr changed 
quite rapidly following immersion with the un-repaired speomens attaining active potentials 
within about 24 h By the second cycle, there was no slgmficant difference in the corrosion 
potential in the twelve sections It was felt that there might be some marked difference 
between the patched area and the rest of the specimen, however, this was not observed It 
is possible that the high water/cement ratio resulted in such rapid intrusion of the NaC1 
that the differentials were quickly ehmmated 

After the first cycle, the average value of the polarization resistance, Rp, for the control 
specimens was 43 7 kf~ cm 2 while that of Rp for the repaired specimens was 6 1 kl~ cm 2 
With continued cychng, Rp for the control and repaired specimens decreased until after 16 
cycles they were '~ 4 and 5.1 kf~ cm 2, respectively These values were determined using the 
linear polarization technique and the Model 350 corrosion measurement system 

The a-c impedance data is often presented as a Nyquist plot in which the imaginary 
component of impedance (Z") is plotted versus the real component of impedance (Z')  for 
each excitation frequency It has recently been recommended [10], however, that Bode 
plots, which permit the examination of the absolute impedance IZI  and the phase angle, 
O, be used as standard plots They show more clearly the characteristic features of the a-c 
impedance data, especmlly for an electrochemical cell involving more than one time constant 

Initially, the control specimens and the repaired specimens showed Nyqulst behavior 
similar to that predicted from a proposed equivalent circuit for the steel in concrete system 
A typical Nyqulst plot and the proposed equivalent circuit are shown in Figs 2a and b [9] 
Actual a-c impedance data are shown In Figs 3a, b, c, and d While there is still some 
question as to how the actual data should be interpreted for the steel in concrete system, 
it is possible to make some inferences based on comparisons of the a-c impedance data 
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FIG. 2b--Equivalent circuit used for steel in concrete. 
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taken during different times of salt exposure. Therefore, it can be seen that by Cycle 8, the 
behavior of the control specimens had changed somewhat. The Cycle 1 and Cycle 8 plots 
for a specimen are shown in Figs. 4a and b. The Cycle 8 plot clearly shows a depressed 
semicircle and thus a smaller value of R2 and a higher corrosion rate during Cycle 8 than 
during Cycle 1. 

The Nyquist and Bode plots for the un-repaired specimens were quite different from those 
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6888 

for the control or the repaired samples in the early stages. Nyquist and Bode plots for an 
un-repaired specimen are shown in Figs. 5a and b, respectively�9 What is very remarkable, 
however, is that by the fifth cycle, the behavior of the repaired specimens was beginning 
to look more like that of the un-repaired specimens�9 Examples are shown in Figs. 6a, b, c, 
and d. Therefore, it appears that a-c impedance data can be used to follow the degradation 
of the steel in salt-contaminated concrete since definite changes can be observed as a function 

0"i 
0 

a-.. 

0"| 
@ 
"O 
%./ 

@ 

4 

%~149 .. 

�9149 

.. 
~ 

�9 

'%.. 

"" �9 - 

,~ �9 ~ 

'm 

~ ~ �9 �9 ~ 
�9 �9 ~ 

i , , I 

. o  

""'.......'." 

.J 
/ 

-38 
I I I I I I 

e ,  

1 oE1 Frecluersc,=~ iHz} 
FIG. 3d--Bode plot taken during Cycle 1 for a repaired specimen. 

I 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



58 CORROSION RATES OF STEEL IN CONCRETE 

. . . . .  C y c l e  1 

+ + + Cyc le  8 

U 

t~ 
E 
,C 
0 

N 
I 

"9888 

q.+ + 

__/ 
2888 

+ 4- 

I I I 

Z "  (oh 'ms CTn 2 )  

I I I 
2. 888E4 

FIG. 4a Nyquist plot taken during Cycles 1 and 8 for a control specimen. 

of time. At  the same time that the a-c impedance behavior was changing, rust stains and 
cracks were beginning to form on the repaired specimens. In some cases, the cracks were 
in the vicinity o f  the repair patch, but in other cases, the cracks extended the length of the 
top surface. Examples are shown in Fig. 7. Close up views are shown in Figs. 8a and b. A 
side view of the specimen in Fig. 8a is shown in Fig. 9. The rust staining and delamination 
are evident. 
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While the corrosion potentials of the control, un-repaired, and repaired specimens were 
very similar, the corrosion behavior as determined from the a-c impedance technique was 
quite different and indicative of what was happening internally. To be sure, the results 
described here are for a relatively high water/cement ratio and so the initial quality of the 
concrete is already low. In addition, they are for a specific repair material which was prepared 
in a very small quantity. These two factors, namely, the quality of the concrete to be repaired 
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and the mixing and placing procedures, have a tremendous effect on the corrosion behavior 
or the repaired structure. Therefore, the results show what can happen when repairs are 
made and the specimens continue to be exposed to chloride environments. 

Efforts are under way to investigate at least three types of repair materials on larger 
specimens made with concrete having a lower water/cement ratio. 
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FIG. 7--(a) Repaired specimen after eight cycles, cracks near patch. (b) Repaired specimen after eight 
cycles, cracks down center of specimen. 
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FIG. 8a--Close up view of repaired specimens after eight cycles, cracks near patch. 
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FIG. 8b--Close up view of repaired specimens after eight cycles, cracks down center of specimen. 
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HG. 9--Side view of specimen which had cracks near the patch. 
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Corrosion Measurements of Reinforcing 
Steel in Partially Submerged Concrete Slabs 
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ABSTRACT: The corrosion of reinforcing steel in concrete partially submerged in salt water 
has been investigated using concrete slabs containing longitudinal rebars divided into elements 
with independent electrical connections Open circuit potential, lnterelement current, concrete 
conductance, and electrochemical impedance measurements have been conducted while spec- 
imens were exposed to water containing chlorides over a period of about one year Direct 
observations of corrosion and concrete characteristics were conducted at the end of the ex- 
periment Corrosion tended to inihate at the evaporation zone of the vertical slabs, where 
chlorides accumulated Once active corrosion started, a macrocell developed v, ath the small 
portion of the bar below the water surface acting as an electron source Evaluations of the 
damage from macrocell current and electrochemical measurements were in rough agreement 
with direct estimates of sound metal loss based on after-exposure examination In bars where 
the separate elements were kept electrically isolated, corrosmn proceeded at a higher rate at 
those elements near the evaporation zone The results have been used to propose a mechanism 
for Corrosion initiation and propagation in partially Immersed reinforced concrete members 

KEY WORDS: corrosion, reinforcing, steel, rebar, concrete, piling, culverts, macrocell, chlo- 
ride, measurement, partial submersion, culverts, impedance, evaporation, currents 

The  cor ros ion  of steel re inforc ing bars ( rebars )  in concre te  is a resul t  of depasswat lon  of 
the  steel surface [1] In u n c o n t a m l n e d ,  freshly cured  concre te  the  mois tu re  in contac t  with  
the  steel has  a high p H  (near  12) due to the  p resence  of alkali hydroxides  The  meta l  acquires  
an  open-ci rcui t  po ten t ia l  typically f rom 100 to - 1 0 0  m V  versus the  sa tura ted  ca lomel  
e lec t rode  (SCE)  and  the  surface exhibi ts  passive behav io r  The  b r e a k d o w n  of the  passive 
film may  occur  because  of  the  act ion of  chlor ides ,  once  a th reshold  concen t ra t ion  of  those  
ions has been  reached  at the  meta l  surface The  zone  where  passivity b r e a k d o w n  has  occur red  
may b e c o m e  an anode  in an e lec t rochemical  corros ion cell The  anodic ,  meta l  dissolut ion 
reac t ion  is ma t ched  by ca thodic  processes tha t  can deve lop  n e a r b y  or  e lsewhere  on  the  
r eba r  For  s t ructures  in contac t  with  air, oxygen reduc t ion  IS the  mos t  likely expected ca thodic  
react ion The  s even ty  of the  de te r io ra t ion  and  its evolut ion with t ime vary great ly f rom 
system to sys tem 

Reinforced  concre te  s t ruc tures  of ten e n c o u n t e r  service unde r  par t ia l  immers ion  in wa te r  
conta in ing  chlor ides  These  c o m p o n e n t s  are subjec t  to a un ique  cor ros ion  conf igura t ion  
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[2,3]. Both the transport of chloride to the metal surface, and the factors determining the 
extent of the partial corrosion reactions after depassivation, are affected by the physical 
arrangement of the system. This is illustrated in Fig. 1 for a steel-reinforced column sub- 
merged in seawater. The portion of concrete below the water line is saturated with water, 
while regions near the top of the column will be relatively dry. This results in a moisture 
gradient with consequent upward transport of liquid. Water is removed by evaporation in 
the middle region. This process results not only in the transport of dissolved species (such 
as chloride) to the regions above the water line, but also in the accumulation of those species 
as residues in the region of evaporation. The accumulation can be so severe that chloride- 
rich efflorescenses can develop under stagnant conditions. The conditions for oxygen trans- 
port vary also as a function of position along the column. In the fully submerged region, 
the concrete pore network is filled with water and the effective diffusion coefficient of 
oxygen is smallest, comparable with that of oxygen in totally stagnant water (about 10 -s 
cmZ/s at room temperature [4]). Further up, the concrete pores are partially filled with 
water and transport of oxygen is easier. Effective diffusion coefficients of oxygen there can 
reach values that are orders of magnitude higher than those in the water-saturated zone [4]. 
The electrical conductivity of the concrete follows a trend generally opposite to, but more 
complicated than that of the oxygen diffusivity. The regions near the top of the column are 
dry and concrete resistivity can approach values typical of electrical insulators. The fully 
submerged region, saturated with seawater, has much lower resistivities, typically in the 
order of 1000 ohm �9 cm [5,6]. However, low resistivities may develop at the zone where 
chlorides accumulate, since some water is present there and the chlorides form a highly 
concentrated electrolyte with it. 

The region above and close to the water line possesses then a severe combination of 
chloride concentration, oxygen availability, and electrolyte conductivity to promote corro- 
sion. In marine structures, tidal action and sea spray, with concurrent wet-dry cycling, can 

Easy Oxygen 
Access 

DRY 

~ncrete 
~bar 

WATER 

LINE 

Elect ro ly te  
A v a i l a b i l i t y  

EVAPORATION 
AND CHLORIDE 
ACCUMULATION 

SATURATION 

FIG. 1--Conditions prevalent in a reinforced concrete component partially submerged in chloride- 
containing water. 
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extend or aggravate those conditions over a larger portion of a piling member Service 
experience confirms that corrosion damage appears normally above the water line, at or 
near the splash and tidal action area [2,3,7,8,9] In warm parts of the country, where road 
deicing is not common, most corrosion damage of highway bridges is seen at substructure 
piling that is partially submerged m seawater [10] While the problem is severe and wide- 
spread, many recent corrosion studies have concentrated on bridge deck structures, or 
concrete where chloride accumulation and moisture gradients result from a horizontal ar- 
rangement [11,12] Investigations addressing the corrosion of partially immersed columns 
are less common Among these, investigation of piling exposed m Tokyo Bay [2] demon- 
strated chloride buildup above the water line The same work established by means of 
differential current measurements that corrosion tends to originate near the tidal area 
Additional information on the operating mechamsms of deterioration is needed to develop 
reliable criteria for the durabIhty of plhng and other structures (such as drainage culverts) 
that experience partial submersion An investigation to develop design life criteria for rein- 
forced concrete culverts has been recently sponsored by the Florida Department of Trans- 
portation [13,14] To this effect, corrosion measurements have been conducted in instru- 
mented reinforced concrete columns with multiple-segment rebars, partially submerged in 
chlonde-contmning water The results from the initial phase of this investigation are reported 
m the following sections 

Experimental 
The majority of the test specimens were reinforced concrete slabs 5 1 cm (2 in ) thick, 

15 2 cm (6 in.) wide, and 45 7 cm (18 in ) high The steel reinforcement consisted of straight 
bars, o the r  in one piece or divided into electrically separated segments Sets of three slab 
specimens were exposed to each test environment Figure 2 shows the configuration of the 
slabs, as well as the system used to designate the different specimens and elements within 
Each rebar segment had its own external electrical connection Wire connections were 
separated from the concrete environment by encapsulating the connection w~th epoxIde 
metallographlc mounting compound (Specimen Types 2 and 3) or an epoxy mix (Specimen 
Type 1) Different segments of each multi-element rebar were mechanically connected using 
metallographic mounting compound or epoxy mix (Types 2 and 3 and 1, respectively) 
Reference electrodes, made from activated Titanium wire (Elgard anode stock [15]), were 
embedded In the concrete as shown in Fig 1 A connection box on top of each specimen 
allowed for electrical measurements Switches in the box permitted closing or opening 
electrical contacts between different portions of the multi-element rebars 

The concrete used is described in Table 1 The various internal components of each slab 

TABLE 1--Concrete composmon 

Specimen Type 

1, 2, and 3, typical 4, typical 

Cement type I I 
Composmon (parts by weight of cement) 

Coarse aggregate" 3 36 3 33 
Free aggregate" 2 03 2 38 

Water/cement ratio (w/c) 0 5 0 3 
Slump (in) 2 5 0 

" Staturated surface dry condmons 
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were precision-held in place during the casting procedure. Vibration and rodding were used 
to minimize voids and inhomogeneities. The slabs were cured in a moisture chamber for 28 
days after casting. The steel used for the reinforcing bars was 10 mm (3/8 in.) wire meeting 
ASTM Specification for Steel Bars, Carbon, Cold-Finished Standard Quality (A 108-81). 
The carbon content was 0.04%. This material is used in welded cage reinforcements for 
concrete pipe culverts. The surface of the steel was sandblasted to a bare metal finish prior 
to casting the slabs. 

In addition to the slabs, a 5.1 cm (2 in.) diameter cylindrical specimen was exposed in 
each environment (see Fig. 2). This cylinder contained the same type of rebar used in the 
slabs, but the concrete was dry-cast, with an effective water-to-cement ratio (w/c) of 0.3, 
representative of concrete commonly used in "dry-cast" concrete pipe. 

The investigation involved determining the mechanism and extent of corrosion in rein- 
forced concrete exposed to environments with various combinations of pH and liquid re- 
sistivity. This paper will address in detail the results from tests conducted using the test 
condition most resembling coastal water environments. The test liquid under consideration 
consisted of high purity water (with a resistivity of 30 000 ohm �9 cm, obtained from a high 
output reverse osmosis unit) with 9100-ppm chloride (added as sodium chloride) and 2570- 
ppm sulphate (added as sodium sulphate). The pH of the test solution in contact with the 
concrete was kept at a value of 8.5 by continuous renewal of the test solution with an 
automatic pumping system. The feed solution was made acidic with small additions of dilute 
hydrochloric acid (HC1) to keep the rate of renewal at a moderate level (typically 4 to 8 L/ 
day). The resistivity of the liquid at the test container was 35 ohm �9 cm. Results from another, 
less aggressive medium will be briefly discussed for comparison. 

After completion of the curing period, the specimens were placed in the test container. 
The specimens were submerged with the water line as shown in Fig. 2. Running tap water 
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FIG. 2--Test  specimen configuration; S = single bars, NC = multi-element bars where switches were 
normally closed, and NO = multi-element bars where switches were normally open. For simplicity, 
external wire connections are shown only for bar elements in Specimen Type 1. The internal reference 
electrodes had individual external electrical connections (not shown) (1 in. = 25.4 mm). 
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was used during the first week of exposure, after which regular exposure to the controlled 
test solution took place. Exposure times were on the order of one year. 

Several parameters were monitored during the exposure time, using a computerized data 
acquisition system. These parameters included solution pH and resistivity, open circuit 
potential of rebar, current between electrically coupled rebar segments, electrochemical 
impedance of rebar, and electrical conductance between parallel rebar segments. The open 
circuit potential measurements were conducted with respect to the internal reference elec- 
trodes and converted to values with respect to an external SCE electrode immersed in the 
liquid. Intersegment currents were measured with a zero resistance ammeter (ZRA) for the 
two segmented bars that were kept normally electrically continuous. Electrochemical imped- 
ance measurements were conducted with a computerized system [16] at periodic intervals, 
using the internal electrodes as reference and with a graphite counter electrode immersed 
in the liquid. The electrical conductance between similar parallel rebar elements within a 
given slab (as in Specimen Type 2, Fig. 2) was measured by momentarily isolating both 
elements and using a low-amplitude a-c bridge or current source/potential test combination. 
For segments facing a continuous bar (as in Specimen Type 1, Fig. 2) the segment was 
isolated and the conductance between element and bar was determined as just indicated. 

After about one year of exposure, one of the concrete slabs (Specimen Type 3, Fig. 2) 
was split open for direct observation of corrosion, concrete condition, and chloride and 
moisture gradients. 

Results 

Open Circuit Potentials 

Figure 3 shows the typical open circuit potential behavior, as a function of exposure time, 
of electrically continuous (single and multi-element) rebars in slabs. Additional potential 
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FIG. 3--Electrode potential versus time for a single bar (Bar 2, Specimen Type 1) and a normally 
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versus time results for a multi-element, electrically continuous bar are presented later in 
Fig. 13. The potentials remained high (within 100 mV of the SCE) for about 100 days until 
a sudden drop to - 250 mV versus SCE, or lower, took place. The time for that initial drop 
was longer for the rebar in the cylindrical, dry cast specimen. After the initial drop, potential 
fluctuations took place occasionally, but large negative values were eventually resumed. 
Figures 4 and 5 show the open circuit behavior observed in each electrically independent 
element of the two rebars that were kept electrically discontinuous during the test. Where 
short-term potential fluctuations took place, the main trends are similar in both bars. The 
No. 1 elements (the highest) remained at a high potential through the test. The No. 3 
elements, just above the water line, experienced a potential drop the earliest. The No. 4 
elements, in the fully immersed zone, showed the largest potential drop, but took the longest 
time to evolve. The No. 2 elements showed a behavior comparable to that of the No. 3's, 
but the potential drops took place at a later date. The time for the first potential drop in 
the No. 3 elements were comparable to the times observed in the electrically continuous 
bars in slabs. These trends are summarized in Table 2. 

Interelement Currents 

The elements in Bar 1 of Specimen Types 1 and 2 were kept normally electrically con- 
nected. Interelement currents were measured periodically with the ZRA. Except for a few 
isolated instances at low current levels, the current was such that electrons flowed from a 
given element to the element above. This permitted displaying the results by plotting the 
logarithm of the absolute value of the current as a function of current, as shown in Figs. 6 
and 7. In these figures, Levels 1, 2, and 3 correspond to the electronic current flowing 
through Switches 1, 2, and 3, respectively in Fig. 2. Interelement currents were typically 
less than 0.1 IxA when the potential of the continuous bar was high; the first drop of potential 
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FIG. 5iElectrode potential versus time of electrically separate elements of Bar 2 in Specimen 

Type 3. 

of the bar coincided with the first current with a value of 0.3 ~A or higher. Interelement 
currents reached values on the order of 10 IxA when corrosion was fully underway. 

lnterelement Conductance 

Figure 8a shows the electrical conductance between parallel elements at four different 
levels of Specimen Type 1. Figure 8b shows similar data obtained in an identical slab 
specimen, but exposed in a low chloride test where the liquid conductivity was maintained 
at 1000 ohm �9 cm (chloride content 400 ppm; pH = 4.5 [14]). Initially in that test, the values 
of the concrete conductance were relatively high, due to the moisture conditions from the 
wet chamber. The initial, high values were roughly maintained during the test at those levels 
corresponding to portions of the specimen submerged in water or just above the water line. 
Higher up in the slab, the conductance values followed the drying trend of the concrete, 
decreasing and stabilizing at relatively low values. The specimens exposed to the high chloride 

TABLE 2--Time to first potential drop. 

Specimen Type Bar Element No. Time (days) 

1 1 All 110 
1 2 (Single) 130 
2 1 All 150 
3 1 (Single) 125 
3 2 3 130 
2 2 3 160 
4 ... (Single) 235 
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environment considered In this paper showed similar drying-reduced trends, except for Level 
3 where the trend experienced a reversal After an initial decrease, the conductance at that 
level increased and roughly stabilized after 150 days of exposure, at around 5 10 -4 ohm -I 

Electrochemzcal Impedance Measurements 

Figure 9 (Specimen 3, Bar 1) illustrates the typical impedance behavior observed in 
electrically continuous bars as the time of exposure progressed At  short exposure times, 
when the open circuit potential was high, the impedance diagram approximated the behavior 
expected from a resistor-capacitor (R-C) parallel circuit with a very high value of R After 
the initial potential drop, the impedance diagram evolved as in Figs 9b and c, toward a 
closed, somewhat depressed semicircle Figure 10 (Specimen Type 3, Bar 2) shows the 
impedance behavior of each element of a bar that was kept electrically discontinuous during 
the test, at day 260 (see Fig 5 for potentials of each element at that time) Different elements 
show significantly different impedance behawor Elements 2 and 3, above and near the 
water line, show an impedance diagram resembling that of the electrically continuous bar 
(Fig 9) at the latest stages of evolution Element 1, in the dry zone, has a diagram char- 
acteristic of the early stages of exposure of the continuous bar 

Post-Exposure Tests 

Figure 11 shows the moisture and chloride content profiles obtained from the post-ex- 
posure examination of Specimen Type 3 The chloride content corresponds to drilled-out 
specimens from the inside of the slab, in the area between the parallel steel elements The 
moisture is free water (weight change following 48 h at 60~ of bulk samples (full cross 
section) obtained from different heights of the slab. 

Visual examination of the continuous bar (Bar 1) in Specimen Type 3 revealed that 
corrosion proceeded only in a zone of about 1 5 cm 2 on the side of the lowest end of the 
bar The corrosion products were black The average corrosion penetration in that area was 
estimated to be - 0  2 mm. In the multi-element, electrically discontinuous bar of the same 
specimen (Bar 2) deterioration appeared to be concentrated at some of the zones where 
the epoxide coating of the junction between elements loined the metal However, the 
deterioration did not appear to travel deep into the micro-crevice area. The region showing 
the highest corrosion occurred in the upper side of the joint between Elements 2 and 3, 
whereas no evidence of deterioration was observed in Element 1 or in Element 4 The 
overall extent of visible corrosion in this bar with multiple, isolated elements was much less 
than that seen m Bar 1 (single construction) of the same slab 

Discussion 

The open circuit potentials displayed in Figs 3 to 5, and 13 are given with respect to an 
external SCE submerged in the test hquld The values were obtmned by measuring the 
difference of potential of each element with respect to its closest internal reference electrode, 
and adding the difference of potential between the internal reference electrode and the 
SCE The internal and external reference electrodes were typically within -+100 mV of each 
other This difference showed little vartahon throughout the test, except when macrocell 
action (discussed later) developed elsewhere in the slab In those cases (see, for example, 
the curve for Element 1, Fig 5), a small potential step (typically less than 100 mV) would 
develop in the potential versus time curve These potential steps take place when macrocell 
current begins circulating along the longitudinal slab resistance The magnitude of the steps 
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is small because the slab dimensions are small and the concrete resistivity over most of the 
slab is moderate. For the same reason, only small potential differences appeared along 
electrically continuous bars even after local depassivation took place. Consequently, the 
potential of electrically continuous bars has been represented by a single value, chosen to 
correspond to the fully submerged portion. 

The open circuit potential is often an approximate indicator of the corrosion state of steel 
in concrete. For steel placed so that oxygen access is not severely limited, and in conditions 
not very different from highway structures, the criteria described in ASTM Test for Half- 
Cell Potentials of Uncoated Reinforcing Steel in Concrete (C 876-87) may be applicable. 
A corrosion behavior transition from passivity to activity is expected under those circum- 
stances when the open circuit potential of the steel reinforcement drops from values near 
-+100 mV (SCE) to values below -300  mV (SCE). Based on that, the potential trends 
shown in Figs. 3 and 13, and Table 2, suggest that active corrosion began somewhere in the 
electrically continuous bars within 100 to 150 days of exposure for the slabs (0.5 w/c) and 
235 days for the dry-cast cylinder (0.3 w/c). The ratio of these time values is in agreement 
with empirical correlations between mixing water content and time to corrosion [17]. 

The potential evolution trends for isolated rebar segments (Figs. 4 and 5) indicate that 
the regions to experience depassivation first were on the second element above the waterline. 
Figure 11 shows that, after one year, the concentration of chloride above the waterline 
reached a value about twice that encountered in the fully submerged region. Thus, this 
agrees with the observation of early depassivation in that region as well as with the concrete 
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conductance measurements The data m Fig 8 indicate that the xnterelement conductance 
at Level 2 begins to deviate significantly from that of a low-chloride test at around Day 100, 
which is the time of the early potential transitions The conductance data can be converted 
to approximate conductivity values by considering the element dimensions and their sepa- 
ration A simplified calculation yields a value of 3 x 10 -3 ohm -~ cm ~ for the average 
conductivity at Level 2 after 300 days of exposure This value is representative of moist, 
cured concrete [5,6] The conductance results are affected by shunting effects from adjacent 
elements and from the salt water in contact with the slab The presence of a moisture 
gradient in the slab introduces further complications Because of these factors, a quantitative 
estimate of the chloride concentration distribution from conductance data is not straight- 
forward Nevertheless, the results show that the lnterelement conductance is an additional 
useful indicator of conditions leading to corrosion 

Once depassivatlon has taken place in a portion of the rebar, the subsequent behavior is 
affected by the presence or absence of macrocells The a-c impedance diagrams of rebar 
elements that were kept normally disconnected from each other (as in Fig 10) show that 
corrosion proceeds at a faster rate in those elements where depassivatlon started first This 
is also in agreement with the visual observations of corrosion at Elements 2 and 3 at the 
end of the exposure period, in Specimen Type 3 where the elements were kept normally 
isolated However, in bars where the elements were kept normally interconnected, the 
lnterelement currents suggest a different trend The electronic currents move upward, and 
are of different magnitude at different levels The data in Figs 6 and 7 can be processed 
to determine whether a given element is a net producer or net consumer of electrons In a 
simplified macrocell scheme, metal oxidation could be visualized as taking place at one of 
the elements (the electron generator) while oxygen reduction is taking place at other elements 
(electron consumers) Calling Iu ,  IL2, and It.3 the electronic currents flowing through the 
switches at Levels 1, 2 and 3, respectively, the net electronic currents I, generated at each 
Element t can be calculated as 

I1 = O -  ILl (1) 

Iz = ILl - I ~  (2) 

13 = IL2 -- IL3 (3) 

/4 = IL3 -- 0 (4) 

These currents have been calculated and plotted in Figs 12 and 13 for the two normally 
electrically continuous bars used in the experiment Figure 12 shows that the potential drop 
of one of those bars was accompanied by the onset of fairly large lnterelement currents 
Element 4 (completely submerged) was a net electron generator once corrosion started 
The other elements, with one brief exception, were net electron consumers once corrosion 
started The lnterelement currents reflected variations on the overall bar potential For 
example, the small potential spike at approximately Day 120 (Fig 3, dashed line) was 
paralleled by a momentary decrease in lnterelement current activity 

Figure 13 offers a better opportunity of studying the development of corrosion in another 
electrically continuous bar, when the process takes some time to evolve In this particular 
bar, the potential fluctuated before reaching a stable low value (Fig 13a) These fluctuations 
probably reflect the switching back and forth between active and passive behavior, as a 
result of small variations In environmental conditions, or the formation and breakup of 
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FIG. 12--Net electronic currents generated (positive) or consumed (negative) during the exposure 
period by the elements of the electrically continuous multi-element bar (Bar 1) in Specimen Type 1. 

corrosion products at the microscopic level [18]. The first potential drop, at around Day 
150, was attended by the development of small currents between Elements 2 and 1. The 
potential then recovered, to fall again near Day 200 when larger currents developed, this 
time between Elements 3 and 1. At around Day 250, the potential reached values near 
-500  mV versus SCE and much larger interelement currents developed. Element 4 then 
showed measurable current activity for the first time, and the overall current levels resembled 
those documented in Fig. 12. 

The currents observed early in Elements 2 and 3 (Fig. 13b) indicate that these elements 
were initially net electron generators. Assuming that cathodic and anodic reactions are 
restricted to opposite ends of the macrocell, the current measurements suggest that corrosion 
developed first at Elements 2 and 3. This deduction is in good agreement with the open- 
circuit potential trends observed in the multi-element, electrically discontinuous bars, where 
depassivation was observed first at those same elements. While in the electrically discon- 
tinuous bars, those two elements continue to show the highest corrosion at later stages, in 
the electrically continuous bars, corrosion appears to shift to a lower region. In Fig. 13b, 
the current reversal near Day 250 at Element 3 (from net electron generation to net con- 
sumption) and the abrupt onset of net electron generation at Element 4 is suggestive that 
the latter element has begun corroding at a considerable rate, while the upper elements are 
being the site of oxygen reduction reactions. In the bar of Specimen Type 1 (Fig. 12), 
corrosion may have started first at Element 3, but if so the transition to high corrosion at 
Element 4 was very fast. Macrocell action can be very complex and net electron generation 
does not necessarily imply the predominance of anodic, metal dissolution reactions. How- 
ever, this interpretation of current trends for electrically continuous bars is supported by 
the direct observation of considerable corrosion at the bottom of Bar 1 in Specimen Type 
3, and by the a-c impedance and corrosion morphology observations in the electrically 
discontinuous bars. 
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The observations just described can be used to advance the following sequence of events 
describing the progression of corrosion on an electrically continuous bar When a freshly 
cured slab is partially submerged in water, the upper parts begin to dry and a moisture 
concentration gradient is established This results in upward transport of chloride-rich water 
and evaporation at an intermediate level above the water line (somewhere near the level 
of Elements 2 or 3) Chlorides begin to accumulate in that area, possibly first near the 
surface of the slab and then further inside As indicated by the post-test examination, chloride 
levels can be higher than those in the fully submerged area The crmcal chloride level for 
depasslvatlon is reached at the accumulation region, prior to other areas in the slab At that 
moment, iron begins to oxidize in that region, which becomes an electron source for the 
rest of the electrically continuous bar The potential of the whole bar is shifted downward 
by an appreoable amount Other pomons of the rebar in contact with high chloride con- 
centratIons will also enter the active corrosion regime This could happen Immediately (as 
in the case of Flg 12), or after some time to allow for reaching a higher chlonde concentration 
at the metal surface (Fig 13) The zone observed to undergo this transmon is the submerged 
portion, probably because of its considerable chloride concentration and low-resistance 
electrolytic path connection with Element 3 Once corrosion starts in this region, it is likely 
to take place with less anodic polarlzatmn because of the easy availability of electrolyte 
Since the conductance of the concrete IS appreciable, the catho&c reactmn can take place 
in the upper regions without excessive ohmic polarlzatmn and taking advantage of easier 
oxygen transport than m the fully submerged zone These condmons result in the formation 
of a macrocell with electron transport through the metal from the lower to the upper portions 
of the bar With these assumptmns, the macrocell should be relatwely stable and corrosion 
will take place preferentially on the lower portion of the bar over an extended period of 
time 

The proposed mechanism describes the condmons prevalent m a short, electrically con- 
tinuous rebar spanning the area around a fixed water line For a long rebar, extending 
several feet above and below the waterline, the zone of highest corrosion is not hkely to be 
at the bottom of the bar Once active corrosmn begins at the evaporatmn zone, the potential 
drop is expected to be limited to a relatively small portion of the rebar. Since longer resistive 
paths are involved, the ohmic polanzation is no longer small except for a zone close to the 
waterhne In an actual marine environment, tidal and spray action will aggravate chloride 
accumulation in the area above and below the average water hne by introducing wetting- 
evaporatmn cycles Under those conditions, corrosion may be conspicuous even above the 
tidal portion. This is m agreement with numerous observatmns of piling deterioration in 
semi-tropical environments [10] 

In addition to providing mechanistic reformation, the tests offered an opportumty to 
compare different ways of evaluating the seventy of corrosion Large electrode potential 
fluctuations, espeoally ff they take place over a short time interval, appear to be rehable 
indicators of the onset of active corrosion However, the potential measurements cannot 
provide an Indication of the rate of corrosion, or provide a reliable indication of where 
locahzed corrosion is taking place m the short rebars used here Dividing the rebar into 
elements with individual connections has provided a means of studying the locatmn of first 
corrosion initiation, and the shift of the posmon of highest corrosion with time Measurement 
of the mterelement currents provides a quantitative indication of differential corrosion 
activity However, the differential currents cannot be converted Into absolute rates of de- 
tenoration unless slmphfylng assumptmns are made about the corrosion state of some of 
the electrodes For example, when interpreting the results from Figs 12 and 13, one can 
propose that since Elements 1, 2, and 3 are under partml moisture conditions, then the 
primary electrochemical reaction taking place there is oxygen reduction Making the corn- 
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plementary assumption that Element 4 is the site of only metal oxidation, then a metal 
oxidation rate can be calculated for that element assuming an oxidation state and using the 
net current of electrons leaving the element 

dw/dt = 14 Mw/n F (5) 

where dw/dt is the iron oxidation rate expressed m grams per second, Mw is the molar 
weight of iron in grams, n is the oxMation state (assumed to be +2),  and F the Faraday 
constant Using Eq 5 and an average value for /4 of 12 IxA (Figs 12 and 13b), a rate of 
oxidation of approximately 0 3 mg/day IS obtained 

The ~mpedance measurements offer an alternative way of evaluating the rate of deteri- 
oration Because sizable mterelement currents complicate greatly the evaluation of imped- 
ance diagrams, this analys~s will be hm~ted to normally ~solated rebar elements, or to whole 
electrically continuous rebars The diagrams shown in Fig 9 for a single, continuous bar are 
typical of steel in moist concrete exposed to ambient air, at increasing stages of deterioration 
[19] The impedance diagram m Fig 9a can be approximated by a segment of semicircle, 
centered close to the real axis, with a diameter on the order of hundreds of kilo-ohms This 
is characteristic of rebar in the passive state, w~th a neghglble corrosion rate [19] Figures 
9b and c show diagrams that can be roughly approached by semicircles (centered below the 
real axis) with dmmeters of about 3000 and 600 ohms, respectively A nominal corrosion 
current can be obtained by assuming that the diameter of the semicircle is eqmvalent to the 
polarization resistance and applying the Stern-Geary equanon 

/corr = B/R  e (6) 

where lcorr lS the corrosion current, B is the corrosion constant (assumed to be about 26 mV 
for active iron [19 0 ,  and Rp is the polarization resistance Application of Eq 6 to Fig 9c, 
and conversion of the resulting current Into an oxldanon rate by means of Eq 5, yields a 
value of approximately 1 3 mg/day 

Individual elements of a discontinuous bar produce impedance diagrams corresponding 
generally to the stage of corrosion evolution of each element, following generally the pattern 
es tabhshedlnFlg  9. Thus inF ig  10, Elements 2 and 3, whxch had experIenced early potentIal 
transmons, show impedance diagrams suggestive of relatively h~gh corrosion rates Element 
1, at a still high potential, shows a diagram characteristic of passive material Element 4, 
while displaying a low open clrcmt potential, shows a primarily capacitive response which 
suggests a large nominal polarization resistance This element ~s isolated and, because of 
its being fully submerged, subject to a hmited supply of oxygen The impedance and potential 
behavior is consistent with that expected from an element in the active state, but corroding 
at a very low rate due to the limited extent of the cathodic reaction If the elements were 
short-c~rcmted, ~t ~s easy to visualize that Element 4 would begin to corrode at a greater 
rate while supplying electrons to the upper elements which m turn would corrode at lower 
rates than before This is in agreement with the expectations of the corrosion evolution 
sequence discussed earlier The impedance diagrams in Fig 10 were obtained by placing a 
counter electrode in the liquid and using the internal reference electrodes nearest to each 
element tested Taking into consIderanon the dlmensmns of the reference electrode and the 
distance to the elements tested, the high frequency intercept of each impedance dmgram 
can be used to evaluate the conductivity of the concrete between the electrodes The results 
were m reasonable agreement with the values reported in Fig 8 [14] 
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Another  rough estimate of the rate of metal loss can be attempted from the post-exposure 
examination of Bar 1 in specimen Type 3 From the dimensions of the deteriorated area 
(1 5 cm 2, average depth of loss 0 2 mm), an estimated volume of metal consumed of 0 03 
cm 3 is obtained Taking into account the density of steel and that the bar showed corrosion 
activity for about 125 days, the nominal rate of metal loss calculated by this method turns 
out to be approximately 2 mg/day 

The rates of deterioration estimated earlier, 0 3, 1 3, and 2 mg/day, are concordant values 
obtained, by three different methods, from two different bars embedded in similar concrete 
slabs and exposed to the same environment Keeping in mind the hmitatlons of the underlying 
assumptions and the sample vanablhty expected m these systems, the values are in reasonable 
agreement The techniques described appear to provide useful tools to diagnose the state 
of corrosion of a partially submerged reinforced concrete structure 

Conclusions 

1 Corrosion imtlatlon in rebars within partially immersed concrete slabs takes place at 
the region where chlorides accumulate This region develops above the water line as a result 
of capillary transport and evaporation of water 

2 Concrete conductance measurements could be correlated with direct observations of 
chloride accumulation in the evaporation zone of the test specimens 

3 Differential current measurements show that after its ruination, corrosion proceeds by 
the formation of macrocells Metal dissolution tends to take place in regions of greater 
electrolyte availability Oxygen reduction occurs preferentially where the concrete is not 
saturated with water 

4 In ~solated rebar segments, where macrocell currents are limited, corrosion is most 
extensive above the water line, In the area of chloride accumulation and fast oxygen trans- 
port Short segments under complete immersion tend to corrode at a relatively low rate 
after depasslvation takes place 

5 Electrochemical impedance and differential current measurements of corrosion show 
quantitative, order of magnitude agreement with a direct observation of damage Simul- 
taneous electrode potential,  differential current, electrochemical impedance, and concrete 
conductwlty measurements provided a coherent set of observations for the determination 
of corrosion development m the system tested 
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86-102 

ABSTRACT: A study on the relationship of pH, chloride concentration, and oxygen con- 
centratlon shows that a drying cycle, which locally concentrates chloride and oxygen, lnllmtes 
the corrosion of steel in concrete Once corrosion is initiated, the pH at the ano&c areas 
decreases allowing corrosion to proceed more easily Oxygen controls the rate of corrosion, 
but chloride affects the number of sites where corrosion initiates 

Using a small portable computer system that apphed the techmque of polarization resistance 
w~th current interruption for ehmlnatmn of 1R error, the voltage measurement error generated 
when current flows through a resistive media, the corrosion of steel m concrete was measured 
in the laboratory The portable system was then used to perform preliminary rate of corrosion 
measurements on remforcmg steel m three bridge decks m Frederick County, Maryland 

KEY WORDS: bridge deck deterioration, chloride concentration, corrosion of steel, corrosion 
rate measurement, effect of pH, 1R error, oxygen concentration, polarization resistance, rein- 
forcing steel in concrete, corrosion, steels, concrete 

A l i tera ture  search m a d e  at the  beg inn ing  of  the  p rog ram revea led  tha t  m a n y  of the  studies 
on  the  corros ion of steel  m concre te  were  di rected at  de t e rmin ing  the  effect  of chlor ide xon 
and  concre te  mixture  design on  the  cor ros ion  process [1] Only  two references  cons idered  
the  effect of  oxygen,  and  n o n e  were found  on  the  cor rosmn of  steel in an  a lkahne  e n v i r o n m e n t  
[2,3] On the  basis of this,  our  first effor t  was directed at  learn ing  more  abou t  the  role of  
oxygen concen t ra t ion ,  chlor ide concen t ra t ion ,  and  p H  on the  corrosion of steel m a lkahne  
env i ronmen t s  [4] These  init ial  expe r imen t s  were carr ied out  in solut ions,  sand,  and  m o r t a r  
The  second phase  of  this s tudy was d i rec ted  at  con t ro lhng  the  corros ion of steel  in a concre te  
e n v i r o n m e n t  and  deve lop ing  a po r t ab l e  compu te r  system to measu re  the  corrosion ra te  of 
steel in the  concre te  using a nondes t ruc t ive  e lect rochemical  t e c h m q u e  [5] The  thi rd  and  
final phase  was to use th~s por tab le  system to measure  the  corros ion of re inforc ing steel m 
th ree  bridge decks in Freder ick  County ,  Mary land  

Procedure 

Prehmmary Measurements--Phase 1 

Coupons m Solution--Coupons of steel (AISI  1018 steel) were  cut f rom 1 m m  sheet  to 
2 by 10 cm and  weighed  before  and  af ter  exposure  The  top  por t ion  of the  s p e o m e n ,  
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2 Research scientist, Nippon Steel Corporation, Kawasakl, Japan 
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extending through the electrolyte/atmosphere interface, was coated These steel specimens 
were placed m an environmental matrix of cells containing solutions of calcium hydroxide 
in which the oxygen content was controlled by bubbhng an oxygen-mtrogen mixture through 
the solutmn and in which pH and chloride content were controlled Concentration of oxygen 
was maintained at 0 5, 2, 3 5, and 8 ppm, pH ranged from 10 5 to 12 5, and chloride was 
maintained at concentrations of 1 x 10 -4 to 6 mol/L using sodmm chloride A selective ion 
electrode was used to measure oxygen concentrations Exposure times of up to 600 h were 
used 

Coupons m Sand--To evaluate the effect of moisture, coupons were imbedded m a sand 
mixture of 72% sand, 14% calcmm hydroxide, and 14% sodmm chloride held m small 
perforated ceramic crucibles m an atmosphere of flowing mr w~th controlled moisture con- 
tent Inonesenesofexpenments ,  steel speclmens were imbedded m a sand mixture saturated 
with sufficient &stdled water to fill the voids between the sand particles and then exposed 
to flowing moisture saturated air for the entire period of exposure In a second series, steel 
coupons were placed m a dry sand mixture which was then exposed to moisture saturated 
flowing mr Eventually the moisture content of th~s inmally dry sand mixture mcreased to 
saturation Once saturated, the wetting cycle was reversed by placmg the crucibles in a 
desiccating atmosphere (above a desiccant of calcium chloride) Changes m mass of the steel 
coupons were measured by gravlmetric means 

Coupons m Mortar--The effects of varying moisture and chloride content in mortar on 
corrosmn of steel were evaluated Mortar mixtures (cement sand water = 2 4 1) with a 
chloride concentratmn range from 0 1 to 1 2% were cast around steel coupons (0 5 by 10 
by 65 mm) resulting in a mortar cover of 4 mm. Twenty-four hours after casting, the coupons 
were exposed m two sets One set was immediately immersed in calcium hydroxide-sodium 
chloride solutions, and the other set was allowed to dry for one week before lmmersmn 
After lmmersmn, the polarizatmn resistance for each specimen was measured periodically 
This measurement was made by polarizing the speomens from - 10 to 10 mV using poten- 
tlostatic control with positive feedback IR compensatmn and a scan rate of approximately 
4 mV/mm Measurements of coupon mass loss were also made 

Measurements m Concrete--Phases 2 and 3 

Preliminary studies indicated that corrosion of steel m concrete can be measured by 
polarization methods [4] Field measurements on other systems, using manually controlled 
equipment, revealed that this manual approach is slow, tedious, and not statable for rapid 
measurements necessary on a bridge deck Furthermore, eliminating 1R error, the voltage 
measurement error generated when current flows through a reslstwe media, is always difficult 
and, at times, questionable w~th these manually controlled methods Details of this portion 
of the study have been described previously, and the following is a general overview of the 
use of a portable, battery powered computer system applymg the techniques of polarization 
reslstance and current interruption as a means of measuring the corrosmn of steel m concrete 
[6, 7] 

Laboratory--The computer controlled device operates by modulating the current apphed 
between the working electrode (WE) and the counter electrode (CE), so as to maintain a 
potential &fference, AE, between the WE and the reference electrode (REF) which is 10 
mV less than the same potentml difference at open circuit The voltage measurement, 
however, is taken during a brief period while the current is interrupted, so that the potential 
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due to the 1R drop IS absent, but soon enough (75 ms) after the interruption of the current 
that the potential due to polarization of the WE has not yet decayed s~gniflcantly 

Briefly, the measurement sequence occurs in two stages as follows Immediately after the 
open circuit potential is measured, the first stage, called the "setting" stage, begins, and it 
is during this period of time that the WE electrode is polarized to hE = - 10 mV Once 
the computer senses that the preselected target voltage of - 10 mV is reached, it enters the 
second stage, called the "holding" stage, where the applied current is controlled to maintain 
the WE potential at - 10 mV for a preselected period of time (3 mln) The open circuit 
potential (versus a saturated calomel electrode) and the series of readings of polarized 
potential and applied current, taken during the holding stage, are stored in memory and 
used to calculate corrosion current An example of the potential and current traces as 
observed with a digital oscilloscope during a measurement sequence are shown in Fig la  
Figure lb  is an idealized drawing of the oscilloscope trace identifying the setting and holding 
stages Not easily visible in this figure is the current interruption taking place during the 
measurement 

By magnifying the wave forms of current and potential,  the details of current interruption 
events can be readily examined The idealized wave forms of current and potential are 
illustrated in Fig 2, showing their relationship as a function of time, and also showing that 
the duty cycle is 2 2 s with the current on and 0 4 s with the current off Applied current 
is measured at the end of the current decay curve, just before the current IS turned off As 
indicated earlier, the current is modulated during the "holding" stage in order to maintain 
the polarized potential at the target voltage of AE = - 10 mV 

Figure 2a illustrates the response of the WE potential to the applied current, showing the 
instant change in potential (IR) as current is applied, followed by a time dependent change 
as the WE is polarized during the 2 2 s of current application When the applied current is 
turned off, the IR component of potential is eliminated and the polarized potential of the 
WE can be measured This iR-free measurement of potentml, idenhfied as V3 occurs 75 
ms after the current is turned off The cycle is then repeated 0 4 s later as illustrated 

Initial measurements were all made in the laboratory as the software and hardware were 
m the stages of development. Cleaned and weighed steel rods 1 3 cm m diameter and 15 2 
cm long encased in cast concrete cylinders were used for laboratory measurements Concrete 
mixes with and without chloride added were used The steel in concrete specimens were 
immersed in simulated pore solution (0 6 M potassium hydroxide (KOH),  0 2 M sodium 
hydroxide (NaOH),  0 001 M calcium hydroxide (Ca(OH)2)), simulated pore solution sat- 
urated with sodium chloride, or saturated solution of sodium chloride as listed in Table 1 
[8] Some specimens were continuously immersed while others were immersed 2 h a day and 
allowed to air dry the remaining 22 h Specimens were exposed for a total period of 115 to 
148 days, and measurements were made on each specimen once a day, five days a week 
Mass loss measurements were carried out in accordance to ASTM Standard Practice for 
Preparing, Cleaning, and Evaluating Corrosion Specimens (G 1-81) (Chemical Designation 
C 3  1) 

Field--Three bridges in Frederick County, Maryland, were chosen for the study on the 
basis of age, known history, and condition Thus, Bridge No 10029 was a 54-year-old 
structure with fine cracks scattered over the surface of the deck, but otherwise m good 
condmon Bridge No 10100, along a major interchange, was 17 years old and appeared to 
be in excellent condition The newest bridge, No 10059, was 13 years old and also in good 
condition, but cracks are beginning to appear along the rebar positions Deicing salts for 
snow removal are used on all three decks 

The procedure for measurements in the field was essentially identical to that used in the 
laboratory The differences were mostly physical For example, the configuration of the Copyright by ASTM Int 'l  (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG. 2--(a) Details o f  potential versus time illustrating effects o f  curren t interruption. (b) Details o f  

current versus time illustrating current interruption wave form. 

electrodes in the field was as illustrated in Fig. 3 showing the use of a copper-copper sulfate 
reference electrode, a lead (Pb) ring for a counter electrode, and steel reinforcing bar in 
the concrete bridge deck as the working electrode. Note that the CE and the REF are on 
a wetted absorbent material (towel or sponge) and are supported by a clear plastic holder 
that facilitated alignment of the electrodes. A 1% solution of liquid detergent in tap water 
was used as a wetting agent. Scrubbing of the concrete surface with a wire brush to break- Copyright  by ASTM Int ' l  (al l  r ights reserved);  Sun Dec 27 14:29:17 EST 2015
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TABLE 1--Conditions of exposure 

91 

Specimen No Type of Immersion Condltaon 

1 alternate C1 free concrete 
C1 free pore solution 

2 continuous CI free concrete 
C1 free pore solutaon 

3 alternate CI free concrete 
CI m pore solution 

4 continuous C1 free concrete 
C1 m pore solution 

5 continuous C1 m concrete 
CI in pore solutaon 

6 continuous CI an concrete 
CI m pore solunon 

7 alternate CI m concrete 
CI m pore solution 

8 alternate C1 in concrete 
CI in pore solution 

9 continuous CI m concrete 
CI m dastdled water 

10 continuous C1 m concrete 
C1 m &stalled water 

11 alternate CI m concrete 
CI in &stilled water 

12 alternate CI m concrete 
CI m dastdled water 

up  the  od film o n  the  surface p roved  useful As  a p recau t ion ,  a small  a rea  of  concre te  (15 
by 15 cm) was r e m o v e d  to expose  the  r emforcmg ba r  for making  good contac t  to the  W E .  
One  p rob l em e n c o u n t e r e d  was tha t  of  e h m m a t m g  electr ical  noise,  and  unfor tuna te ly ,  this 
process  was t~me c o n s u m m g  O ne  such elusive noise p rob l em mani fes ted  itself in l r reprod-  
uc~bdlty of the  W E  potent ia l  Leng thy  invest igat ion revealed  tha t  corros ion of the  s teel  
counte r  e lec t rode  originally used was genera t ing  an  electric cu r ren t  tha t  seriously affected 
the  po ten tml  m e a s u r e m e n t  By trial  and  er ror ,  it was d iscovered  tha t  a lead (Pb)  C E  reduced  
or  e h m m a t e d  the  effect A n o t h e r  s e n o u s  p r ob l em  e n c o u n t e r e d  in the  field m e a s u r e m e n t s  
was e lec t romc e q u i p m e n t  damage  resul t ing f rom mechamca l  v ib ra t ion  gene ra t ed  dur ing  
t r anspor t a t ion  U s m g  a d u m m y  cell, the  e q u i p m e n t  and  cables were  checked  before  and  
af ter  every series of m e a s u r e m e n t s  Th ree  m e a s u r e m e n t s  were m a d e  on  each bridge span  
every two weeks  over  a four  m o n t h  per iod  d u n n g  the  s u m m e r  The  locat ion of each mea-  
su remen t  was p e r m a n e n t l y  m a r k e d  on  the  b n d g e  deck  surfaces so tha t  the  m e a s u r e m e n t s  
could be r epea t ed  at  the  same loca t ion  each t ime 

Only  a small  a rea  of r eba r  was polar ized dur ing  the  m e a s u r e m e n t  process.  Based  on  
ea rhe r  cur ren t  d is t r ibut ion  measu remen t s ,  it was d e t e r m i n e d  tha t  cu r ren t  f rom the  C E  to Copyright by ASTM Int ' l  (all  r ights reserved);  Sun Dec 27 14:29:17 EST 2015
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FIG. 3--Configuration of electrodes on bridge deck during field measurements. 

the WE is limited to a small area of the rebar [5]. Calculations of corrosion rate on the 
bridge decks were based on an area of the rebar twice the area of projection from a 6-cm- 
diameter CE on a 1.6-cm rebar, and a Tafel slope of 150 mV, obtained through polarization 
measurements. 

Results and Discussion 

Preliminary Measurements 

Coupons in Solutions--The solution experiments revealed several interesting results as 
will be described. For example, it was found that even in the absence of chloride ions, pH 
controls the initiation of corrosion of steel. Figure 4 is a plot of the mass loss of steel as a 
function of time at various pH levels and an oxygen concentration of 8 ppm, showing that 
in the period of exposure of this experiment, the corrosion of steel was negligible at a pH 
of 12.5 (saturated calcium hydroxide solution). However, as the environment is made slightly 
less alkaline (pH = 11.5 to 12), corrosion initiated in approximately 240 h. At a pH of 10.5, 
corrosion is initiated immediately on immersion as the data show. Thus, as the pH is reduced 
from a level of 12.5, corrosion initiation time is reduced. 

The same experiment was repeated in the presence of chloride ions as illustrated in Fig. 
5, and it was found that corrosion did not occur at a pH of 12.5. When pH was reduced to 
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FIG.  4--Plot  o f  mass loss versus time for steel in calcium hydroxide solutions showing effect of  pH 
on corrosion initiation. 

12, corrosion initiated in slightly over 500 h, and at a pH of 11.5, corrosion initiated in 
about 50 h. At a pH of 10.5, as before, corrosion started spontaneously on immersion as 
shown. The data show that chloride had a limited effect on time of corrosion initiation as 
compared to the effect of pH. Corrosion initiation depends not only on environmental 
conditions, but also on the condition of the metal surface. Though all specimens were treated 
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FIG.  5--Plot  o f  mass loss versus time for steel in calcium hydroxide solutions showing effect o f  pl4 
and chloride ions on corrosion initiation. 
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in the same way before exposure, surface imperfections such as inclusions and other surface 
inhomogeneities, outside of the scope of this study, also influence corrosion initiation time. 

As expected, the effect of oxygen concentration on the rate of corrosion was dramatic. 
Figure 6 is a plot of the mass loss of steel as a function of time at different concentrations 
of oxygen in the presence of chloride and a pH of 10.5. With an oxygen concentration of 
0.5 ppm corrosion was negligible, but as the oxygen concentration was increased from 2 to 
3.5 to 8 ppm, the rate of corrosion increased by over two orders of magnitude. 

A summary of all the data, much of which is not shown in the previous figures, of the 
corrosion of steel in solutions as a function of pH, oxygen concentration, and chloride 
concentration is illustrated in Fig. 7. This is a plot depicting a three-dimensional envelope 
within which corrosion will not initiate. Outside of this envelope, however, conditions will 
cause steel to corrode. This figure shows that under special conditions, even at a pH of 
12.5, corrosion will occur. For example, at oxygen concentrations above 3 ppm and chloride 
concentrations greater than 1 mol/L,  corrosion will initiate. At  lower pH values, corrosion 
initiation can take place at even lower concentrations of oxygen and chloride. 

Coupons in Sand--The effect of moisture on the corrosion of steel in a sand environment 
is shown in Fig. 8. This figure shows the mass loss of steel as a function of time for two 
conditions of moisture. Under conditions of continuous moisture saturation, corrosion did 
not occur during 800 h of exposure. However, the coupons initially imbedded in a dry sand 
then exposed to moisture saturated air began to corrode as soon as the moisture was 
introduced. As the degree of moisture in the sand increased to saturation, the rate of 
corrosion decreased, and when moisture was reintroduced, the corrosion rate began to 
increase again. Moisture has a very important effect on corrosion by affecting the transport 
of oxygen. 
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FIG. 6--Plot  of mass loss versus time for steel in calcium hydroxide solutions showing effect of oxygen 
concentration on corrosion rate. 
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FIG. 7--Three dimensional plot of oxygen concentration, chloride concentration, and pH illustrating 
regions of corrosion and no corrosion for steel. 
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Coupons in Mortar--As described earlier, one set of mortar covered specimens was 
immersed in calcium hydroxide-sodium chloride solutions and the second set was dried for 
seven days before immersion. Illustrated in Fig. 9 are the effects of immersion on the 
corrosion of steel as a function of time. The mortar covered coupons kept continuously wet 
displayed negligible corrosion for the entire period of exposure, and those that were im- 
mersed after drying showed a high corrosion rate which decreased with time as shown. This 
result is similar to that observed in the sand environment. After  exposure, the specimens 
that were initially in dry sand and had undergone some degree of corrosion were broken 
out of the mortar, cleaned, and weighed. Figure 10 is a plot of the mass loss of steel as a 
function of chloride content indicating that mass loss increased with increased concentration 
of chloride in the mortar. At  first glance, this result appears to be a contradiction of the 
solution experiment which showed that corrosion rate was independent of chloride concen- 
tration and dependent only on oxygen concentration, once corrosion was initiated. Closer 
consideration of the events taking place shows that the solution experiments are valid and 
can help explain this apparent discrepancy. It is important to recognize that the corrosion 
of steel in mortar is not uniform, and the number of sites and intensity of corrosion are 
controlled by two factors already described. First, increasing the chloride concentration 
increases the number of sites on the coupon where corrosion initiates resulting in a larger 
total area of corrosion. Second, increased chloride content reduces initiation time for the 
onset of corrosion resulting in the steel being active during the initial stages of exposure 
when oxygen concentration is highest in the conditions of this experiment. These two effects 
result in an increase in mass loss with increased chloride concentration for the specimens 
in mortar. 

The preliminary experiments revealed that pH and chloride play a critical role in the 
initiation of corrosion, but once initiated, oxygen concentration controls the rate of corrosion 
of the steel in concrete. The process of corrosion of steel in concrete is believed to occur 
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in the following way, and it is further believed that this activity takes place in voids in the 
concrete. Immediately after casting of concrete, the pH of the concrete environment is very 
high and of the order of 12.5 or more, and the concentrations of chloride and oxygen are 
well within the region of "no corrosion" of Fig. 7. However, as the concrete cures and dries, 
chloride concentration increases, and oxygen diffusion increases leading to conditions that 
move the concrete environment out of the "no corrosion" region and into the "corrosion" 
region as illustrated in Fig. 11 (arrow). Figure 12 illustrates this process as it might occur 
adjacent to a steel surface. Moisture saturated concrete is depicted in Fig. 12a showing a 
solution-filled void containing low concentrations of chloride and oxygen. As the concrete 
dries, however, the salts concentrate and precipitate on the walls of the void as illustrated 
in Fig. 12b. Air diffuses into the concrete replacing the moisture, thereby, increasing oxygen 
concentration in these voids. This wetting and drying process takes place continuously in a 
bridge deck, but it is only after chloride ions become available that breakdown of the normally 
protective oxide on the steel occurs. Once corrosion is initiated by this drying process, pH 
is decreased at the anodic areas by the reaction 

Fe § + 2H20 , Fc(OH)2 + 2H'  

These anodic areas now exist at pH levels below 12.5, and as a result, subsequent re-initiation 
of corrosion occurs much more easily in future moisture cycles when oxygen is available. 

Results and Discussion 

Measurements  in Concrete 

L a b o r a t o r y - - A s  an example of the results obtained on a day to day basis, the calculated 
corrosion rates of three specimens (Nos. 1, 3, and 7) are plotted on a logarithmic scale as Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



98 CORROSION RATES OF STEEL IN CONCRETE 

A 

I 

V 
IOZ~I~H 

10 -2 / I I NO 

10 ~ 

2 4 6 / /  

/ 

0 2 (ppm) 

FIG. 11-- Three dimensional plot of oxygen concentration, chloride concentration, and pH with arrow 
illustrating changes in the environment as concrete drys. 

a function of time and illustrated in Fig. 13. Specimen No. 1 was exposed to chloride-free 
conditions, and displayed the lowest corrosion rate throughout the entire period. Specimen 
No. 7 underwent the most severe corrosion, as expected, since it was cast in chloride- 
containing concrete and alternately immersed in a chloride-containing solution. A corrosion 
rate between the two extremes was displayed by Specimen No. 3 that was cast in a chloride- 
free concrete but alternately immersed in a chloride-containing solution. After the exposure 
period, the concrete was broken and the specimens removed. Using pH paper, it was 
observed that the pH at the corroded areas was 3 to 5. Once removed, the steel rods were 
cleaned and weighed. These gravimetric mass loss data are compared to the mass loss 
calculated from the polarization data, and the results shown in Fig. 14. 

Field--The first 90 days of the four month period were spent in improving the equipment 
and developing our ability to make the measurements in the field. After this initial period, 
measurements were continued, and the results, summarized in Table 2, show that the 54- 
year-old bridge, No. 10029, exhibited the lowest average corrosion rate (0.5 mdd) (milli- 
grams/dm 2 d) of the three bridges. The 17-year-old bridge, No. 10100, had an average 
corrosion rate of 1.1 mdd, and the 13-year-old bridge, No. 10059, exhibited the highest 
average corrosion rate of 1.9 mdd. However, it is difficult to assess the reliability or accuracy 
of these data obtained through these preliminary field measurements. Examination of the 
reinforcing steel by borings was not done because the limited amount of data collected did 
not warrant such a destructive action. However,  the results can be compared to the visual 
appearance of the bridge deck surfaces in the immediate vicinity of the measurements. On 
this basis, the following observations can be made. The 54-year-old bridge, though it has 
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FIG. 12--(a) Illustration of idealized concrete void adjacent to steel containing a solution of low 
concentrations of salts and oxygen. (b) Illustration of idealized concrete void adjacent to steel showing 
concentration of salts on walls of void during drying cycle. 

suffered wear and tear through the years, is in surprisingly good condition with small cracks 
randomly scattered over the surface of the deck. The 17-year-old bridge appears to be 
relatively crack-free with little evidence of wear to the surface. The 12-year-old bridge, in 
general, looks good, but close examination of the surface reveals cracking of the concrete 
above and in line with many of the reinforcing steel bars. This crack alignment is not evident 
on the other two bridges. Thus, the visual appearance of the bridge surfaces tends to support 
the electrochemical data. 
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Summary  and Conclus ions  

The preliminary study has shown that a drying cycle in the presence of oxygen and chloride 
will initiate corrosion of steel in concrete, and once initiated, the pH of the anodic areas 
decreases making it easier to re-initiate corrosion in subsequent moisture cycles. 

Oxygen controls the rate of corrosion of steel in concrete, but the concentration of chloride 
affects the number of sites where corrosion initiates. 

Using a portable computer system for control, the technique of polarization resistance 
coupled with current interruption for iR compensation has been used successfully to measure 
the rate of corrosion of steel in concrete in the laboratory, and preliminary measurements 
in the field indicate that the portable computer system can be applied to measuring the 
corrosion of reinforcing steel in bridge decks. 
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T A B L E  2--Calculated corrosion rate, todd, at six positions on three bridges. 

Date 

Span 1 Span 2 

Position Position 

A1 A3 A4 B1 B3 B4 

ROUTE 28 BRIDGE (1931) NO. 10029 
Oct 8 ... 
Oct  23 616 di3 ... ()18 
Nov 6 (bridge under  floodwater) 

Average  corrosion rate = 0.5 
ROUTE 15 BRIDGE (1968) NO. 10100 

Oct 8 0.4 3.2 0.5 1.3 
Oct 23 0.8 0.5 1.3 1.3 
Nov 6 ... 0.8 1.0 ... 

Average corrosion rate = 1.1 
ROUTE 80 BRIDGE (1972) NO. 10059 

Oct 8 3.6 2.8 2.3 
Oct 23 3.5 1.3 1.2 ()17 
Nov 6 3.1 2.1 2.6 0.6 

Average corrosion rate = 1.9 

63 & 

2.6 1.7 
1.0 0.6 
0.9 0.2 

1.2 1,0 
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ABSTRACT: To monitor accurately the corrosion rate of rebars in a concrete structure using 
electrochemical techniques, the area of the rebar surface to be measured should be well 
specified by taking into account the wide-spreading distribution of the polarization current 
For this purpose, the double-counter electrode method proposed by some investigators is 
prolected to be one of the most accurate methods However, there have been few actual 
studies on its accuracy Therefore, the aim of this study is to establish the basis of accuracy 
for the double-counter electrode method, using numerical simulation by the two-dimensional 
finite element method The obtained results indicate that the corrosion rate of rebars can be 
accurately monitored by the double-counter electrode methods, and that its accuracy is mainly 
affected by the degree of confinement of the longitudinal current distribution related to the 
concrete cover and the polarization resistance Finally, a graphic method to correct the raw 
a-c impedance data obtained by the double-counter electrode method to arrive at the true 
impedance data is presented in this paper 

KEY WORDS: steels in concrete, corrosion monitoring, a-c impedance techniques, double- 
counter electrode, numerical simulation, finite element method, steels, corrosion, concrete 

E lec t rochemica l  cor ros ion  mon i to r ing  techniques  for  re inforc ing bars  in concre te  struc- 
tures  have  b e e n  deve loped  to mee t  cor ros ion  po ten t ia l  mapp ing  me thods  as descr ibed in 
A S T M  Test  for Half-Cel l  Potent ia ls  of  U n c o a t e d  Re inforc ing  Steel in Conc re t e  (C 876-87). 
This  pract ice  is very  conven ien t  in es t imat ing  the  p r o b a b l h t y  of  the  cor ros ion  of rebars  in 
s t ructures .  Howeve r ,  it is still l imited to quah ta t ive  m e a s u r e m e n t  of the  degree  of  corrosion 
a t tack,  and  may  even  be  mis leading since corros ion po ten t i a l  depends  upon  the  su r round ing  
e n v i r o n m e n t a l  condi t ions  There fo re ,  t he re  is a s t rong n e e d  to deve lop  a m o r e  quant i ta t ive ly  
accurate  on-si te  mon i to r ing  m e t h o d  

Unt i l  now,  some techn iques  to quant i fy  the  cor ros ion  of  rebars  in concre te ,  such as the  
polar iza t ion  res is tance  m e t hod ,  the  a-c impedance  m e t h o d ,  and  so on,  have  b e e n  s tudied 
in the  l abora to ry  by m a n y  researchers  [1-6], and  some researchers  have  r epo r t ed  the  apph-  
cablht ies  for field cor ros ion  mon i to r ing  [4-6] 

In applying the  me t hods  just  m e n t i o n e d  to field moni to r ing ,  some difficult issues are 
in t roduced  because  one  mus t  deal  wi th  larger  areas of  r e in fo rcemen t  t han  in the  labora tory  
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104 CORROSION RATES OF STEEL IN CONCRETE 

The most difficult issue is that one cannot directly obtain the true values of the electro- 
chemical parameters,  such as the polarization resistance and the impedance at each position 
to be measured. This difficulty occurs because the degree of polarization of the rebar surface, 
induced by the overpotential applied at corrosion potential, gradually decreases with the 
distance from the counter electrode. 

Recently, some attempts have been made to analyze the data obtained by a single-counter 
electrode method that is a usual laboratory method, using a current distribution model, such 
as a transmission line [7-9]. However, the results still give us an average corrosion resistance 
over the whole measured area, which may vary over a wide range (occasionally more than 
one order) due to the variation in the reinforcement geometry, the resistive characteristics 
of concrete, surface films, and so on. This order of magnitude variation makes an average 
value meaningless and also means the corrosion rate cannot be estimated accurately at each 
position of rebar. 

Then, the double-counter electrode method has been proposed [10,11] to obtain corrosion 
resistance directly from a confined area. The main concept of this method is to polarize the 
rebars in concrete by a central counter electrode (CE) together with an additional surround- 
ing counter electrode (SE), obtaining only the corrosion resistance from the well-confined 
area under the central counter electrode. We have developed a sensor using a circular type 
of a double-counter electrode and its impedance measurement system. A schematic illus- 
tration of this system is shown in Fig. 1. Using this system, the typical impedance data 
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FIG. 1--On-site corrosion monitoring system utilizing double-counter electrode method. 
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obtained on a laboratory test block containing a rebar 500 mm long and 20 mm in diameter 
are shown in Fig. 2a. Figure 2b shows the impedance data with the same specimen by the 
single-counter electrode method. The single-counter electrode method gives us a very small 
impedance, while the double-counter electrode method gives results which are similar to 
those published previously [3], as shown in Fig. 3. This similarity is one reason that the 
double-counter electrode method is considerably more effective for field corrosion moni- 
toring. Even so, the degree of accuracy still depends on distributing the polarizing current 
in the same way as for the single-counter electrode method. In other words, the accuracy 
of both methods, more or less, varies not only with the geometry and the dimensions of 
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FIG. 2--Experimental data from a concrete beam: (a) double-counter electrode method and (b) single- 

counter electrode method. 
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reinforcement but also with resistivity (R~) of concrete and the resistive characteristics (RI) 
of the surface film having the frequency dependency as shown in Fig. 4. 

If the characteristics of both methods would be studied in detail, first, it would be possible 
to establish a quantitative on-site corrosion monitoring method. Second, it would be possible 
to relate many useful results collected in the laboratory and also in the field in the near 
future. In this paper, therefore, we present a fundamental study of both the single-counter 
electrode method and the double-counter electrode method by numerical simulation. 
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Numerical Simulation 

Stmulatton Model 

In general, real concrete structures are three-dimensionally reinforced with several types 
of rebars However, m this simulation, the model consists of a round reinforcing bar embed- 
ded m a concrete beam The electrochemical measurement is assumed to be potennostancally 
controlled, such as by a-c Impedance measurements The schematic illustration of the on- 
site momtormg model (beam model) using the double-counter electrode method is shown 
m Fig 5a For comparison, Fig 5b shows a laboratory monitoring model (cubic model) by 
which one can evaluate the characteristics of the true impedance to be compared with that 
of the model in Fig 5a The "true" impedance means the impedance defined per unit steel 
area wathout the spreading phenomenon of the polarization current In this figure, AE is 
the overpotentlal applied at the corrosion potential, and Als, Ale are the resulting currents 
of the surrounding counter electrode and center counter electrode, respectwely 

In this simulation, the following two items are assumed. 

The electrical properties of the concrete and steel are expressed purely by the resls- 
tIvmes (pc, Ps, respectwely, but that of steel is negligible ) 
The characteristics of the impedance of the steel/concrete Interface including the Far- 
aday impedance (Zr) and the double layer capacitance (Cet), which gradually increases 
with the frequency, are apprommated by changing the reslshwty (Pr) of the thin surface 
film as shown m Fig 6 

Under these modeling conditions, ff the resulting currents (A/ .  Ale, AI) were m any way 
given, the ~mpedance moduh for both the models could be easily calculated 

Numerical Evaluation Procedure 

In general, this kind of problem can be mathematically modeled by the Laplace equation 
under the constant potential boundary condition. In order to solve the preceding equation 
and calculate the potential/current dlstnbutlon, some different approaches are feasible such 
as (1) the analytical solution technique and (2) the numerical solution technique Analytical 
approaches are limited to cases of simple geometry and boundary conditions, and generally 
invoke cumbersome descriptions. In this study, therefore, the two-dimensional finite element 
method (FEM), a numerical solution technique, is employed for the longitudinal section 
and cross section of the beam model The employed element is a so-called isoparametrlc 
rectangular element with eight nodes and is characterized by giving an adequate solution 
despite a small number of elements (a more detailed description related to this can be found 
in Ref 12) Though a three-dimensional FEM is more exact, it would add little to the points 
which we wash to make clear. 

The examples of the mesh arrangement, which we employed m the FEM analysis for the 
longitudinal section and cross section of the rebar, are shown m Figs 7a and b, respectively 
The elecmcal nature of the surface film around the rebar was approximated by a thin layer 
of the element with the thickness (~) and the resistivity (Pr) In these figures, d is concrete 
cover, D is diameter of rebar 

From the FEM analysis, the polarization current (AI,, Ale) resulting from the applied 
overpotential (AE) can be calculated by the numerical integration as shown in Eq 1 

fo' AI, = 2  ~ dr, AI~ = 2 z - d r  (1) 
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FIG. 5--Simulation model for corrosion monitoring: (a) on-site monitoring model (beam model) and 
(b) laboratory monitoring model (cubic model). 
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where re, r, = outer radius of surrounding counter electrode, and outer radius of the central 
counter electrode, respectwely, and t = current density The current density values were 
calculated m four elements m contact with the surrounding counter electrode and the central 
counter electrode Accordingly, the impedance modulus obtained by the double-counter 
method can be evaluated as follows 

I z ,  I = AE/aZc (2) 

and the impedance modulus by the single-counter method can be evaluated in the same way 
m Eq 3. 

IZ, I = a u R a L  + Ale) (3) 

On the other hand, for the cubic model, which has concrete cover (d) with the resistivity 
(Pc) and surface film thickness (er) with the resistivity (Pr), the impedance modulus is evaluated 
by the followmg s~mple equation 

Iz,I -- R ,  + Rf 

= R~ (1 + Rf/R, ) (4) 

where Rf/R, = ( gi/d) x (Of/pc) 
In this parametric study, the outer radu (r,, rc ) were constantly set to be 30 and 5 mm 

The other analys~s parameters employed for the longitudinal section and the cross sectmn 
were, presented m Tables 1 and 2, respectwely For each combmatmn of the geometrical 
parameters (d, gs) m Table 1 and (d, Cr, D) in Table 2, the surface film thickness (e r = 1 
mm) was employed, the resistmty of concrete (Pc) was set to be a constant value (1 Kf~cm), 
and the ratio (pJpc) was varied m the range 1 to 10 s In the case of pl/pc = 1, the impedance 
moduh evaluated with Eqs 2 through 4 approximately correspond to the impedance moduh 
measured at such a high frequency that the solution resistance mainly dominates In the 
case of pi/pc > 1, the impedance moduli correspond to the impedance moduh at the frequency 
where the interfacml impedance of steel/concrete dominates m comparison with the solution 
resistance 

Results and Discussion 

Potential~Current Dtstrtbutton 

The typical patterns of potential/current distributions in concrete obtained from FEM 
analysis for both sections of the beam model (10 mm cover and 20 mm diameter) are shown 
m Figs 8 and 9, respectively The overpotentlal (AE) ts 100 mV, and eqmpotentlal lines 
( .... ) are drawn by 10-mV Dtch The current lines ( ) can be estimated by the fact that 
the eqmpotenUal line and the current hne cross at right angles 

In the longitudinal secUon, the eqmpotential hnes hne up almost honzontally beneath the 
central counter electrode and rise up gradually under the outer edge of the surrounding 
counter electrode The slopes of the eqmpotentml hnes under the outer edge Increase rapidly 
with the increment of the ratio (P/Pc) For instance, m the case of P/Pc = 102, the eqm- 
potentml hnes almost hne up vertically Th~s trend indicates that the current distribution in 
the low frequency range spreads widely along the rebar. 
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TABLE 1--Analysts parameters for longttudmal dtrectzon of rebar 

111 

CONCRETE 

Cover d = 5, 10, 20, 30, 40, 50 mm 
Resmtlwty Pc = 1 K f~ cm 

Thmkness 
Resistivity 

SURFACE FILM 

0 = lmm 
pr= 1 K, 10 K, 100 K, 1 M, 10 M, 100 M s cm 

On the other hand, m the cross section, the dmtrlbutlon pattern of the eqmpotentlal hnes 
hardly changes, even in the case of pl/pc = 105 Consequently, the current dmtnbutlon ~s 
expected to be a settled pattern 

Impedance Charactertstws 

To compare the ~mpedance characterlsncs of the double-counter method w~th that of the 
single-counter method, all the impedance moduh evaluated for the beam model and the 
cubm model were normahzed by the solution resmtance (R, = d x Pc) of the cubic model 
and plotted m Figs. 10 and 11 In these figures, all the x-axes indicate the normahzed values 
(IZ,I/R3 of the true impedance moduh for the cubm model, and both the y-axes m Figs 
10a and l la  lndmate the normahzed values (IZa]/Rs) of the impedance moduh by the double- 
counter method Both the y-axes m Figs 10b and l l b  lndmate the normahzed values (Iz, I/ 
R~) of the impedance by the single-counter method In these figures, the vertmal devlanon 
of the plotted points from the &agonal hnes ( .... ) shows how accurate each method is 
quantitatively 

From the comparison of the results m Fig 10 along the longitudinal section of the rebar, 
it can be found that the double-counter method gwes us more accurate impedance data than 
does the single-counter method For instance, the data points for a concrete cover of 10 
mm in Fig 10a almost coincide to the &agonal line m the wide range (]Z,t/Rs = 1 to 103) 
On the other hand, the data points for the same cover in F~g 10b are plotted lower than a 
sixth of the true data Th~s means that the double-counter method is effective for specifying 
the measuring area of the rebar surface However, in other cases, all the data gradually 
tend to shift with the increment of the concrete cover and with the ratio (pJ pc) corresponding 
to the decrement of frequency (to ---> 0) This indicates that the spreading manner of the 
current dmtrlbunon along the longitudinal &rect~on of the rebar is the most significant factor 
to be considered m the development of an accurate on-site momtorlng method 

TABLE 2--Analysts parameters for cross-sectton of rebar 

C o v e [  

Reslstw~ty 

Thickness 
Resmtlvlty 

CONCRETE 

d = 5, 10, 20, 30, 40, 50 mm 
Pc = 1K~2cm 

SURFACE FILM 

i)= imm 
pf = IK, IOK, 100K, IM, IOM, 100M~cm 

REBAR 

Diameter D = 10, 15, 20, 25 mm 
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FIG. 12--The graph for the correction of a-c impedance data (20 mm diameter). 

For the comparison for the cross section, the typical data evaluated under the condition 
that the concrete cover (d = 30 mm) and the rebar diameter (D = 10, 15, 20, 25 mm) are 
shown in Figs. l l a  and l l b .  In this case, the deviation of the double-counter method from 
the diagonal line is a little less than that of the single-counter method, and this deviation 
scarcely changes even if the frequency decreases. From this comparison, it was found that 
the main significant factor is the diameter of rebar rather than the frequency or the concrete 
cover. 

Correction Method 

As the results of the preceding comparisons indicate, in cases of thicker covers or larger 
corrosion resistances ( - R , ) ,  one cannot avoid getting erroneous data even if using the 
double-counter method. However, this difficulty can be easily solved by the following method. 
As mentioned previously, the vertical deviation of the plotted points from the diagonal line 
( . . . .  ) in Figs. 10a and l l a  represents the quantitative accuracy for both the longitudinal 
section and the cross section of the rebar. In other words, it is nothing but an indicator 
relating to the confined area of the rebar surface polarized by central counter electrode. 
Additionally, the configuration of the confined area can be practically assumed to be an 
ellipse. Accordingly, the confined area on the rebar surface, as shown in Fig. 5a, can be 
numerically estimated from these figures. Using these confined areas (for example, testing 
area) data of double-counter measurement and its true impedance data, the graph to correct 
the raw impedance moduli from the double-counter method to match its true impedance 

Copyright by ASTM Int ' l  (al l  r ights reserved);  Sun Dec 27 14:29:17 EST 2015
Downloaded/printed by
Universi ty of Washington (Universi ty of Washington) pursuant to License Agreement.  No further reproductions authorized.



MATSUOKA ET AL ON CORROSION MONITORING 117 

moduh can be prepared for each case of rebar dmmeter and concrete cover, as shown in 
Fig 12 The method for using this graph is as follows 

Step 1--First, read the ordinate that corresponds to IZ,I/R, = 1, and then calculate the 
true R, value by dwldlng the impedance modulus (Iz~l) by the ordinate, where Iz~l is the 
measured value m such a h~gh frequency range that the solution resistance mainly dommates 

Step 2--Calculate the ratio (IZ~I/R,) of the impedance modulus (]Zd[) measured at each 
frequency to the true R~ value in Step 1, and read the abscissa of the point hawng this ratio 
onthe correctloncurve Multlplythe absc lssabytheR,  and the product ls the true lmpedance 
modulus Figure 2a shows an example of the corrected data usmg this procedure With this 
procedure, it will be possible to correct any a-c impedance data measured by the double- 
counter method and evaluate the true corrosion resistance for the confined area of the rebar 
surface 

Conclusions 

In this study, the current distribution under double-counter electrode system was nu- 
merically simulated by the fimte element method, then compared to that under single-counter 
electrode system It may be concluded that 

1 the double-counter electrode method more effectwely confines polarizing current flow 
into the constant area than does the single-counter electrode method, 

2 the current distribution along the longltudmal direction of the rebar has a more sig- 
nificant effect on the corrosion resistance data than on the cross-sectional one, and 

3. a methodology is estabhshed to obtain the true corrosion resistance from the measured 
raw data by using the conversion graph 
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ABSTRACT: Electrochemical tmpedance measurement Is a convement method to analyze 
the corrosmn phenomena of steel in concrete A data analysts method ~s used on the bas~s of 
an eqmvaleqt c~rcmt correlated to the propernes of concrete and electrochemtcal mechamsms 
The different parts of the diagram versus frequency allow characterization of the concrete 
cover, the presence of a film at the surface of steel, the transfer resistance connected to the 
anod~c reaction, and some other relaxanon phenomena Some agreement has been obtained 
w~th mass losses 

A mathematical model has been developed m order to analyze the results on large concrete 
beams with a small-s~ze auxlhary electrode Parncular emphasis ~s given to the spatml locatmn 
of an active area m order to demonstrate the feas~blhty of such a method e~ther on large 
specimens or on real structures For this application, the principle of an alternatwe method 
was developed An auxlhary electrode ~s used w~th an electrical guard At low frequencies 
(<10 Hz), the first experimentation gwes encouraging results 

KEY WORDS: Reinforced concrete, electrochemical impedance plot, corrosion, mathe- 
matical model, steels, concrete 

Re inforced  concre te  is used widely to bui ld large projects  like bndges ,  tunnels ,  and  
offshore  s t ruc tures  It  is now recognized  tha t  the  cor ros ion  of rebars  is an  impor t an t  p r o b l e m  
to be solved in o rde r  to increase  the  re l iablhty  of the  s t ructure  and  to reduce  m a i n t e n a n c e  

costs 
In concre te ,  s teel  is in a passive condi t ton  This  fact  IS due to the  h igh  level of p H  (12 5 

to 13 7) of  the  s o l u n o n  con ta ined  m the  pores  of the  concre te  T h e  cor ros ion  of  r eba r s  can  
occur  when  this  pass ivat ton is des t royed  by the  pene t r a t i on  of ch lor ide  ions at the  me ta l  
concre te  in te r face  and  by a decrease  of  p H  as a resul t  of  the act ion of var ious p h e n o m e n a  
such as c a rbona t i on  The  ra te  of  corros ion IS main ly  cont ro l led  by the  diffusion of dissolved 
oxygen t h rough  the  concre te  cover  T he  corros ion produc ts  fo rmed  at the  surface of r eba r s  
in t roduce  tens ion  stresses in the  mater ia l  causing the  cracking and  spall lng of the  concre te  
There fore ,  the  mechanica l  s t rength  is reduced  

Many  l abora to ry  studies and  site inspect ions  are car r ied  out  to analyze this p h e n o m e n o n  
or to de tec t  an  a t tack as soon  as possible In o rde r  to face these  p rob lems ,  a m e t h o d  of  
analysis of  the  cor ros ion  mechan i sms  is requi red  Cons ider ing  the  na tu re  of the  p h e n o m e n o n ,  

i Materials Department, Infremer, DITI BP70, 29280 Plouzan6, France 
2 Ecole Centrale Pans, Pans, France 
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electrochemical methods are often used The most widely used method consists of mea- 
surement of the electrode potential of the rebars which, in some cases, allows differentiation 
between the active and passive states of the steel 

Potential mapping is a convenient tool to localize the corroded parts on large structures 
exposed in the atmosphere But, this method cannot give any information on kinetics, and 
the correlation between electrode potential and the probability of corrosion can be erroneous 

[ll 
Therefore, more sophisticated methods like A-C techniques have been chosen for the 

study of the corrosion of steel embedded in concrete [2,3] With these methods, it is possible 
to detect the initiation of the corrosion, but the complete analysis of the data is more difficult 
to perform In a Nyqmst plane, the shape of the a-c plots sometimes does not allow operation 
of the models generally adopted for the study of simple electrochemical systems equivalent 
circuits, mechanisms of electrochemical reactions At the lmtiation step of corrosion, the 
surface of the steel consists of either anodic or cathodic areas As the first point of this 
study, we propose a method for data analysis on small specimens of concrete or mortar In 
a second part, results are presented from tests which have been performed on large concrete 
beams in order to study the feaslbdlty of such a measurement on a real structure. Two 
different approaches are proposed the first one consists of the development of a mathe- 
matical model, the second one as based on the use of an electrical guard in order to restrict 
the surface of the reinforcement measurement 

Small Specimens 

Expertmental Procedures 

Our first impedance measurements with the steel-concrete system were carried out in and 
after 1979. We used cylindrical mortar (sand + cement + water) specimens, containing a 
small mild steel rod (Fig 1) Some of the specimens were deliberately contaminated with 
chlorides (mass of chlorides/mass of cement = 2%), m order to initiate immediate corrosion 
of the steel rod After the setting of the mortar, all specimens were cured for 29 days in 
water saturated air at 20~ 

The impedance plots were obtained with the specimens dipped in an alkaline electrolyte 
(sodium hydroxide solution 0 1 N) contained in a test cell, the pH of which being close to 
the pH of the interstitial pore solution. A classical three electrode potentlostatlc set up was 
used The reference electrode was saturated calomel electrode (SCE) and the counter elec- 
trode was a stainless steel grid The potentlostat was a 1186 Solartron electrochemical 
interface, and impedance measurements were carried out by a 1172 Solartron frequency 
response analyzer, In a wide range of frequencies (104 to 10 -4 Hz), on the basis of five 
frequencxes to a decade 

f .  = 1002" (n = 20, 19 , -20)  

Results 

Nyqulst impedance plots obtained without and with chlorides, at the rest potential, are 
given in Fig 2 Without chlorides, steel is passive, and with chlorides, steel is locally 
corroded The influences of the thickness and the porosity of the mortar cover, were also 
studied Furthermore, the alterations of the plots of the corroding samples were observed 
over a two year period In any case, the corrosion rate and the corroded areas of the steel 
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FIG. 1--Reinforced mortar specimens. 

rod increased continuously. From these experiments, the interpretation of impedance plots 
could be stated precisely. 

The capacitative arc of a circle obtained between 10 4 and 10 Hz is correlated to a thin 
precipitate of calcium hydroxide which grows slowly on the steel surface after the setting 
of the mortar. This interpretation was given by John et al. [2], who first noticed this arc in 
the impedance plots obtained with reinforced concrete specimens. This interpretation seems 
to be reasonable because we showed that the features of this arc did not depend either on 
the electrochemical state of the reinforcement (passive or corroded) or on an imposed anodic 
or cathodic overvoltage. 

Moreover, we showed that the influence of the dielectric properties of the mortar cover 
itself appears at frequencies higher than 10 4 Hz [4]. The resistance of R0 of the concrete 
cover is given by the high frequency limit of the arc on the real axis. The resistance of the 
film, RI, is given by the length of the chord obtained at the intersection of the extrapolated 
arc of a circle with the real axis. 

The low frequency range (10 to 10 4 Hz) gives precisely the electrochemical state of the 
steel in mortar: when the steel is passive, only on capacitative arc of a circle is visible (Fig. 
2a) and when steel is depassivated and corroded, two arcs can be seen (Fig. 2b). One month 
after the setting of the mortar,  these general features of the plots no longer change. Only 
the sizes and relaxation frequencies of the capacitative arcs change when the corroded area 
increases. 

An analysis of the impedance plots of the specimens with a passive reinforcement by 
numerical methods, shows that the single capacitative arc is the result of more than one 
relaxation process. 
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FIG. 2--lmpedance plots of the mortar specimens (frequencies in Hz) at the rest potentiah (a) passive 
reinforcement and (b) depassivated reinforcement. 

The plots of all specimens could be explained by coupling of two relaxation processes: 

1. relaxation of the double layer capacity in parallel with the transfer resistance and 
2. relaxation of the surface concentration of the passivating species. 

With the corroded specimens, the coupling is low enough and both arcs are visible. 
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Very High Frequency Measurement 

In order to plot the impedance diagram at very high frequencies another frequency re- 
sponse analyzer was chosen: a 1255 Solartron. It allows for the reaching of frequencies up 
to 10 MHz. Considering the performance of the electrochemical interface (Solartron 1286), 
at these high frequencies, it was not possible to use a classical set up with a potentiostat. 
The generator of 1255 was directly connected to the specimen and to an auxiliary electrode. 
The voltage signal was measured between the rebar and a metallic electrode by the 1255. 
The current signal was obtained by measuring the ohmic drop in a calibrated resistor in 
series with the auxiliary electrode. 

The high frequency limit is virtually equal to zero (resistance of the electrolyte). The 
length of the chord obtained by the intersection of the arc with the real axis gives the 
resistance of the concrete cover (Fig. 3). 

These results have been compared to the classical set up with a 1286 Solartron interface 
which permits levels up to 105 Hz. Up to these frequencies the results are similar. But more 
tests are needed in order to analyze the value of capacitance. 

Model  o f  Equivalent Qrcui t  

A model of electrical circuit (Fig. 4), equivalent to the steel-concrete systems, was de- 
veloped in order to improve the analysis of the experimental Nyquist impedance plots: the 
circuit contains resistances Ri and capacities Ci (i = 0, 1, 2, 3). 

1. R0 and Co represent the resistive and dielectric properties of the concrete cover, and 
R] and C1 the resistive and dielectric properties of the lime layer. 

2. R2 may be identified with the transfer resistance and C2 with the double layer capacity. 
3. The circuit R3-C3 represents the influence of a surface concentration relaxation (may 

be the concentration of the passivating species). 

A numerical analysis of the impedance plots by a least squares method shows that the 
center of all capacitative arcs is under the real axis. 

If RI and C1 are pure resistances and capacitances, the centers must be on the real axis. 
We show in Eq 4 that the experimental diagrams can be simulated by an empirical formula 

20 j G(.Q) CONCRETE SPECIMENS 

100 kHz 

10- ,,10 M_Hz "% 
~ I M H z  ~,~ 

I ~ I I i -~ 0 1o 2o 30 4o R(.O.) 
FIG. 3--Very high frequency part: (a) cover thickness = 5 cm of cement content = 400 kglm ~ and 

(b) cover thickness = 2.5 cm of cement content = 350 kg/m 3. 
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F I G .  4--Electrical circuit, equivalent to the mortar spectmens. 

to describe the frequency dependence of the complex impedance along the capacitative arc 
corresponding to a single relaxation process 

Z = A~ (1) 
1 + (/~0, to)"-~ 

where A~, ~0J, a~ are real; Ag is a resistive term (difference between the "high frequency" 
and "low frequency" limit if of Z); roi is a relaxation constant; eti is a number between 0 
and 1; and to is the pulsation of the sinusoidal signal (to) is related to frequency (f) by the 
formula 

to = 2"r t f  

Equation 1 is similar to the formula of Cole and Cole [5], giving the complex dielectric 
constant of solid and liquid materials as a function of frequency. A formula as Eq 1 has 
already been used in order to analyze electrochemical impedance plots. 

If the center of the capacitative arcs are under the real axis, the equivalent circuit of Fig. 
4 can be used to calculate the impedance plot, but R, and Cg are no longer real values which 
depend on the frequency. If we compare Eq 1 and 

R, (2) 
Z~= 1 + jR~C~to 

giving the impedance of a parallel R~ C~ circuit, we may take 

V) - R----~- ai cos ~ - ] sin (3) 

The analysis of the impedance plots by the least squares method gives the values of R~, C~, 
T0~. Then the impedance plot of the equivalent circuit is calculated. This model matches the 
experimental plots (Fig. 2) well. 

According to our assumptions, R2 is the transfer resistance. If we consider that the cor- 
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roslon process may be described by the following simplified mechanisms 

Fe --~ Fe 2§ + 2e- (Fe 2+ ~ rust) 

1 
02 + H20 + 2e - - ~ 2 O H -  

The corrosion current, I~ .... is given by 

K 
I .... = 2R-- (4) 

The theoretical value of K depends on the number of steps in the anodic and cathodic 
reactions, and on the Tafel slopes of the rate constants of these steps 

This assumption seems to be valid because in the low frequency range the modulus of 
the impedance of a corroding area is much smaller than the modulus of the impedance of 
a passive area (Fig 2) It means that impedance Zp of the passive area is short circuited by 
the impedance Z~ of a corroding area which is In parallel with Zp 

The value of K is obtained by comparing impedance measurements and mass losses 

Comparison wtth Mass Losses 

Accelerated corrosion tests were used These tests consist of different periods of immersion 
of the samples in a chloride solution of 35 g/L and drying in atmosphere at 50~ The 
duration of the wetting period is three days and the drying period, four days The diagrams 
are plotted during the immersion After a certain number of cycles, three specimens were 
broken, the mass losses and the surface of corroded areas were measured The electrode 
potential is stored in a data logger versus time 

Potential measurements show that the steel is depassivated after two cycles and that the 
corrosion remains active The potential is between -500  and -600  mV/SCE Diagrams 
are plotted at each cycle for 18 weeks for the duration (t,) of the experiment Values of 
transfer resistance (R,) are obtained by using the model formerly presented 

After obtaining a diagram, the specimen is broken and the mass loss (AP1,) is obtained 
Transfer resistance can be correlated to corrosion current Icorr 

Using Faraday's law, it is possible to obtain the mass loss, AP2,, after the duration, t,, as 
follows 

= 4F E'.=0 "r, + ('rj+l - 7/) (5) 

M = mere atomic weight of iron 
In plotting for different ~, values of Ap~, versus AP2,, we obtain different points If we try 

to draw a straight line starting from the origin, we obtain a value of K equal to 35 mV But 
taking into account the fact that the corrosion rate is not constant during the different periods 
of wetting and drying, and that the corrosion is not uniform, this value cannot be used to 
determine an instantaneous corrosion rate (Fig 5) 

After breaking the sample, the measurement of the corroded area of the steel bar is not 
very accurate but gives interesting information on the propagation of corrosion We consider 
that the corrosion rate on the active surface is quite constant and that the transfer resistance 
decreases with an increase of the active surface 
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FIG. 5--Resu#s of  an accelerated corrosion test of  reinforced concrete specimens. Comparison of the 
experimental mass losses (AP~) with the mass losses (AP2) calculated from impedance plots by Eq 4 with 
K = 35 told. 

Large Scale Tests 

Feasibility o f  Impedance Measurements 

We thought that electrochemical impedance measurements could be carried out on large 
reinforced concrete structures to detect and analyze the local corrosion of the reinforcement. 

Impedance plots of big reinforced concrete beams (Fig. 6) were obtained with beams in 
seawater and out of water. The measurement setup was the same as the one used with small 
specimens. The working electrode was the whole reinforcement (bars, frames, pins). The 
counter electrode was a small (10 by 10 cm) platinized titanium sheet, and the reference 
electrode was a saturated calomel electrode. These two electrodes were put in a small open 

30 
r 
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CROSS SECTION LONGITUDINAL SECTION 
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126 CORROSION RATES OF STEEL IN CONCRETE 

box which was simply dipped in seawater near the beam. When the beam was out of water, 
the open gasket-lined side of the box was pressed on the concrete and the box was filled 
with a 0.5 M potassium chloride solution. Before the impedance measurements, the beams 
were cracked by cyclic loading and subject to cyclic dipping in seawater. 

Two beams were tested. We cannot describe damage on these two beams, but we can 
specify that Beam A presented wide cracks and some rust spots at the surface of the concrete. 
On the Beam B, the cracks were very few and narrow and no rust spots were visible. 

The impedance plots of the beams in seawater are given in Fig. 7. Their main features 
do not depend on the location of the probe (cell containing the counter and reference 
electrodes) near the beam. This fact is due to the conductivity of seawater which is higher 
than the conductivity of concrete. Differences appear in the low frequency range of the 
plots. With the severely corroded Beam A, a straight line appears below 0.01 Hz, that makes 
an angle of 45 ~ with the real axis. With Beam B, the low frequency range, below 0.1 Hz, 
is an arc of circle, the center of which is under the real axis, and the diameter is approximately 
300 ohm. In the high frequency range, a small capacity arc of circle is found, similar to the 
arc obtained with mortar specimens, which is explained by the precipitation of a lime layer 
on the steel surface. 

When the beams are out of water, the features of the impedance plots depend on the 
placement of the probe on the surface of the beam. The diagram in Fig. 8 was obtained 
with the probe near a wide crack of Beam A. A large "high frequency" arc, and a "low 
frequency" straight line are found. 

These experiments proved that impedance measurements are feasible with large reinforced 
structures dipped in water or out of water, and proved that the detection of corroded 
structures can be done by these measurements. In seawater, the impedance plot does not 
depend on the place of the "probe"  (reference electrode + counter electrode) near the 
beam. In this very conductive medium, which acts as a short circuit, the share of a little 
steel area of a bar, in the beam impedance, depends only on the electrochemical state of 
the steel, and not on the position of the area on the bar. In these conditions, the whole 
corrosion current could be obtained from impedance plots. However,  the location of the 
corroded area cannot be found. 

By contrast, in the open air, the only conductive medium (the mortar itself) has a low 
conductivity, and we note that the impedance plots depend on the location of the probe on 
the beam surface to a large extent. In this case, the shape of the impedance of each element 
of area depends also on the distance between the probe and the element. 
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FIG. 8--Impedanceplot of a reinforced concrete beam (Beam A out of water), lmpedance plot recorded 

near a crack. 

The difficulties that arise concerning the interpretation of the impedance plots are the 
result of the unusual experimental conditions: 

1. the big length of the steel bars (longer than the counter electrode used for the mea- 
surements), 

2. the complicated geometry of the working electrode (reinforcement), and 
3. the galvanic corrosion cells encountered in the corrosion of the locally depassivated 

reinforcement. 

We first analyzed the problems related to the big length of the reinforcing bars, and the 
occurrence of local corrosion, in the case of measurement out of water. 

Theoretical and Experimental Models 

Our model was developed to describe the one-dimensional instance of a long reinforcing 
bar embedded in concrete. The steel bar is the working electrode; the concrete, containing 
the pore solution, is an electrolyte; the reference electrode and the counter electrode are 
in a cell containing an electrolyte and lying on the concrete surface what we call "the probe." 
The dimension of the counter electrode is supposed to be much smaller than the length of 
the bar. Under these conditions, that are represented in a simplified version on Fig. 9a, 
every unit area of the bar (for example, 1 on Fig. 9a) being separated from the probe (A) 

o 

o' Ax' Ax - - - ' K Z ' - - - '  Ax ' Ax L ) 

" 1 (b) ZI Zz Zi ' 7_N_ I ZN 
FIG. 9--Academic model. 
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128 CORROSION RATES OF STEEL IN CONCRETE 

by a concrete layer, the electrical resistance of which (R~) depending on its thickness (Li). 
The current lines are supposed to be the straight lines, AI. The corresponding electrical 
model is given on Fig. 9b. In this model, Z, is the impedance of the metal-electrolyte interface 
in series with the resistance, R,, which means that several unit Randles circuits are in parallel. 
The resistance, R~, is supposed to be given by the formula 

R, - p L~ (6) 
ASi sin a~ 

where p is the resistivity of the electrolyte, ai is the angle AIO,  ASi is the area of 1. 
The total electrochemical impedance can be calculated from 

2 = (7) 

When the electrochemical state of the bar is uniform (for example: completely passive or 
completely active and no d-c potential applied), an analytical calculation of the total imped- 
ance is possible. 

Test of the Model with an "'Academic" Electrochemical System 

This theoretical model was tested in simplified experimental conditions [7]. A 1-m-long 
stainless steel bar (304L) has been dipped in a 0.1 N sulfuric acid (HzSO4) solution, The 
steel is in a uniform passive state. The impedance measurements were carried out in ex- 
perimental conditions corresponding to the model (Fig. 9a). The experimental and calcu- 
lated, Eq 7, impedance plots are represented on Fig. 10. Only the "high frequency" part 
of the plots was given, in order to show the distortion of the curve, which clearly appears, 
as a result of the geometry of the system. 
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In the simulation, the specific interracial impedance is only a double layer capacity in 
parallel with a transfer resistance. To attribute the distortion to a coupling of two different 
relaxation processes would be a serious misinterpretation, 

When the local depassivation and corrosion occur on a long steel bar, the total impedance 
cannot be calculated by Eq 7 because the specific impedance distribution is actually unknown. 
But the probe can be used to detect the corroded area, and sometimes to measure the 
corrosion current on this area [4,6]. The value of current density needs to know the active 
surface. Generally, the specific impedance of a depassivated area is much smaller in the 
low frequencies range than the specific impedance of a passive area. In a way, the impedance 
of the corroded area tends to make a short circuit in the circuit of Fig. 9b. The most effective 
short circuit is obtained when the resistance, in series with the impedance of the corroded 
area, has the minimum value. If Distance y is fixed (see Fig. 9a), this condition is obtained 
when the probe is straight above the corroded area. 

In 0.1 N H2SO4, a mild steel rod (5-cm-long) was inserted in the stainless steel bar. The 
passive stainless steel and the corroding mild steel made a galvanic cell. The probe was 
shifted parallel to the bar, from one end to the other, and impedance plots were recorded 
in different places. The results are gathered in Fig. 11. The analysis of the changes of the 
plots gives a very accurate detection of the corroded area location: the size of the plot is 
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FIG. ll--Detection of a corroded mild steel zone (active steel) in a passive (304L steel) bar (1 m 

long), dipped in 0.1 N H2S04. 
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( length = lm ) 

FIG. 12--Reinforced mortar beam. 

f 
minimum when recorded above the middle of the mild steel rod. We showed [8] that this 
plot was virtually identical to the impedance plot of the steel rod alone, when polarized at 
the galvanic cell potential and we succeeded in calibrating the relationship between the 
transfer resistance and the corrosion rate of the steel rod in acid. We now make the same 
calibration for the steel in concrete using mass losses. 

Test of  the Model of  a Mortar Beam 

The validity of our model was tested on a small (7 cm by 7 cm by 100 cm) reinforced 
mortar beam (Fig. 12). The reinforcement was made of one single mild steel bar. No chlorides 
were added to the mortar, and the bar was in a uniform passive state. Experimental imped- 
ance plots are given on Fig. 13 and show the distortion, predicted by the model, which 
appears here in the low frequency range. 

The shape of the distortion depends on the placement of the probe along the surface of 
the beam, as predicted by the model. 

Experiments must now be carried out with a mortar beam, the reinforcing bar of which 
is locally depassivated and corroded. Such an experiment will prove the capacity of the 
model to interpret the experimental plots obtained with long structures and will give the 
basis of experimental procedures to detect and analyze the local corrosion of the reinforcing 
bars. 
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FIG. 13--Impedance plot (low frequency range) of a mortar beam (out of water with passive rein- 
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FIG. 14--Setup wi~ an e~ctricguard. 

Setup with an Electrical Guard 

It is possible to avoid the spatial distribution of impedance versus the frequency by using 
a specific auxiliary electrode with an electrical guard. This setup allows measurement of 
only the current flowing from the surface of rebars in front of the auxiliary electrode (Fig. 
14). 

In order to obtain accurate and worthwhile data, it is necessary to maintain the auxiliary 
electrode and its guard at the same potential versus different frequencies. Therefore, a 
specific electronic device was developed and integrated in a classical three electrode setup 
with a potentiostat and a frequency response analyzer. These measurements were performed 
on concrete beams in the atmosphere. The reference and auxiliary electrodes are put in 
water box allowing an electrolyte junction between the surface of the concrete and the 
electrodes (Fig. 14). 

Experiments were carried out on 1.5-m-long concrete beams containing two reinforcing 
steels. The cover thickness is 4 cm. The cement content is 300 kg/m 3. The water to cement 
ratio (w/c) is 0.55. The results obtained are presented in Fig. 15. The influence of the 
electrical guard is clearly shown. At  low frequencies, a good agreement is obtained between 
data gathered on the whole concrete beam and data acquired from the electrical guard setup, 
taking into account the ratio of surface. 

At  high frequencies, some scatter is obtained due to the difficulty of maintaining the same 
potential at the auxiliary electrode and of its guard. The low currents that were measured 
need the use of an amplifier with a very high gain. Its performance at high frequencies is 
not good enough to avoid any phase shift disturbing the measurements. We consider that 
the concept of this measurement is adapted, but some technical problems have to be solved 
in order to obtain good data at high frequencies. Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG, 15--Tests on large concrete beams: (top) with electrical guard and (bottom) without electrical 

guard. 

Conclusions 

Electrochemical impedance plots allow the characterization of the different mechanisms 
of corrosion of steel embedded in concrete. The developed model using an equivalent circuit 
is in good agreement with the obtained data. Different parameters (capacitance and resist- 
ance) were correlated with different phenomena including effect of cover thickness, film at 
the steel concrete interface, transfer resistance, etc. This method can be used to benefit the 
study of the durability of reinforced concrete considering different environmental parameters 
and various concrete compositions (cement content, w/c, etc.). 

But considering the fact that the corrosion of concrete is not uniform, this model does 
not allow the obtaining of a quantitative value of the corrosion rate in the first step of the 
propagation. 

Some new interpretations have to be found, in order to try to measure the real corrosion 
rates on the anodic surface. 

This method used on large specimens is feasible. The results show that it is possible to 
detect an active surface taking into account the shape of the diagram and a specific model. 

This method can certainly be a useful tool to detect corrosion on real structures. However, 
some further research is needed in order to obtain more quantitative data. 
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ABSTRACT: Recently, in CORROSION-87, one paper was presented which, assuming the 
electrical model of the "transmission line" to represent the nonuniform distribution of the 
current in a concrete beam, demonstrated the calculation of the instantaneous corrosion rate 
by unit of length of the rebar through mathematical equations 

In the present contribution those equations are used m order to determine whether the 
equations enable distinction between the corroded zones of a rebar and those which remain 
passive A concrete beam was fabricated, half of it by mixing chlorides with the cement (and 
therefore inducing a corrosion in the rebars) and the other half without admixtures (passlvated 
zones of the rebars) The apparent polarization resistance was measured along the beam using 
a small counter electrode Through the equations previously proposed, the corrosion rate was 
calculated 

The results obtained confirm that the boundary between corroded and passwated zones can 
be clearly identlfled using these formulae Finally, some comments are given on the relative 
actw~ty of galvanic macrocells compared with the corrosion microcells 

KEY WORDS: steel in concrete, polanzat~on resistance measurements, on-site corrosion rate, 
macrocell action, steels, corrosion, concrete 

The direct measurements  of  the corrosion rate in real structures would be the ideal method  
for monitoring the structures '  behavior  However ,  only in few cases was this possible and 
the laboratory reproduct ion of  the system metal /environment  has been the usual method  
for determining the corrosion performance of  big structures Monitor ing situations in con- 
crete structures is especially complicated because of the difficulties that concrete poses when 
using nondestruct ive measurement  techniques Concerning the corrosion of reinforcements ,  
the only measurement  technique employed successfully has been, up to now, the potential  
mapping whose most important  hmltat lon is its quahtat lve character  In recent papers [1- 
4], the authors have tried to offer a new approach m order  to est imate electrochemically 
the corrosion rate  of reinforcements  in beams and slabs. 
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ANDRADE ET AL. ON MEASURING WITH SMALL COUNTER ELECTRODE 135 

In big structures, the main difficulty arises from the impossibility of using an electrode 
the same size as the structure itself. If small electrodes are used, then the electrical signal 
vanishes in accordance with the distance up to a critical length, as Fig. la shows. 

As the electrical signal is not uniformly sprayed, the polarization resistance (Stern's for- 
mula) cannot be directly applied because of the ratio between the applied signal and the 
current or potential response: Rp = A E / ~ I .  The surface area reached is unknown and the 
value of signal varies with the distance. 

If the distribution of the signal was uniform (Fig. lb) through an electrode of the same 
size as the structure, then the difficulty would disappear as was mentioned. 

In the aforementioned paper [i], mathematical formulae assuming the transmission line 
as equivalent circuit (Fig. 2) to model the concrete/steel system, were proposed in order to 
solve these limitations. The results obtained showed there was a good agreement between 
the corrosion rates calculated when a uniform distribution of the signal (Fig. lb) is guaranteed 
and those rates obtained from the mathematical formulae presented. Beams fabricated 
without admixtures (passivated steel) and with 3% of calcium chloride (CaCl2) in the mix 
(active corrosion) were used for the experiments. 

In the present communication, beams containing active and passive zones in the same 
reinforcement were fabricated (half beam contaminated with chlorides and other half without 
admixtures). Formulae aforementioned [1] are employed here for checking their validity to 
identify active/passive boundaries. Moreover, the action of galvanic macrocells was inves- 
tigated. 
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FIG. 2--Equivalent circuit for interpreting the response of the reinforcement to a small-amplitude 
electrical signal: (a) model in "transmission line," (b) and (c) flow of the current through and infinites- 
imally small beam element. 

M a t e r i a l s  

The experimental work was carried out on beams of 160 cm length and 6 by 10 cm 2 cross 
section. The beams have 350 kg of cement per m 3 of concrete; Half beam was fabricated 
without admixtures and to the other half 3% CaC12 by weight of the cement content was 
added in the mix (Fig. 3). 

Three steel bars of 0.7 cm in diameter were embedded in the beams as Fig. 3 also shows. 
The disposition of the bars was such that two identical ones were on contact either with the 
concrete without admixtures (thus being passivated) or with that contaminated by chlorides 
(thus actively corroding). Their exposed length was 70 cm each. The other bar was in contact 
throughout the two halves (with and without chlorides) of the beam. Its exposed length was 
140 cm. 

As a counter electrode, a small cylinder 4.5 cm in diameter was used. A hole of 0.8 cm 
in diameter allowed the placement of the reference electrode in its center. 

P r o c e d u r e  

For evaluating the corrosion rate of each bar, the distribution of the electrical signal in 
the bars is assumed to follow the transmission line model [I], Fig. 2a. Taking into account Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG. 3--Representation of the beam type used: (a) continuous rebar, (b) half-bar, (c) bt,,,~uary oetween 
the concrete with and without chlorides, and (d) insulating tape. 

the differential equations for an infinitesimal element of the model (Figs. 2b and c), the 
following mathematical solution may be obtained [1]. 

R, = 4(Rp')/Re (1) 

R, = Re/e~ 2 (2) 

which gives the true polarization resistance values by unit of beam length, R,, as a function 
of the apparent polarization resistance, Rp', also by unit of length (Rp' is the value directly 
obtained by the ratio between applied polarization and current response Rp' = AE/AI )  or 
as function of the coefficient tx, estimated by the attenuation of the potential with the distance 
from the counter electrode. Re is the ohmic resistance of the concrete by unit of slab length. 

The coefficient, ct, in the case of a beam, may be calculated through Eq 1 

1 u(x,) 
ct - - -  In (3) 

x 2 -  x, u(x2) 

Where u(x,) and u(x2) are the potential values of the rebar at the distances x, and x2 from 
the counter electrode when a step of potential AE (here, 100 mV) is applied. 

In order to calculate R, through one of the two methods mentioned, the estimation of Re 
is needed. As was previously described, Re may be calculated in different ways, one of 
which is through the known expression p = 2RD,  where D is the counter electrode diameter, 
p is the concrete resistivity, and R is the ohmic resistance compensated by the potentiostat. 

TABLE 1--Values obtained from a step of potential of 10 mV in beams slightly wet. 

Ec .... AI, Rp', R, 
mV IxA ohm ohm Remarks 

- 3 4 8  66 151 500 bar divided into two and concrete with chlorides 

-108  4.1 2440 1500 bar divided into two and concrete without chlorides 
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TABLE 2--Attenuanon of the potential wtth the dtstance along the beam from the counter after applying 
a step ofpotenttal of 100 mV 

Distance, El, E2, AE, 
cm mV mV mV Remarks 

2 5 -351 -325 26 bar divided into two and concrete wtth chlorides 
5 -373 -360 13 

10 -383 -375 8 
15 -370 -364 6 

5 - 129 - 8 8  41 
10 - 126 -91  3 34 7 

15 -121 6 - 91 6 30 
20 - 123 8 - 9 8  1 25 7 

bar dwlded into two and concrete without chlorides 

The values of Rr  (ohm cm 2) obtained by these " indi rec t"  measurements  were  finally 
compared with those obtained with an extended counter  electrode which completely covers 
the beam Through this ar rangement  an uniform distribution of the signal is guaranteed 
(Fig lb)  and RT may be directly calculated from the measurement  by Stern's formula 

R e s u l t s  

Although numerous  experiments  were carried out,  only one set of  them is represented 
here It corresponds to the cases in which the beams were maintained shghtly wet or partially 
immersed in water  

In Table 1, the values of E ..... AI,  R /  and Rob., obtained from direct measurement  are 
given In Table 2, the values corresponding to the at tenuation of  potential  method  are also 
shown Finally, m Table 3, the Rr  values are presented,  which correspond to the two 
previous methods  and to that using an extended counter  electrode 

The Rr  values for the case of  maintaining the beam partially immersed in water  are 
presented m Table 4 

Concerning the action of galvanic macrocell  in the case of the longest rebar (half passivated 
and half actively corroding),  Table 5 gives the values of the different parameters  as a function 

TABLE 3--Compartson between the RT (ohm cm 2) values obtamed from the mdtrect measurements 
( Eqs 1 and 2 m the text, Methods A and B, respecttvely) and those obtained from the dzrect determmatton 

usmg and extended counter of the same stze as the beam (Method C) Beam shghtly wet 

R r Values 

Conditions E . . . .  A B C 

CONCRETE WITHOUT CHLORIDES 

Continuous bar -216 300 000 154 000 
Bar dlwded into two - 108 273 000 380 000 
Rebar divided into two and short-orculted -217 235 000 123 000 

CONCRETE WITH CHLORIDES 

Continuous bar -316 4 500 5 100 
Bar dwlded into two -366 2 900 2 100 
Bar divided into two and short-orcmted -348 4 500 9 700 

187 000 
250 000 
136 000 

4 800 
7 100 
6 500 
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TABLE 4--The same comparison as tn Table 3, but for a beam partially submerged m water 

Rr Values 

Conditions E . . . .  A B C 

CONCRETE WITHOUT CHLORIDES 
Continuous bar - 334  75 000 53 000 83 000 
Bar divided into two -101  303 000 284 000 300 000 

CONCRETE WITH CHLORIDES 
Continuous bar -468  900 3 100 2 300 
Bar divided mto two -487  1 100 4 700 3 400 

of the  dis tance a long the  b e a m  T h e  Rr  values were  calculated t h r o u g h  the  A p p a r e n t  Rp 
m e t h o d  The  effect iveness  of  the  m e t h o d  for dis t inguishing the  b o u n d a r y  be tween  active 
and  passive is high whereas  the  cor ros ion  potent ia l  values  m e t h o d  is no t  effective 

The  act ion of the  galvanic macrocel l  may also be  fol lowed by external ly  short-circui t ing 
the  smaller  rebars  Figure 4 shows the  changes  in the  individual  Ecorr m e a s u r e d  af ter  short-  
circuit ing the  bars  In  the  figure,  the  evolut ion of  the  macrocel l  cur ren t ,  m e a s u r e d  th rough  
a zero  resis tance a m m e t e r  ( Z R A ) ,  is also shown 

The  Ecorr values of the  active r e b a r  are slightly affected by the  macrocel l  act ion However ,  
the  Ecorr of the  pass lvated bar  moves  abou t  100 m V  or  more  in the  negat ive  di rect ion 
depend ing  on  the  mois ture  condi t ions  

I t  may  be  also obse rved  f rom Tables  3 and  4 tha t  the  R r  values for a concre te  wi thou t  
chlor ides  in the  longest  ba r  are lower  (tcorr IS h igher)  t h a n  in the  smal ler  ones  (not  suffering 

TABLE 5--Evolution of  the Rv (ohm cm 2) values with the dtstance to the mterface between chloride 
contammated and non-admixed parts of  the contmuous (longest) rebar The Rv values were obtamed 

through Eq 1 m the text 

Distance, E .... A1, R, Rr, 
cm mV ~A Rp' ohm ohm cm 2 

3% CALCIUM CHLORIDE 
70 -- 182 73 137 500 2 600 
60 -- 194 70 143 420 3 300 
50 --210 71 141 410 3 300 
40 --221 63 159 380 4 600 
30 --226 51 196 320 8 200 
20 --218 59 170 440 4 500 
10 --216 45 222 540 6 300 

0 --200 11 5 870 770 67 000 

WITHOUT CHLORIDE 
10 -- 178 6 2 1 610 730 244 000 
20 -- 173 6 2 1 610 680 262 000 
30 -- 176 5 8 1 720 680 300 000 
40 -- 193 5 7 1 750 1 300 162 000 
50 -- 191 4 6 2 170 840 385 000 
60 --209 3 3 3 030 840 751 000 
70 -- 181 4 6 2 170 1 600 202 000 
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FIG. 4--Evolution of Eco. and macrocell current with time of the smaller bars just after being externally 
short-circuited. 

macrocell action). Apparently, the passivated zones of a bar suffering macrocell action are 
three or four times more active than in the case in which no macrocell is established. Further 
work is needed to clarify this unexpected inconsistent result. On the other hand, the galvanic 
macrocell does not appear to play an important role in the chloride contaminated part of 
the beam. 

Discussion 

The possibility of using formulae previously proposed by Feliu et al. [1,2] in order to 
distinguish active and passive zones on the same rebar is experimentally justified here. 

The results offered enable this differentiation because the icorr values obtained differ by 
one or two orders of magnitude between passivated zones and those which are actively 
corroding. On the other hand, in slightly wet conditions the potential mapping leads to 
erroneous conclusions since the Ecorr values do not differ significantly. 

Another important advantage of the proposed measurement methods is the possibility of 
studying the real effect of galvanic macrocells. Numerous comments were previously stated 
[5,6] concerning the importance of this effect, but the experimental contributions are rather 
limited, and based only on the galvanic current measurements, because no other method 
of measurement of the corrosion rate was available. Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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FIG. 5--Evans' diagram representing the galvanic macrocell. In the active zones, El and ial represent 

the values before short-circuiting the smaller bars and E2 and i,e after short-circuiting them. In the passive 
zones, the influence appears to be much higher in E ..... moving E3 to E2, but lower on the ico,r values. 

In the present paper, a first attempt of comparing the contribution of the current of the 
galvanic macrocell with the total corrosion current, is presented. From the results obtained 
some interesting deductions and some contradictory evidence arise. Regarding Evans dia- 
gram in Fig. 5, the facts may be interpreted as follows: 

1. The macrocell only slightly polarizes the actively corroding zones. Almost no difference 
in the Rr values may be found in the isolated rebars compared with the longest one. 

2. The macrocell highly polarizes the passive zones in spite of the low galvanic current 
value detected (Fig. 4). In this situation, perhaps the Rr calculated is not correct as other 
authors have previously stated [5]. This point needs further investigation. 

Conclusions 

It is confirmed that the methods of measuring R r in concrete structures previously proposed 
by the authors enable: 

1. the measurement of the time corrosion rate in big real concrete structures (The results 
show a good agreement with those obtained when a uniform distribution of the electrical 
signal is guaranteed.), Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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2 the dehmltat lon and distinction between active and passive zones m the same rebars, 
and 

3 the study of the galvanic macrocell action 
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ABSTRACT: The results of potential mapping surveys of bridge decks of the Swiss highways, 
using a new eight-wheel electrode measurement system, are reported here A comparison of 
the state of corrosion of the rebars (obtmned by visual inspection after removing the concrete 
cover), including the potential fields in addition to theoretical considerations, clearly de- 
monstrates that an absolute potential value (that is, -350 mV copper sulfate electrode (CSE) 
as proposed in ASTM Test for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete 
(C 876-80) for the identification of active corrosion of steel in concrete does not exist Com- 
bining the local potential gradient on the surface with information on the electrical resistivity 
of the concrete (measured with the four-point method or a-c impedance) allows determination 
of a rough estimate of the corrosion rate in a single macrocell Impedance spectroscopy, well 
suited for studying corrosion mechanisms in the laboratory, was found to be too time consuming 
and difficult to interpret in field measurements Instead, a very rapid new technique--using 
galvanostatlc pulse measurements--was tested successfully on site It gives clear, unambiguous 
results on the corrosion state of the rebars, when half-cell potential measurements are uncer- 
tain 

KEY WORDS: corrosion, steel in concrete, potential mapping, survey, a-c impedance, gal- 
vanostatm pulse technique, steels, concrete 

Corrosion of reinforcing steel is a worldwide problem as evidenced by the source of  the 
papers at this conference In Switzerland, with a highway system involving nearly 3000 
bridges (generally elegant,  post- tensioned constructions with a membrane  and asphalt cover  
on the concrete) ,  the increasing use of  deicing salts has resulted in severe locahzed corrosion 
of the re inforcement  In addition to the damage of the bridge decks, o ther  parts of  bridge 
structures, piers, beams,  and plhngs suffer by salty runoff  or  salt-containing snow Deicing 
salts are carried on automobiles into all the tunnels and have resulted m chloride concen- 
trations in the concrete  up to 4% by weight  of cement  and severe damage to these structures, 
too 

The precise cost of the corrosion-induced damage of reinforced concrete  structures is not  
known The Swiss Federal  Highway Administrat ion calculates annual costs of  about  80 
million Swiss Franks for survey and maintenance of bridge decks only [1] The repair and 
replacement  of deficient bridges demand even greater  expenditures A great problem is 
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Federal Institute of Technology, Zurich, Switzerland 
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144 CORROSION RATES QF STEEL IN CONCRETE 

adequately defining which areas of bridges require repair. The usual method of inspection 
of concrete structures is too limited: 

(a) relying on a visual inspection only, damage is detected too late, when it manifests at 
the concrete surface and 

(b) the exact results of laboratory tests on core sampling (that is chloride penetration) 
are not representative for the whole structure. 

The main problem, the corrosion of the reinforcing steel, cannot be detected before 
extensive damage occurs. In this paper, the results and experience of potential surveys of 
bridge decks of the Swiss Highways, using a new eight-wheel electrode measuring system, 
are reported. Attempts to overcome the "gray zone" of half-cell measurements and to 
calculate the corrosion rate in a particular macrocell are reported and discussed. 

Location of Corroding Rebars--Potential Mapping 

The potential mapping technique has been used since the early 1970s to locate corroding 
rebars in concrete structures [2-3]. Its use and interpretation are described in ASTM Test 
Method for Half-Cell Potentials of Reinforcing Steel in Concrete (C 876-80). Use of this 
technique has been increasing for several years in Switzerland [4,5]. 

Electrochemical Fundamentals 

The electrochemical nature of corrosion processes of steel in concrete is well known [6]. 
A characteristic feature is the development of corrosion cells, that is, the coexistence of 
passive and corroding areas on the same rebar (Fig. 1) forming a short-circuited galvanic 
element with the corroding area as anode and the passive surface as cathode. The cell voltage 

\ / f  

-200mY'\ \ - 300 mV ~ / -200mY \ 
f / 

\ ~ / " \  
/ / 

B ~ , /"  z, 400.. \-.\. B . . . .  concrete 

A -l- . . . .  A. 

~pals corroding area 1 
we rebar .?OOmV, anode 

- 100 mV, cathode 
FIG. 1--Schematic view of the electric field and current flow of an active~passive macroelement on 

steel in concrete: . . . .  current path and potential line. 
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AU in this macroelement equals the potential difference between active and passive steel 
and may reach up to 0.5 V. The resulting current flow I 

AU 
I =  

RE + RA + Rc 

where 

I = current flow, mA, 
AU = cell voltage in the macro element, mV, 
RE = electrical resistance of concrete, 12, 
RA = anodic reaction resistance, 12, and 

Rc = cathodic reaction resistance, 12. 

(1) 

is determined by the electrical resistance of the concrete and the anodic and cathodic reaction 
resistance. 

This current flow in the concrete is coupled with an electric field ~p(x,y): the change in 
electric potential from anode to cathode is continuous. This electric field can be measured 
at the concrete surface, resulting in equipotential lines (potential field) that allow the location 
of corroding zones at the most negative values. 

Factors Af fec t ing  the Potential  Field 

When surface potentials are taken, they are essentially remote from the reinforcement 
due to the concrete cover. The potentials thereby measured are, in fact, mixed potentials. 
Several factors, discussed in the following paragraphs, can have a significant effect on the 
potential measurements. 

Concrete Cover D e p t h - - T h e  concrete cover depth has a direct effect on the measured 
potential values as is schematically shown in Fig. 2. With increasing concrete cover, the 
potential values of active corroding and passive steel become similar. A t  infinite distance, 
a uniform potential value results. Thus, the location of small corrosion spots gets more 
difficult with increasing cover depth. 

-100 ~ o _ _ ~  I I ~o-- 

-2oo 

_ / rge cover depth 
-300 .2 i~ t k t  ] l , , / /~  (B- -B  in fig.l) 

, �9 -400 E 
I ~  .../~ ~  

0 "0  moo o_ j smelt cover depth 

-600 j (A--A in fig. 1) 

possive I corroding i possive 
FIG. 2--Schematic view of  the influence o f  concrete cover depth on the potential field at the surface 

(depth A . . . A, B ,  . . B) for the macroelement in Fig. 1. 
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146 CORROSION RATES OF STEEL IN CONCRETE 

Electrical Resistivity o f  the Concrete--The concrete humidity and the presence of ions in 
the pore solution affect the electrical resistivity of the concrete. According to Eq 1, decreasing 
electrical resistance, RE, increases the current flow in the corrosion cell. This does not change 
the potential difference measured, but the absolute values are shifted up to ---50 mV [7]. 

High Resistive Surface Layer--A high-resistance surface layer enhances the effect of cover 
depth, as the macrocell current paths tend to avoid the highly resistive concrete (Fig. 3). 
The measured potentials at the surface become more positive (compare with Fig. 1) and 
thus corroding areas could be masked and not detected [8, 9]. 

Polarization Effects--Steel in concrete structures immersed in water or in the earth often 
has a very negative potential due to the restricted oxygen access [10]. In the transition region 
of the structure (splash zone or above ground) negative potential values can be measured 
due to the galvanic coupling with the immersed rebars. These negative potential values are 
not related to corrosion, so interpreting potential surveys of these types of structures requires 
great care [8, 9]. 

This short summary of the most important effects on potential measurements on the 
concrete surface shows that, despite the simple measuring procedure, the results of potential 
mapping need careful interpretation. It becomes obvious that a fixed potential value for the 
evaluation of half-cell potential data are not applicable. 

Procedure 

The procedure for measuring half-cell potentials at the concrete surface is comparatively 
straightforward and several commercial instruments are on the market. One or several half- 
cells (generally copper/copper sulfate (Cu/CuSO4) electrodes) are placed on the concrete 
and connected to a high input impedance voltmeter. The low impedance pole is connected 
to the reinforcement. Care must be taken to have a very good electrical connection to the 
rebars (that is, by drilling a hole and mounting a screw). The half-cell should be put on a 
wet sponge on the concrete. 

f high resistance surface layer 

- 200 mV - 2 0 0  mV 

FIG. 3--Effect of a high resistive surface layer on the current paths in concrete (schematic). The 
measured potentials at the surface become more positive. 
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To facilitate the potential survey of large bridge decks, walls, or parking decks, the IBWK 
(Institute of Materials Chemistry and Corrosion, Swiss Federal Institute of Technology, 
Zurich) developed an eight-wheel electrode measuring system [4,5] (Fig. 4). This system 
allows one to survey 200 m2/h with grid dimension of 15 cm using computer assisted data 
acquisition and storage. 

Interpretation and Results 

The interpretation of the potential readings is usually performed according to ASTM C 
876-80. The potential values indicating corrosion were fixed on the basis of both laboratory 
measurements and bridge-deck inspection in the United States [11]. Recent practical ex- 
perience has shown, however, that for different conditions (that is, concrete cover, humidity, 
chloride content) different potential values indicate corrosion. The upper limit of the po- 
tential for corrosion can range from - 200 to - 570 mV (bridge deck Morbio versus column 
in seawater, Fig. 5). Two examples of our recent work are presented in the following 
paragraphs. 

Cugniertobel Bridge //--Potential mapping of this bridge deck (450 m 2, built in 1962) 
was performed during the replacement of the asphalt cover and other restoration work in 
the summer of 1986. In Fig. 6, a part of the potential field is shown. The numerous small 
"corrosion spots" are typical for the very severe localized corrosion attack due to chlorides. 
A visual inspection of the concrete surface revealed only two points with corrosion products. 
After the potential survey, the concrete cover was removed and the top mat of the rein- 
forcement was visually inspected. Localized corrosion attack was found in all the areas with 

FIG, 4--The eight-wheel electrode measuring system developed at the institute of materials chemistry 
and corrosion (ETH Zurich) for potential surveys. 
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FIG. 5--Comparison of the experimentally determined potential range indicating corrosion with the 
ASTM C 876-80 standard. 

probability of corrosion < 5% 

intermediate range (uncertain) 

probability of corrosion >95% 

a potential negative of more than -<300 mV CuSO4. Using the ASTM C 876-80 criteria of 
<350 mV CuSO4, more than 70% of all the corrosion sites would not have been detected. 
In addition, this example shows that a grid dimension of 15 cm or less must be used to 
detect all the small areas of localized corrosion. 

San Bernardino Tunnel--The San Bernardino tunnel, built 1967, is 6.6 km long and 
constructed as a "bridge in a tunnel." The riding deck, 20 cm reinforced concrete covered 
with asphalt, is divided in sections of 25 m to allow contraction and expansion of the concrete 
(due to day/night temperature differences of up to 30~ These main dilatation sections 
(DF) are subdivided every 2.5 m to avoid uncontrolled cracking of the deck (SF). The 
potential survey of the deck has been performed from the underside (channel for fresh air 
supply) on eight different areas of 125 m 2 each. A part of the computer generated contour 
plot is shown in Fig. 7. It is obvious that corrosion is found only near the dilatation joints. 
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FIG. 6--Part of the measured potential field of the bridge deck "Cugniertobel H" (concrete cover 2 
to 3 cm, temperature 24~ Equipotential lines millivolts CuSO,. 

To check the state of corrosion of the rebars, the concrete has been removed at several 
points. The ASTM C 876-8D criteria -<350 mV in this case detected all corrosion, even the 
beginning corrosion reactions. Compared to the visual inspection, the corroding zones lo- 
cated with the potential survey were about 30% bigger [5]. 

Summarizing our experience with potential surveys, the interpretation of the potential 
field, that is, the location of corrosion, cannot be based on an absolute value as proposed 
by ASTM C 876-80. The examples presented (among numerous others [9]) show that the 
structure of the potential field and the local potential gradient are better ways to identify 
the type of corrosion and to locate corroding rebars. 

Corrosion Rate 

The potential" mapping technique has provided a useful, nondestructive means of delin- 
eating areas of corrosion. It is an early warning system which can assess the magnitude of 
the problem of corrosion and follow the extent of the anodic area as it changes with time. 
In conjunction with data from other tests such as resistivity or chloride ion content, the 
technique can be used to assess the corrosion status of a structure. For assessing the remaining 
service life of existing bridges and for evaluating materials and procedures for protection 
and rehabilitation of bridge components, a method to measure the rate of corrosion of 
embedded reinforcement is needed [12-14]. 

Potential Gradient 

The electric field tp(x,y) over a single active/passive macrocell (Fig. 1) is determined by 
the geometry of the system and by the cell voltage AU. This cell voltage and the current 
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Po ten t i a l  scale:  

>- 400 mV CuSO 4 

<- 400 mV CuSO 4 

<- 500 mV CuSO 4 

<- 600 mV CuSO 4 

FIG. 7--Part of the computer generated contour plot of potential mapping at the underside of the 
riding deck (San Bernardino tunnel). Equipotential lines miUivolts CuS04. 

flowing in the macro cell can be calculated with the experimentally measured potential 
gradient at the concrete surface. 

The potential field at the concrete surface for a small corrosion cell (typical for chloride 
induced corrosion of rebars) can be written as [15]. 

I ' p  (2) 
tp(x,y = d) = 2~r" V~x 2 + d 2 Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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where 

I = cell current, mA, 
p = specific concrete reslstlwty, l)cm, 
d = cover depth, cm, and 
x = horizontal distance from corrosion s~te, cm 

The potennal difference at the surface between the two pomts x = 0 and x is calculated to 

= - 

I p .  V r d T + x 2 - d  

2~r d ~ + x 2 

(3) 

The current, I, m the cell results m 

21r 
I = - -  

A q ~ x  . d X/-~ + x 2 

k/-~ + x2 - d 
(4) 

For the distance x ~ 3d, one gets approximately 

l - 2 ~ r  Aq~(x = 3d) 3d Y (5) 

9d .  Atp(x = 3d) 
(6) 

P 

For the experimentally determined cover depth, d, and the measured potennal difference, 
A~ (x = 3d) (potential gradient), the cell current, I, can easily be calculated For the 
example of the Cugmertobel bndge with typical values of d = 2 5 cm, a potentml gradient 
of 5 mV/cm, and a concrete reslsnwty of 10 000 ~cm, a current, I, of about 80 I~A is 
calculated For a tyDcal locahzed corrosion spot of 1 cm 2, th~s current corresponds to a 
corrosion rate of 0 8 mm/year, a value which is m reasonable agreement w~th practical 
experience 

Impedance Measurements 

Impedance spectroscopy makes ~t possible to obtain information on the electrical reslsnwty 
and the dlelectncal propertms of the concrete cover, and on the corrosion rate and mechamsm 
of small steel bars m mortar or concrete Since the early work of Dawson [16], th~s techmque 
is frequently used to study the corrosion of steel in concrete m the laboratory [17-19] 
Laboratory expenments of the present authors [20,21] have shown a close relationship 
between the corrosion rate (determined by weight loss measurements and visual mspecnon) 
and the calculated values from the impedance measurements for different chloride contents 
and environmental condmons 

On attempting to measure the corrosion rate on large slabs of reinforced concrete (with 
a large working electrode and a small counter electrode) special problems arise which were 
not found m the small-scale laboratory experiments The interpretation of the impedance 
spectra is required to consider the spatial distribution of the ~mpedance Several models of 
equivalent clrcmt [22] and transmission line analysis [23] were proposed to overcome these 
difficulties An ~mportant consequence of this analysis ~s that the measured apparent po- Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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larization resistance beyond a critical length of the working electrode bar becomes inde- 
pendent of the length. Typical values for this critical length were found to be 20 to 50 cm 
[231. 

Procedure- -Our  experiments with the impedance technique were performed on large 
concrete slabs (1 m by 1 m by 0.2 m) to simulate a part of a bridge deck. All the rebars 
were electrically isolated and could be coupled externally. The top mat of the reinforcement 
was in chloride-containing concrete (1% chloride/weight of cement), the bottom mat in 
chloride-free concrete. The impedance spectra were measured at the corrosion potentials 
in potentiostatic mode with 20 mV sinusoidal amplitude in a frequency range from 10 mHz 
to 10 kHz, using Solartron 1250 TFA (Transfer Function Analyzer) and 1286 potentiostat 
(more details are given in ref. [20]). 

The counter electrode (Fig. 8) was put on the concrete surface, as working electrodes 
one, three, or seven parallel steel bars (length 1 m, distance from bar to bar 0.12 m) were 
used. 

Resul t s - -The  resulting impedance spectra in the complex plane representation are shown 
in Fig. 9. The main difference between active (Fig. 9a) and passive rebars (Fig. 9b) was the 
slope of low frequency part of the complex impedance plots in agreement with other work 
[18,24]. Increasing the working electrode surface (that is, the number of rebars) did change 
the shape of the curves markedly only from Curve 1 to 2, thus confirming that the size of 
the counterelectrode determines the impedance [23]. 

The same type of measurements with the same equipment were performed on-site, on 

elect rical connection 
(Reference electrode ) 

copper wire 

solution CuSO 4 

diaphragma [wood] 

water 

counter electrode 

o-ring 

PVC 

stainless steel 

porous plastic 

FIG. 8--Combined counter~reference electrode for electrochemical measurements on steel in concrete 
(diameter 10 cm). 
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FIG. 9--Impedance spectra at the corrosion potential of  parallel steel bars in concrete measured against 
a small counter electrode. Laboratory, Ae = 20 mV, f = 10 m H z  . . . lOkHz. (a) actively corroding 
bars, ekor, = - 4 8 0  m V  CuS04. (b) passive bars, eko,~ = - 2 2 0  m V  CuS04. 

real structures in regions with active corrosion (chloride contaminated) and with a passive 
state of the rebars. The resulting impedance spectra were similar to Curve 3 in Fig. 9a. In 
laboratory and field measurements, no quantitative information concerning the corrosion 
rate could be obtained so far. Taking into account the long measuring time of 45 min for 
each spectra, the impedance spectroscopy does not seem to be promising for measuring 
corrosion rates of steel in concrete on site. 
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Galvanostattc Pulse Techmque 

As discussed in the section on potential mapping, the potential readings taken at the 
concrete surface are mixed potentials and can not always be interpreted in a straightforward 
manner Negative potential values due to polarization effects may lead to misinterpretations 
The galvanostatlc pulse measurement method is a rapid, nondestructive technique to obtain 
unambiguous information on the corrosion state of the reinforcement 

Procedure--A short-time anodic current pulse is imposed in galvanostatlc mode onto the 
reinforcement from a small counter-electrode (Fig 8) on the concrete surface and the 
resulting potential change is recorded The same equipment as for the impedance mea- 
surements was used Typical duration of the current pulse is 3 s, the intensity 100 txA 

Results--From the experimentally measured potentml/hme curve, two main pieces of 
information can be obtained (Fig 10b) 

1 The slope At~At at longer times A nearly horizontal hne indicates that the reinforce- 
ment is corroding Due to the steep current/potential curve in the case of localized corrosion, 
the rebars can be polarized only a few milhvolts with the small current pulse AI A continuous 
increase of potential (At/At high) instead indicates passive state of the rebars 

2 The initial jump in potential at t = 0 is the ohmic potential drop At~ of the system 
An apparent ohmic resistance, R~, can be calculated with the known current 

R~ = Ae./AI 

where 

Ata = ohmic potential drop, mV and 

AI = current pulse, mA 

(7) 

For a constant cover depth, this ohmic resistance is directly proportional to the concrete 
resistivity Thus reformation on the concrete humidity or salt content can be obtained, which 
allow location of areas with high corrosion risk [6,8] 

The results of galvanostatlc current pulse measurements, taken at the riding deck of the 
San Bernardmo tunnel along the line A-A (see Fig 7), are shown in Fig 10 Figure 10b 
shows the potential response to a 100-1xA current pulse at four different points along the 
line A-A From these individual curves, the slope Ae/At and the apparent ohmic resistance 
R~ (according to Eq 7) are determined and plotted against the measuring position (Fig 
10c) As can be seen, the slope Ae/At gives unambiguous information on the corrosion state 
of the rebar, independent of the value of the corrosion potential In addition, It can be seen 
that areas with active corrosion show a much lower ohmic resistance than the concrete over 
passive zones Compared to the corrosion potentials In the transition from corroding to 
passive rebars (Fig 10a), a more precise location of the corroding zones is possible 

The galvanostatlc pulse measurements are a rapid, nondestructive technique that allows 
gathering of information on the concrete resistivity and on the corrosion state of the rein- 
forcement without the risk of misinterpretation A more detailed analysis of galvanostatic 
pulse measurements on steel in concrete has been pubhshed recently [25] 

Summary 

The results of field applications of nondestructive electrochemical techniques to access 
the corrosion of rebars in concrete are reported here Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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F I G .  lO--Galvanostatic pulse measurements, experiments performed on-site at the riding deck of the 
San Bernardino tunnel (line A-A, Fig. 7): (a) corrosion potentials in the transition from corroding to 
passive reinforcement (line A-A), (b) potential response to a current pulse AI = 100 IrA at four different 
points along the line A-A, and (c) graph of the slope Ae/At and the apparent ohmic resistance along the 
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1. The potential mapping is an easy technique. Due to the concrete cover, only mixed 
potentials can be measured. It is shown in this paper that an absolute potential value for 
the location of corrosion as proposed in ASTM C 876-80 is not applicable. 

2. Our experience with impedance spectroscopy has shown that this technique is too time- 
consuming for on-site application. In addition, the difficulties with the spatial distribution Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
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156 CORROSION RATES OF STEEL IN CONCRETE 

of the electrical signals do not allow interpretat ion of the impedance spectra with respect  
to the corrosion rate 

3 The galvanostatw pulse techntque, proposed in this paper,  overcomes  the difficulties 
in interpreting potential  measurements  A t  the same time, information on the concrete  
resistivity is obtained This technique is a promising new and rapid momtor lng  technique 
for reinforced concrete  structures 
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ABSTRACT: The design, construction, and use of a Potential Wheel IS discussed Its appli- 
cation for determination of corrosion of steel in concrete is explained with brief case histories 
Laboratory tests of reproduclblhty and temperature effects are presented 

KEY WORDS: corrosion, corrosion of steel in concrete, chloride, potentials, half-cells, steels, 
concrete 

The corrosion of reinforcing steel within reinforced concrete is a growing and ma}or 
worldwide problem In the Uni ted  States alone, it is est imated that some 300 000 bridge 
decks are suffering from corrosion due to deicing salt attack The cost of  repair is est imated 
at over  US $100 000 000 000 In the Uni ted  Kingdom, approximately $900 000 is being spent 
annually on surveying buildings and civil engineering structures suffering from deteriorat ion,  
or  requiring statutory surveys 

A number  of destructive and nondestructive techniques are used to survey reinforced 
concrete structures for signs of  deter iorat ion A m o n g  the nondestruct ive techniques used is 
the measurement  of the corrosion potential  of the rebar  (reinforcing steel) within the con- 
crete The  Potential  Wheel  is a new instrument for carrying out rapid acquisition of potential  
data collected during deter iorat ion surveys of reinforced concrete structures 

Corros ion Potent ia ls  

Corrosion potentials are measured  by placing a half-cell, such as copper /copper  sulfate, 
in contact with the surface of the concrete A full electrical cell is thus created and an 
electrical potential  can be measured  between the rebar  within the concrete  and the copper  
rod of the half-cell 

The  magnitude of  this corrosion potential  can be related to the probablhty that the rebar  
is in a corroding state The fact that  there are two dissimilar electrolytes (the concrete and 
the copper  sulfate) adds a small, but insignificant, voltage to the overall  corrosion potential  
measured The technique is Illustrated in Fig 1. By taking discrete corrosion potential  
measurements  at regular intervals across the surface of the structure being investigated, the 
extent  of any corrosion problem can be mapped  prior to more detailed examinat ion and 

1 Senior corrosion engineer, Taywood Engineering Ltd ,  Southall, Middlesex, UK presently at Stra- 
tegic Highway Research Program, Washington, DC 20006 

z Corrosion engineer and senior instrumental engineer, respectively, Taywood Engineering, Southall, 
Middlesex, UK 
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repair. The ASTM Test for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete 
(C 876-87) [1], gives a method for taking, displaying, and interpreting these readings. 

The use of electrochemical potentials to determine areas of corrosion risk is well estab- 
lished in the cathodic protection industry. The application of this technique to reinforcing 
steel in concrete was pioneered in the United States on bridge decks suffering from deicing 
salt attack and resulted in the acceptance of the empirical criteria of Van Daveer [2], now 
in slightly modified form in the ASTM standard. 

The potential survey technique is frequently used in the early stages of examining a 
reinforced concrete structure for sign of deterioration due to rebar corrosion. As an initial 
survey tool, it is required to examine as much of the structure as possible, both thoroughly 
and quickly. However, the more thorough the examination the slower and more costly the 
exercise. The Potential Wheel has been invented to produce an instrument that will do a 
thorough investigation speedily, and hence, inexpensively. 

Corrosion o f  Steel in Concrete: Mechanisms 

The problems of corrosion of steel in concrete are different from those encountered by 
most corrosion engineers. Concrete is a porous medium which retains and transmits oxygen, 
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moisture, and aggressive species to the steel surface. However the alkalinity of the pore 
water reduces the corrosion rate to a negligible level by the formation of a passive layer in 
favorable conditions. 

The passive layer is ordinarily maintained at pH 9 or more but can be broken down by 
three major factors. 

1. Lack of oxygen to maintain the passive film. 
2. Carbon dioxide reducing concrete alkalinity (carbonation). 
3. Chloride attack of the passive film. 

The first case can lead to very large potentials, - 8 0 0  to - 1100 mV with respect to silver/ 
silver chloride (Ag/AgC1), but a negligible corrosion rate due to the limited oxygen supply. 
This phenomenon has been studied for reinforced concrete immersed in seawater [3]. 

The second and third cases lead to problems either due to loss of structural strength or 
to concrete spalling due to internal stresses built up by the large volume of corrosion product 
compared with the volume of metal consumed. 

The aim of potential measurements is to map anodic (corroding) and cathodic areas (Fig. 
2) and to determine the extent of corrosion. As potential measurement is a thermodynamic 
process, no information on corrosion rates is available. However, if assumptions are made 
about the form of the mixed potential and the potential gradients between anodic and 
cathodic macrocells, then areas of high corrosion risk (but not rate) can be identified, as 
per the ASTM criteria. 

Spalling forces on concrete due to growth of 
expansive rust growing on re l~r  
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FIG. 2 - -The  corrosion o f  steel in concrete. 
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While the criteria for corrosion of bridge decks suffering from deicing salt attack are 
applicable in a wide range of circumstances they do not always apply, especially if corrosion 
is due to carbonation. It is not intended to review the technique in detail here as it has been 
covered in some detail elsewhere [4,5]~ 

The Potential Wheel 

The Potential Wheel is simply a half-cell with a wheel for a tip and some sophisticated 
logging electronics for capturing the corrosion potentials and storing them for subsequent 
examination and analysis. The. half-cell/wheel assembly is known as the Wheel and the 
logging electronics as the Data Bucket. A schematic of the Potential Wheel measurement 
system is shown in Fig. 3a. 

In operation, the water-saturated, foam-rubber tired rim of the Wheel  is placed in contact 
with the surface of the concrete structure under examination, and rolled along. With an 
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electrical connection between the rebar and the Data Bucket, the corrosion potentials are 
automatically measured and stored within the Data Bucket as the Wheel is rotated A single 
data gathering traverse of the Wheel across the surface of the concrete is called a scan 

The corroston potential measurement process is mmated by a shaft-encoder coupled to 
the Wheel For every 5 mm of travel of the Wheel's rim, the shaft-encoder generates a 
pulse, which instructs the electronics within the Data Bucket to convert the instantaneous 
value of the analogue corrosion potential into a digital value and record it in a memory 
store Each value of the stored corrosion potentml is thus directly related to the distance 
traveled by the Wheel 

The Wheel 

The Wheel is essentmlly the revolutionary part of the device In order to provide a half- 
cell with a rotating tip, a number of design problems have had to be overcome. 

Ceil 

Firstly, a suitable choice of half-cell had to be made The conventional copper/copper 
sulfate was considered undesirable on two grounds 

1 it has a fairly slow response time in providing a stable output voltage when contacted 
to the concrete surface, and 

2 it used a liquid electrolyte-copper sulfate 

The slow response time was thought to be a posstble hmitmg factor to the speed with 
which the Wheel could be drawn across the surface of the concrete The use of a liquid 
electrolyte also posed an interface problem between the concrete surface and the copper 
rod of the copper/copper sulfate half-cell 

Before ruhng out the use of a copper/copper sulfate half-cell the design of a hollow wheel, 
to contain the copper sulfate, with a copper electrode internally connected to the hub, was 
considered This possible solution then posed further problems with respect to the control 
of the flow of the copper sulfate through the periphery of the wheel, the maintenance of a 
saturated solution of copper sulfate, and electrical connection to the copper electrode It 
was thought that such a solution would also result in the deposmng of large quantities of 
copper sulfate over the surface of the concrete While this is an accepted fact with conven- 
tmnal copper/copper sulfate half-cells, the amount deposited is small and of little conse- 
quence Large quantmes deposited by a wheel m continuous contact would be unsightly on 
visible concrete of certain types of structures and could aggravate a corrosion problem since 
copper sulfate is a corrosion agent 

A silver/salver chloride half-cell was eventually chosen because of its much faster response 
time, its greater stability with respect to time and temperature and because its use of a 
"solid" electrolyte allowed more flexlbdlty in interfacing it to the concrete surface The 
design of a suitable interface between the Sliver chloride tip of the half-cell and the concrete 
surface has become, in fact, the novel feature of the Wheel's design 

In order to prowde an electrical path between the silver-chloride tip of the half-cell and 
the concrete surface, some sort of runic fluid is necessary that will not contaminate the 
reinforced concrete Ordinary tap water is normally used to improve the lomc contact 
between a half-cell and the concrete surface However, if tap water is used to surround the 
silver chloride of the half-cell, its slow dissolution can be expected and the half-cells per- 
formance will be degraded Ideally, the silver chloride tip needs to be surrounded by a 
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chloride solution in order to maintain the half-cell stablhty Although potassium-chloride 
can be used, it is still desirable to prevent direct contact of the potassium chloride solutmn 
with the concrete's surface A satisfactory response to the problem is arrived at by allowing 
the use of water in contact w~th the concrete, a solutmn of potassmm chloride in contact 
with the silver-chloride, and by designing a porous membrane between the two liqmds 

The Half-Cell~Concrete Juncnon 

Figure 3b illustrates the construction of the Potential Wheel The Ag/AgC1 half-cell is 
mounted m a plastic bush (8) which push-fits into the main body (9) of the wheel The tip 
of the silver rod (1) protrudes into the back chamber (10) where it makes connection to a 
high-input impedance, umty gain, buffer-amp in chamber (11) via the leaf-spring (12) on 
back-plate (13) 

The silver-chloride tip of the half-cell (2) makes contact with the potassium chloride in 
the chamber (3) An absorbent nylon rod (4) provides an ionic path from the chamber to 
a foam-rubber tip (5) outside the chamber and in contact with a perforated slipper-plate (6) 
against which the foam-rubber rim (7) of the wheel makes rotational contact The foam- 
rubber nm (7) is wetted with water to provide an ionic path to the surface of the concrete 
when the wheel is rolled across its surface The full-cell so created is formed thus silver 
rod, Sliver chloride, potassium chloride, water, concrete, rebar 

The output from the buffer-amphfler, plus electrical pulses from the wheel's shaft-encoder 
(14), is fed via mulncore cable to the Data Bucket, to which is also made the rebar 
connection The potennal of the full-cell ~s thus measured Note that water path around the 
rim of the wheel can contribute a small potential of a few milllvolts, to the overall potential 
measured, if the wheel's nm is allowed to become less than wet, that is damp but not dry 

Ddunon of the Potasstum Chloride 

There is no evidence to suggest that the potassium chloride (KC1) becomes dilute with 
the possible ingress of water from the wheel's nm into the KCI chamber On the contrary, 
as the wheel's rim is dry for longer than it is wet, during periods of nonuse, it is believed 
that the KC1 maintains its saturated state by evaporation of the water from the chamber 

In practice, it has been found only necessary to "top up" the chamber, containing the 
KC1, from time to time as the level decreases due to evaporation Occasionally, the KC1 
has been entirely replaced when overhaul of the wheel has been carried out Periodic checks 
of the half-cell's potential, by placing another standard half-cell in contact with the wheel's 
wet rim and connecting the metal electrode to the rebar input of the Data Bucket, has 
shown no significant change in its value over a number of years 

There is no doubt that no significant change in the saturation level of the KCI is hkely 
to take place over the period of a day's usage Complete replacement of the KC1, dally, 
during use will therefore guarantee Its saturation level should this be thought desirable 

Dtstance Measurement 

The second problem that had to be overcome was the design of a distance measuring 
device coupled to the rotation of the wheel, relating distance measurement to the analogue 
measurement of the corrosion potential 

An obvious solution to the measurement of distance was the use of shaft-encoder Such 
devices are readily commercially available and, generating a number of pulses per revolution, 
can simply be coupled to an electronic counter to provide distance measurement information 
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FIG. 3b--Schematics of the wheel assembly. See text for description, 

Early experiments at producing voltage versus distance measurement plots were carried out 
with a prototype wheel and a chart recorder, the time axis of the chart recorder (the chart 
paper drive) being driven by the pulses from the shaft-encoder. Once it was decided to 
develop a logger from storing the corrosion potentials, it was a logical step to use the shaft- 
encoder pulses to initiate the storage process. Having built early prototype wheels with 
commercially available shaft-encoders, a simpler, lighter, and much less power consuming 
shaft-encoder was specifically developed for later versions. 
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High lnput Resistance 

Finally, a high input resistance stage for the voltage measurement is essential because the 
full-cell created by the reference half-cell and the reinforced concrete can have a very high 
internal resistance In order to prowde such an input stage, and to provide a low output 
impedance signal source from the Wheel to the Data Bucket, a simple operational amplifier 
integrated circuit with very low input bins current was used This h~gh input impedance 
"buffer" amphfier, together w~th the electromcs of the shaft encoder, ~s incorporated m the 
roam body of the Wheel 

The Data Bucket 

The Data Bucket is battery operated, making the complete Potential Wheel a portable 
instrument statable for s~te use A number of prototypes of the Data Bucket were built at 
various stages and the instrument is designed to be as robust and as weatherproof as prac- 
tically possible 

The Data Bucket uses well-known electromc microprocessor techniques Apart from 
tailoring the electronic hardware of the Data Bucket to operate specifically with the Wheel, 
its uniqueness mainly lies m the controlhng software This provides the means for storing 
the values of the corrosion potentials and examining them by a number of different programs 
A built-in impact printer enables the stored data to be plotted out on site according to the 
controlhng software A cahbratlon potentlostat enables the half-cell to be checked and an 
offset put m to convert the readings to a copper/copper sulfate (Cu/CuSO4) reading from 
the Ag/AgC1 readings produced by the Wheel 

Table 1 lists the programs available to the user of the Data Bucket One program enables 
voltage versus distance plots to be obtained, for each scan recorded, via the budt-in impact 
printer Another program enables a number of scans to be printed out, side-by-side, using 
variable density characters to represent five voltage ranges of the corrosion potential, a 
potential contour map is thus produced Figure 4 shows typical plots of single scans and 
contour maps, with a computer generated three-dimensional image of the same data A 
contour map enables an operator on s~te to get very fast feed-back of the data he has 
gathered, enabhng h~m to make on the spot decisions about its validity This feature is 
considered very desirable when time spent on site costs money, and a return to s~te, to 
remeasure incorrectly gathered data, is even more expenswe 

Other programs within the Data Bucket enable the operator to examine the data collected, 
visually, via a liquid crystal display, to down-load the collected data to another computer 
for more detailed analysis, and to erase scans of incorrectly gathered data One final program 

TABLE 1--Programs for control of the data bucket functions 

There are seven controlhng programs within the Data Bucket, plus one to turn the printer ON and 
OFF They are hsted here 

1 STORE 
2 V/PLOT 
3 C/PLOT 
4 VISUAL 
5 D/DUMP 
6 ERASE 
7 DIST 
8 PRINTER ON/OFF 

enables parameters to be set and data stored 
produces voltage versus distance plots of each scan 
produces eqm-potentlal contour plots of a number of scans 
scan data may be viewed via the pocket terminal 
stored data may be dumped to another microcomputer 
mdlvldual/groups of scans may be erased m reverse order 
enables the wheel to be used to measure distance 
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FIG. 4--Data Bucket presentation of the results. 

enables the operator to use the Wheel as a distance measuring device to ease the task of 
marking-out the structure for subsequent measurement. 

The functions and various programs of the Data Bucket are controlled by a Pocket 
Terminal, connected to it by a serial linelink using a coiled flexible cable. 

A particular advantage of the Potential Wheel 's  design is that it can be used in any attitude, 
unlike a conventional Cu/CuSO4 half-cell which is difficult to use upside down. It also has 
fewer possible problems of contact than a multiple cell array. These features are exploited 
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by providing a telescopic extension to the Wheel to enable its use overhead, for example, 
on the underside of parking lot decks or high up walls without requiring immediate access 

Reproducibility 

The results of reproducibility checks are shown in Fig 5 for a test block with salt placed 
against the bars m two drill holes from behind the block There is a variation of up to 45 
mV between repetitions, at individual points m areas of steep gradient, but the variation 
reduces to 10 mV in the most anodic and cathodic areas. A statistical analysis of the data 
in the figure shows an overall standard deviation of 7 5 mV about the mean for each set of 
three points. The junction effect mentioned earlier would account for up to 8 mV variability 
Drift in the half-cell is negligible and therefore the most significant source of error is probably 
minor deviations in the path taken across the surface in areas of rapidly changing potential 
where gradients of up to 70 mV/cm have been measured 

Long-term drift of the system has been found to be negligible when the equipment is 
properly maintained 

Thermal effects are shown in Figs 6, 7, and 8 by comparing the Potential Wheel (Ag/ 
AgC1 half-cell) with a conventional Cu/CuSO4 half-cell Work was done in a constant 
temperature room at 25~ with no account taken of the change in potential of the rebar 
due to temperature effects The standard hydrogen potentials and temperature coefficients 
for Ag/AgCl and Cu/CuSO4 are given in Table 2 

The actual laboratory Wheel results at 40 to 100 mV are more negatwe than the Cu/ 
CuSO4 half-cell at 11~ dropping to 0 to 70 mV difference at 35~ It would appear either 
that experimental vanations are more significant that the temperature coefficients even in 
a laboratory experiment, or that changes in potential of the steel are more significant than 
those of the instrumentation. 

Experience in Use 

To date, the Potential Wheel has been used in the United Kingdom, Australia, and Hong 
Kong over the last two years 

The Wheel has been found to be capable of scanning up to 400 m/h over a day or more 
of investigation in practical site conditions w~th good access The Data Bucket can accept 
1000 readings per s With 120 readings/m, the wheel can travel at about 8 m/s In practice, 
1 m every 1 to 5 s is a practical limit to the running speed m the present configuration for 
a hand-held device The bucket holds up to 128 scans or up to 15 866 readings At 5 mm 
measurement interval, this is equal to 80 m of data, at a more usual measurement interval 
of 50 mm for a large scale survey, 800 m of data can be accumulated before down-loading 
or plotting is necessary 

Figures 9 and 10 show a 10 by 10 76 m area of soffit of a chloride contaminated bridge 
(3% chloride by weight of cement). The high level of visible surface defects was consistent 
with high (negative) potentials In other areas with low concrete resistivity and high poten- 
tials, no corrosion-related defects were visible indicating that corrosion risk is high and steps 
must be taken before delammatlon starts Data collection over the approximately 100 m 2 
area took only 3 h, including establishing rebar connections and marking out This shows 
the true value of the device, In scanning large areas of concrete to check for rebar corrosion 
which is underway but has not yet caused visible damage, thus providing an early warning 
of damage and enabling cheaper repairs to be effected 
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dE 
T A B L E  2 Reference electrode temperature coefficients [6] E = E25o + -~- �9 t. 

171 

E , V  
dE 

Name Cell E25o, V dt l l ~  20~ 30 ~ 

Silver chloride Ag/AgCI/KC1/(0 .1  N) 0.2881 - 6 . 5  x 10 4 0.291 0.291 0.28 
Copper  sulfate Cu/CuSOa/CuSOa(satura ted)  0.316 9 x 10 -3 0.303 0.311 0.320 

FIG. 9--Potential map of the bridge soffit. Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:29:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG. lO--Visual survey of a bridge soffit. 

Conclusions 

1. A Potential Wheel has been developed for rapid scan surveying of corrosion damaged 
reinforced concrete. 

2. The device includes a rapid response half-cell, a wheel connection, and a Data Bucket 
microprocessor data storage system. 

3. The system is ideal for rapid scanning of soffits, walls, and, in fact, virtually any surface. 
4. Laboratory testing has shown the Wheel to be comparable to or better than a standard 

copper/copper sulfate half-cell, in terms of reproducibility, stability, and temperature effects. 
5. Extensive site use has shown the wheel to be a practical and economical method of 

surveying. 
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ABSTRACT: The corrosion of metals in concrete is a multlbllllon dollar problem which affects 
the construction, transportation, and many other industries While much has been written 
about the problem, and numerous reports have appeared which discuss how this corrosion 
can be controlled, little has appeared on the mechanism whereby this corrosion occurs 

It is well known that highway structures corrode, for the most part, due to the influence of 
deicing salts or marine environments Relatively httle has appeared about the equally severe 
corrosion problems which occur in buildings and other nonhighway structures Most of these 
structures are not exposed to the salts present in highway structures, yet they still corrode 

This paper discusses how all forms of concrete and slmdar cementltlOUS environments protect 
embedded metals It discusses the three protection mechanisms--passive film formation, changes 
in the conductlwty of the electrolyte, and mineral scales--that have been used to explain how 
corrosion in concrete occurs It also presents evidence to explain how, and why, corrosion 
occurs in these structures, even In the absence of deicing salts, marine environments, or other 
salt sources Examples are discussed including buildings, marine piers, foundatmns, and high- 
way structures 

KEY WORDS: corrosion, concrete, mortar, masonry, deicing salts, marine environments, 
chloride, reinforcing steel, cracks, potentlal-pH (Pourbalx) diagrams, passivity, protective 
scales, steels 

The  corros ion of  re inforced  concre te  and  of o the r  concre te  s t ructures  ts a mul t lb l lhon  
dol lar  p rob l em in the  U n i t e d  States and  many  o the r  countr ies  [1-3] T h e  collapse of the  
Ber l in  Congress  Hal l  (Fig 1) [4] and  of a park ing  garage  in Minneso t a  (Fig 2) [5,61 are 
but  two examples  of  spectacular  fai lures which have  b e e n  wldely-pubhcized m recent  years  
O t h e r  corros ion p rob lems  in bui ldings (Figs 3 and  4), and  h ighway s t ructures  (Fig 5) 
p roduce  m a i n t e n a n c e  and  r ep l acem en t  costs Whi le  they are less spectacular ,  these  main-  
t enance  and  r ep l acem en t  p rob lems  are far more  c o m m o n  and  rep resen t  mos t  of the  r eason  
for concern  abou t  corros ion in concre te  

Re inforced  concre te  has  been  in use for over  100 years ,  and,  in general ,  the  e n v i r o n m e n t  
p rov ided  by concre te  proves  p ro tec twe  of the e m b e d d e d  steel Many  of  the  p rob lems  as- 
sociated with cor ros ion  in concre te  can be  a t t r ibu ted  to the  presence  of  salts f rom the  
e n v i r o n m e n t  This  associat ion with salt has  led to two prob lems ,  (1) a misunder s t and ing  of  
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FIG. 1--The collapse of the Berlin Congress Hall [4]. 

the role of salts in the corrosion process for reinforced concrete structures and (2) a false 
sense of security for concrete structures in the absence of salt. The structures shown in Figs. 
1 and 4 corroded in the absence of salts or chloride-containing additives. This type of 
corrosion is not well, documented, at least in part because it occurs on buildings which may 
be involved in litigation and not available for public scrutiny. 

A careful review of the corrosion-in-concrete literature reveals at least three possible 
mechanisms whereby concrete may protect steel from corrosion: 

1. Wet concrete is a base, and bases cause iron and steel to form protective oxides (passive 
films) which protect the metal from further reaction with their environments. 

2. Concrete is a high-resistance electrolyte which limits galvanic corrosion. 

FIG. 2--Collapse of a salt-damaged parking garage [6], 
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FIG. 3--Corrosion of government housing in Key West, Florida. 

3. Mineral scales form on metals in concrete environments--the scales protect the steel 
from reacting with the environment, 

This paper discusses each of these possibilities and how they relate to salts, cracking, 
freeze-thaw cycles, and other environmental concerns. 

Passivity 
One of the first National Bureau of Standards reports used the concept of passivity to 

explain how concrete protected steel from corrosion. The term "passivity," as used before 
1920, predates modern understanding of protective films, crystalline structures in solids, 
and many other modern concepts. This early National Bureau of Standards report [7] should 
not be cited as supporting the concept of passive films on carbon steel in concrete environ- 
ments. 
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FIG. 4--Collapse of masonry walls due to corroded wall ties. 

FIG. 5--Corrosion of reinforcing steel due to pavement overlay cracks [29]. 
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The concept of passivity was reintroduced m 1964 by Cornet and co-workers [8] who cited 
the then popular concept of potentlal-pH (Pourbmx) diagrams to explain how concrete, with 
a pH of approximately 12 8, protects steel from corrosion The passwlty concept, introduced 
with no experzmental ewdence to support the protectwe passivity mechamsm, has gained m 
popularity and is widely cited in recent literature [1,9-11] 

Potenttal-pH Diagrams 

Figure 6 shows a potential-pH (Pourbalx) diagram for iron m water with Fe203 as a 
protective (passwe) film [12] These dmgrams, based on equilibrium thermodynamics, define 
three regions m potential-pH space 

1 Immumty-- the  metal is thermodynamically stable and is immune to corrosion 
2 Corrosion--ions of the metal are thermodynamically stable, and, under most condi- 

tions, corrosion will occur at a rate whLch cannot be predicted thermodynamically 
3 Passwlty--compounds of the metal are thermodynamically stable These compounds, 

or passwe films, may protect the substrate from further reactions with the environment and 
may be protectwe 

Unfortunately, thermodynamics cannot be used to predict whether or not a film will be 
protective of ~ts substrate 

The dotted hnes of Fig 6 represent the regions of thermodynamic staNhty for oxygen 
(above Line a), water (between Lines a and b), and hydrogen (below Line b) Passwe films 
cover most of the high-pH region between Lines a and b This was the basis for Cornet 's 
comments that passivity could be used to explain why corrosion does not normally occur m 
concrete 

Unfortunately, the extrapolation of thermodynamics m water to practice in concrete 
continues to this day Many authors assume the idea of protecnve films ~s well-accepted in 
the corrosmn commumty without realizing the serious hm~tatmns of applying thermodynamic 
"passw~ty"--as defined by potentml-pH diagrams-- to  actual kinetic situatmns Most cor- 
rosion textbooks discuss potential-pH diagrams and their hm~tanon [13-16] 

Corroston of Carbon Steel 

Carbon steel, such as is used m reinforcing bars, prestressing wire, and post-tensioning 
cables does form passive films [17-19], but they are not protective m mortar or concrete 
[20] Corrosion control is achieved when needed for exposure to bases by alloying (changing 
the composition of the passive film), by use of oxidizing corrosion mhlbltors (chromates, 
phosphates, nitrates, etc ), and by the use of oxygen scavengers, mechanical deaerators, or 
cathodic protection All of these approaches are discussed m the corrosion literature [14], 
and most of them have been applied to the corrosion of steel embedded in concrete [1] 

One of the more important concepts introduced to the corrosion In concrete literature by 
Cornet and co-workers was the idea that passwe films formed on metals would be broken 
down, or "depassivated," by the presence of chloride ions Many other authors have adopted 
this idea [1,21-25], and it has become so widespread that it is sometimes cited in the 
corrosion-m-concrete literature with no reference to the source of the idea [22,24] 

Stratfull, one of the earlier researchers in this field, adopted the idea of passivity break- 
down because, in his work, there was no correlation between the amount of chlorine detected 
m bridge decks and the amount of corrosion experienced [21] This suggested to Stratfull 
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FIG. 6--Potential-pH(Pourbaix) diagram for iron [12]. 

15 

that a minimum level of chlorine was necessary to initiate passivity breakdown and excess 
chlorine would not affect corrosion. 

There are many reasons for the variations that have been reported in the chlorine levels 
associated with the onset of corrosion of steel in concrete. Differences in cement chemistry, 
concrete mix conditions, and exposure variables can all affect the protection that concrete 
affords to embedded steel [1,11,24-28]. Unfortunately, localized variations in chlorine con- 
tent are seldom reported. The electron microprobe (a scanning electron microscope equipped 
with an X-ray spectrometer) has been used to show how high chlorine levels are found at 
the corrosion shown in Fig. 5, whereas little chlorine is found on the uncorroded steel only 
millimeters away [29]. These localized chlorine concentrations cannot be detected using the 
techniques commonly reported in the corrosion-in-concrete literature [1,22-23]. 

Some researchers have shown that increased chlorine levels can cause reductions in cor- 
rosion rates under certain circumstances [30]. Chlorine salts have been reported to act as 
corrosion inhibitors, although the exact mechanism may not have been explained correctly 
[31]. Relatively high levels of chlorine are necessary to initiate corrosion of steel in concrete 
[22-23]. These high levels, and the fact that chlorine can reduce corrosion in some cases 
[30-31], are indications that corrosion in concrete is not related to the breakdown of passive 
films on carbon steel. Titanium and stainless steel are more corrosion resistant than carbon 
steel. Localized depassivation can lead to stress corrosion cracking of these corrosion-re- 
sistant metals. This is avoided by keeping chlorine to part per billion levels [32-34]. It is 
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unlikely that these corrosion-resistant metals would resist lower chlorine levels than cor- 
rosion-susceptible carbon steels This suggests that passivity is not the mechanism which 
causes protection of steel from corrosion in concrete environments 

Passtvtty Summary 

This discussion of passivity can be summarized by the following 

1 Passive films are not protective for carbon steels m most hlgh-pH environments Ox- 
idizers, corrosion mhlbltors, or other means must be used to prevent corrosion in bases 

2 Wide variations in chlorine levels have been associated with the onset of corrosion of 
carbon steel in concrete These levels are higher than the levels necessary to depassxvate 
stainless steel, titanium, and other corrosion-resistant alloys 

The foregoing information suggests that other reasons must be found to explain why 
concrete normally protects steel from corrosion 

Concrete  as an Electro lyte  

Stratfull published a paper m 1968 with experimental evidence showing that salt ingress 
reduced the electrical resistivity of concrete [35] This experimental work, pubhshed m the 
same volume of the same journal as Cornet's passivity hypothesis [8], has received relatively 
less attention, even though, unlike Cornet's paper, it presented experimental evidence from 
an actual highway bridge in Cahfornla 

Table 1 shows the effects of electrical resistivity on corrosion rates in soil [36] The 
corrosmn rates shown in Table 1 are based on long-term studies at the National Bureau of 
Standards [36,37] The effects of resistivity are discussed in underground corrosion texts 
[38-40] and have several similarities to corrosion in concrete In general, corrosion rates 
are affected by moisture levels, salt contents, and dissolved oxygen levels The same pa- 
rameters affect corrosion rates m concrete [41] A level of 10 000 ohm-cm has been suggested 
as "critical resistivity to support corrosion" in concrete [22,42] This is the same resistivity 
level shown m Table 1 for the dividing line between moderate corrosion rates and mild, or 
less corrosive, soil conditions 

A number of other studies have appeared showing correlations between electrical resls- 
tlVlty or a-c impedance and corrosion rates or both [43-49] Unfortunately, these studies 
are either based on small laboratory samples or they report average corrosion rates on actual 
structures The severity of localized corrosion, such as shown m Fig 5, cannot be estimated 
using electrochemical techniques, at least as normally used [1,16,49] 

TABLE 1--Corrosion activity m soils [36] 

Resistivity, 
ohm-cm 

Anticipated 
Corrosion Activity 

Low, 0 to 2 000 
Medium, 2 000 to 10 000 
High, 10 000 to 30 000 
Very high, 30 000 plus 

severe 
moderate 
mild 
unlikely 
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Mineral Scales 

The formation of mineral scales, precipitates of chemical compounds, on metal surfaces 
is a common means of corrosion control. Protective scales form on circulating water pipes 
[50-55], oil field production tubing [56,57], and boiler walls [58] where passive films do not 
form [59]. These scales also form on metals in cementitious environments. 

Steel can often be removed from concrete after many years with no indication that it has 
ever been exposed to a wet environment. Figure 5 [29] and Fig. 7 [60] show steel with no 
indications of exposure to moisture adjacent to other portions of the same steel which have 
been extensively corroded. When steel like this is removed from concrete, it is very instructive 
to examine the adjacent cementitious material. It  is shiny and has no water deposits or other 
indications of moisture after the concrete curing cycle. 

This is very similar to the behavior of water pipes used in hard water service. While soft 
waters (high in sodium and potassium) are generally corrosive, hard waters (higher in calcium 
and magnesium) are less corrosive [50] and produce localized or pitting corrosion [51]. 

The lack of corrosion at many locations on Fig. 5 is quite comparable to the corrosion in 
oil-field production tubing. This tubing is frequently protected from corrosion by the presence 
of carbonate scales. These carbonate scales become unprotective at locations where tur- 
bulence wears them away and allows very deep localized corrosion [57,61]. 

Carbonation of concrete is commonly considered to be one possible cause of corrosion 
[1,62]. The reduced pH of concrete is assumed to cause a loss of passivity. Figure 6 shows 
that passive films are maintained on steel surfaces down to pHs of 6 and less depending on 
the electrochemical potential. Of course, Fig. 6 cannot be used to predict whether or not a 
passive film is protective or not. 

FIG. 7--Corrosion at void in concrete [60]. 
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It is more likely that protective scales, high m calcium, form on metal surfaces in concrete 
environments A number of papers on corrosion m concrete have suggested this [24,28,63- 
67] 

Several authors have suggested that concrete pore water is the environment to which 
reinforcing steel Is exposed [23,68-70] While this "pore water" may model the unreacted 
water in cement pastes, it ignores the low solublhty, and hkehhood of scale formation, from 
waters high in calcium Since portland cements are high in calcium, and form hlgh-calcmm 
reaction products [71], the formation of high-calcium scales is likely A recent laboratory 
study into the nature of these scales found them protective and "for active corrosion to 
start, formation of voids at the steel-mortar interface IS a necessary condmon" [20] 

Calcium-containing scales have been used to control corrosion for many years [14,50- 
55,58], and they are likely to explain why corrosion is normally retarded, or completely 
prevented, by concrete [20] It is interesting to note that calcium carbonate scales are used 
for protection of od-field production tubing even in the presence of chloride levels far higher 
than seawater [56] This suggests corrosion in concrete, like corrosion in off and gas pro- 
duction, can be explained by the mechanical failure of carbonate scales 

Cracks and Corrosion 

One of the first reports on corrosion-in-concrete research used embedded electrodes whtch 
corroded and cracked the surrounding concrete [7] The samples and cracks were similar 
to Fig 8, taken from a 1940s study of electrolysis in railroads [71] Since this early research, 
most publications have implied that corrosion causes cracking in concrete [1] While there 
can be no doubt corrosion caused by impressed currents can cause cracking in concrete 
[7,55], the evidence in the absence of external electrical currents is much less convincing. 

One obvious correlation between cracking and corrosion is the increased incidence of 
structural cracking in highway bridges that accompamed the increased use of deicing salts 
on highway bridges Figure 9 shows a sidewalk in the United States which has cracked and 
crumbled due to the presence of deicing salts No corrosion was involved A recent study 
of highway bridges in Japan discusses freeze-thaw damage in concrete highway bridges with 
no mention of corrosion on these reinforced concrete bridges [72] Salt water can enter 
bridge structures through freeze-thaw cracks and cause corrosion 

The freeze-thaw cracking pattern shown in Fig 9 is different from the cracking and 
deterioration of the pipe shown in Fig 10. The concrete pipe shown in Fig 10, on a southern 
California beach, IS not subject to freeze-thaw damage Cores of the concrete pipe shown 
in Fig 10 revealed many cracks caused by wave action and unrelated to the location of 
embedded wire reinforcement 

Figure 11 shows the cracking pattern on a concrete core removed from a fence wall on a 
beach in central California Half-cell potential measurements were made using the ASTM 
Half Cell Potentials of Reinforcing Steel in Concrete (C 876-80) method This commonly 
used procedure [1,23, 73] indicated that the concrete should be cracked, presumably due to 
corrosion Examination of the metal surface revealed only superficial corrosion--less than 
is common on many construction sites prior to placing concrete around the reinforcing steel 

The crack widths shown in Fig 11 are an accurate representation of the crack patterns 
on this core--which is typical of cores obtained m our research If corrosion had produced 
these cracks, the cracks should be wider near the steel The opposite pattern, cracks which 
are wider away from the steel, is common on cores obtained from a marine seawall, the 
wall shown in Fig 11, and an Interstate highway bridge All of the cracks from these 
structures seem to come from structural sources and none from corrosion 

Figures 12 and 13 show corrosion resulting from deicing salts in parking garages The 
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FIG. 8--Cracked concrete cylinder due to impressed-current corrosion of embedded steel [71]. 

FIG. 9--Salt-induced freeze-thaw damage on sidewalk in Missouri. 
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FIG. lO--Corrosion on reinforced concrete drain pipe on beach in Ventura, California. 

FIG. l l - -Cracking pattern on concrete core from reinforced concrete wall in Avila Beach, California. 
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FIG. 12--Cracks and corrosion on permanent-form concrete parking garage floor in New Haven, 
Connecticut [5]. 

FIG. 13--Broken corroded post-tensioning cable in roof of parking garage. (Photo courtesy of J. 
Slater). 
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crack in Fig 12 led to the corrosion of the permanent metal forms beneath this parking 
garage floor The corrosion shown in Fig 12 is typical of the corrosion on this build- 
lng, which may have to be demohshed due to the parking garage corrosion It is not 
known whether pre-existing cracks were associated with the post-tensioning cable shown in 
Fig 13 [5] 

A recent survey of highway bridge decks in the New York City area showed that the most 
likely cause of corrosion was inadequate cover over the reinforcing steel [74] Bridges with 
corrosion were almost identical to similar bridges with virtually no deck corrosion problems 
Half-cell potential measurements did not prove reliable and spalls and problem areas had 
to be located by other means The authors of this study concluded that corrosion was caused 
by cracking allowing salt water to penetrate to the level of relnforcmg steel The deeper 
cracks supposedly healed [75] and kept the steel dry 

As previously stated, most corrosion in concrete hterature clmms that corrosion causes 
cracks Unfortunately, crack patterns simdar to those shown in Fig 11 are seldom reported 
When they are reported, it is usually from experimental exposures that do not undergo the 
flexural loading experienced by actual structures [76] These unloaded cracks could heal and 
may produce misleading results Since uncracked concrete is a "laboratory curiosity" (Ref 
1, p 49), the need exists for laboratory exposures involwng loaded cracked samples The 
hmlted number of reports available confirm that cracking or voids are necessary to produce 
corrosion in the absence of external electric current sources [26, 77-80] 

Most authorities feel that cracks transverse to embedded steel can be considered less 
important than those parallel to embedded steel [9] This has been offered as a crmclsm of 
the loaded laboratory studies [26, 77-80] just cited 

Whether cracks can cause corrosion or are normally the result of corrosion will remain 
subject to debate [9,81] 

Summary 

A review of available information leads us to beheve the resistance of embedded steel to 
corrosion is probably due to the presence of a protective mineral scale which keeps the 
embedded metal from becoming wet Low conductivity concrete or the presence of passive 
films may be also important 

This report has shown that corrosion in concrete is often due to the presence of voids 
(Fig 7) or cracks (Figs 5 and 12) Whether cracking preceeds most corrosion or is a result 
of corrosion cannot be answered at this time 
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