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Foreword

The symposium on Corrosion Rates of Steel in Concrete was held in Balumore, Maryland,
on 29 June 1988 The symposium was sponsored by ASTM Committee GO1 on Corrosion
of Metals and ASTM Commuttee C09 on Concrete and Concrete Aggregates and 1ts Sub-
committees C09 03 08 on Admixtures and C09 03 15 on Concrete’s Resistance to Its En-
vironment Neal § Berke, W R Grace and Company, Victor Chaker, Port Authornty of
New York and New Jersey, and David Whiting, Construction Technology Laboratories,
Presided as symposium cochairmen and are editors of this publication
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Overview

Steel reinforced concrete 1s 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 ingress or addiion of chloride 10ns, or by
carbonation, or both Indeed, the widespread use of steel reinforced concrete 1n bridge and
parking decks subjected to chlonde deicing salts, and the use of remnforced concrete 1n
marine environments has 1esulted 1n early need of repair due to reinforcement corrosion
Other failures have occurred 1n reinforced pipes and other structures where carbonation has
reached the renforcement level Often the corrosion damage cannot be determined until
visible signs of cracking and spalling are evident

ASTM Commuttee GO1 on Corrosion of Metals 1s actively involved 1n the writing and
evaluation of test methods related to corrosion of metals Subcommuittee GO1 14 on Corrosion
of Reinforcing Steel 1s the committee addressing rebar corrosion An active goal of Sub-
committee GO1 14 1s to develop test methods that can be used to determine and predict the
corrosion rates of steel in concrete Nondestructive techniques would be quite useful 1n
assessing the condition of reinforced concrete 1n laboratory and more importantly field
conditions The results could be used to develop maintenance and repair schedules, and to
evaluate new corrosion protection methods The symposium thus provides a useful starting
point 1n the evaluation of test methods to be developed by ASTM

Realizing that corrosion of steel 1n concrete 1s also of interest to ASTM Committee C09
on Concrete and Concrete Aggregates, GO1 14 1s cooperating closely with subcommuittees
in C09 This Special Techmcal Publication (STP) 1s the result of a joint symposium cospon-
sored by Subcommuttees GO1 14, C09 03 08 04 (Corrosion Inhibitors), and C09 03 15 on
Methods of Testing the Resistance of Concrete to Its Environment

This STP contains eleven papers dealing directly with methods of determining corrosion
rates of steel 1n concrete Several of these papers and the other two papers also address
other 1ssues of interest such as chloride ingress, the effects of pozzolans, concrete properties,
corrosion inhibitors, different metals and repair techniques, and mechanisms of corrosion
Not all of the methods or mechanisms discussed are umversally used or accepted, but they
do show the active interest 1n this area of study, and the diversity of views.

Neal S. Berke

W R Grace, Construction Products Divi-
sion, Cambndge, MA 02140, symposium
cochairman and editor

Victor Chaker

Port Authority of NY-NJ, Jersey City, NJ
07310-1397, symposium cochairman and
editor

David Whiting

Concrete Technology Laboratones Inc,
Skokie, IL 60077-1030, symposium co-
chairman and editor

1

Copyright® 1990 by ASTM International WWW.astm.org



Carolyn M. Hansson' and Birgit Sgrensen'

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

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

ABSTRACT: The mechamism by which chlorides imtiate corrosion 1s by locally breaking down
the passive film which forms on steel 1n the highly alkahne concrete pore solution However,
the breakdown of passivity requires a certain concentration of chlondes The aim of the project
described 1n the paper has been to determine the nfluence of a number of factors on the
cntical concentration of Cl~ necessary for imtiation of corrosion of steel embedded in concrete
The vanables investigated include hardemng conditions, water/cement ratio, cement type,
reinforcing steel surface condition, and salt type

Mortar samples containing a steel rod have been cast, hardened, and subsequently exposed
to a sodium chlonde or calcium chloride solution The corrosion current of the embedded
steel has been momtored electrochemically and imtially was of the order of 10~* A/m?, cor-
responding to a corrosion rate of approximately 0 1 um/year from the steel surface After a
penod of time, the corrosion current increased by several orders of magmtude indicating that
the chlonde had penetrated to the steel surface and had imtated corrosion The rate of this
penetration, the chlonde concentration 1n the mortar adjacent to the steel at the onset of
corrosion, and the subsequent corrosion rate have all been measured to determine the influence
of the preceding vanables

KEY WORDS: cntical chlonde concentration, chlonde diffusion, cement type, water/cement
ratio, corrosion rates, corrosion, steels, concrete

In good quality portland cement concrete, steel develops a protective passive layer because
of the high alkalinity of the pore solution In the passive state, the steel corrodes at an
insignificantly slow rate, typically of the order of 0 1 pm/year [1,2] Unfortunately, however,
chloride 1ons can break down this passivity and allow the steel to actively corrode at rates
several orders of magnitude higher than the passive rate

The critical amount of chloride necessary for the breakdown of the passive film and the
onset of active corrosion has been the subject of controversy among scientific investigators
for many years Moreover, 1ts corollary—the amount of chloride which can be tolerated
without risk of corrosion—1s of major interest to the practicing engineer who would like to
use accelerators or other chlornide-containing additives in concrete or to those who must
build constructions 1n areas where the mixing water or aggregate are contaminated by
chlondes (for example 1n the Middle East) A knowledge of the chloride threshold value
for reinforcement corrosion 1s also of utmost importance to those involved 1n inspection,

! Department head and research engineer, respectively, The Damsh Corrosion Centre, Park Allé

345, DK-2605, Brgndby, 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 1s basically a question
of “which concrete and when?” because the amount of chloride which can be tolerated 1s
highly dependent on a large number of factors including (1) whether the chlonde 1s present
1n 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 majonty of laboratory investigations have either been carried out 1n synthetic cement
pore solution to which chlondes have been added [3~6] or cement paste or mortar mixes
containing chlondes [5-12] On the other hand, the majority of practical investigations of
cntical values of chloride have 1involved constructions into which chloride 10ns have pene-
trated from the environment [13-18]

The present project 1s aimed at bridging the gap between these two types of investigations
by making laboratory investigations of the actual amount of chlonde necessary to imtiate
active remnforcement corrosion 1n mortar samples when the salt penetrates from the envi-
ronment

From the viewpoint of remforcement corrosion, 1t 1s the amount of “free’”” chloride present
n the cement paste pore solution rather than the total chloride concentration which 1s
critical The difference between these two, the amount or proportion of “bound” chloride
1s primarily dependent on the composition of the cement used 1n the concrete, particularly
the cement’s alumimum phase content [19], 1ts pH [20,21] and, probably, 1ts specific surface
area [22] Thus, the advent of new cement types contaning, for example, fly ash, slag, or
mucrosilica, can have a strong influence on the amount of “free” chlorides present in the
pore solution

The composition of the concrete and 1ts hustory (that 1s, age, temperature, and humidity
history) determine the degree of porosity and amount of free water (pore solution) in the
cement paste phase These factors, in turn, determine the rate at which chlorides can
penetrate mnto the remnforcement and, thus, the mitiation time for corrosion They also
determine the concentration of Cl- 1n the pore solution which effects the total chlorde
threshold value for corrosion Finally, they determine the access of oxygen from the envi-
ronment and the electrical resistivity of the concrete which, together, control the corrosion
rate after initiation

In the present investigation, the time to mitiate corrosion, the total chloride concentration
1n the mortar adjacent to the steel at the ime of imtiation, and the subsequent corrosion
rate have been determined with the following parameters as variables (1) cement type, (2)
water/cement ratio, (3) curing conditions, (4) state of the reinforcement, and (5) salt type
In addition, the proportion of “bound” chlonde 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 1n
practice because each part of each construction 1s 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 nisk of corrosion due to penetrating chlorides can be mimimized in future
constructions

Experimental Procedure
Sample Preparation

The samples investigated were mortar prisms (40 by 40 by 160 mm®) with a cement sand
ratio of 1 3 and with the cement type and water/cement (w/c) ratios given n Table 1 and
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TABLE 1—Surmunary of samples tested Six samples of each type were cast and tested

Sample No of Days at
Mortar Type Designation w/c 100% RH Salt
ErrFECT OF CEMENT TYPE

Damnish ordinary portland cement DK-OPC 050 14 NaCl
Danish low alkahi sulphate

resistance portland cement DK-SRPC 050 14 NaCl
Danish rapid hardening

portland cement DK-RHPC 050 14 NaCl
Danish standard flyash cement DK-STD 050 14 NaCl
Austrian ordinary portland

cement A-OPC 050 14 NaCl
Swedish ordinary portland

cement S-OPC 050 14 NaCli
90% Swedish ordinary portland

cement + 109% mucrosilica S$-S10, 050 14 NaCl

ErrECT OF WATER/CEMENT RATIO
Danish ordinary portiand cement DK-OPC/40 0 40 14 NaCl
Danish ordinary portland cement DK-OPC/45 045 14 NaCl
Danish ordinary portland cement DK-OPC/50 050 14 NaCl
Danish ordinary portland cement DK-OPC/60 0 60 14 NaCl
EFFECT OF HARDENING CONDITIONS
Damsh OPC DK-OPC-03 050 3 NaCli
Danish OPC DK-OPC-07 050 7 NaCl
Damsh OPC DK-OPC-14 050 14 NaCli
Damsh OPC DK-OPC-31 050 31 NaCl
EFFECT OF SALT TYPE

Damsh OPC DK-OPC-Ca 050 14 CaCl,
Danish standard flyash cement DK-STD-Ca 050 14 CaCl,

EFFECT OF STEEL SURFACE CONDITION
Danish OPC with cleaned

reinforcing steel DK-OPC-cr 050 14 NaCl
Danmish OPC with as-received

reinforcing steel DK-OPC-ar 050 14 NaCl
Danish OPC with rusted

reinforcing steel DK-OPC-rr 050 14 NaCl

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 hn 100% relative humidity (RH) before demolding Except where indicated
in Table 1, the prisms were then stored 1n 100% RH (that 1s, over water 1n 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 1n the Results section of this paper, the threshold value of chloride concen-
tration measured for these samples was judged to be unreahstically 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 1n the shghtly rusted “as-received” con-
dition, in the second set, 1t was cleaned by sand-blasting, and 1n the third set, 1t was further
rusted by outdoor exposure for two weeks
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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 (NaCl) or
calcium chloride (CaCl,) solution containing calcium hydroxide (Ca(OH),) 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~* A/m? (approximately 0.1 pm/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 (HNO,), cooled and analyzed
for CI- by potentiometric titration against silver nitrate (AgNO,).

In addition, very small samples, of the order of 5 mg, were scraped from the surface
adjacent to both the noncorroding part of the steel and to the corroded part. These were
analyzed for Cl- 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 Cl/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.
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TABLE 2—Analyses of the different cement types wnvestigated Composttions are given in percent

by weight
Cement Type D-OPC A-OPC S-OPC D-SRPC D-RHPC D-STD

Loss on 1gnition

(1000°C) 24 23 23 09 02 02
Insoluble residue 06 06 04
$10, 196 199 196 244 224 224
AlL,O, 60 55 48 26 49 49
Fe,0, 30 28 21 31 28 28
CaO 629 617 628 651 662 66 2
MgO 09 24 30 06 10 10
SO, 27 27 28 20 06 06
Alkahs 19 21 22 04 09 09
“Bogue composition”

CS 547 512 634 490 580 580

C.S 150 185 85 330 210 21 0135

CA 108 98 92 20 80 80

C.AF 91 85 64 90 80 80

Flyash additions 30 220
Specific surface

area, m*/kg 300 355 390 300 400 440

At the end of this exposure period, the bound chlonde content was determined for a
single sample of each cement type by the following procedure The lower half of the sample
(that 1s, that which had been partially submersed 1n the NaCl solution) was removed and
crushed One part was weighed, dned for 48 h at 110°C, and reweighed to determine the
free water content The total chloride content of these samples was determined by dissolving
the dned mortar i 0 01 N HNO, and analyzing the solution for Cl- by potentiometric
titration against AgNO; The pore solution was expressed from the remaining part of the
samples and analyzed for both OH~ and Cl- by chemucal and potentiometric titration,
respectively

Results and Discussion

The values of time to mmtiate corrosion, £, the critical chlonide concentration, C,, the
steady-state corrosion rate, i,, the 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 in
association with the following discussions

The pH values (calculated from hydroxyl 1on contents) of the pore solutions after long-
term exposure to sodium chloride solution vary very httle 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 10n-exchange takes place at the surface of concrete exposed to salt
solutions, the hydroxyl 1ons being leached out while the chloride 10ns 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 chlonde concentration at the onset
of corrosion 1s not as pronounced as might be expected and appears, unexpectedly, to be
independent of the proportion of the total chloride remaining 1n the pore solution

The actual value of the threshold concentration determined by potentiometric titration—
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HANSSON AND S@RENSEN ON THRESHOLD VALUE OF CHLORIDE 9

approxmmately 0 15 to 0 35% by weight of the mortar, giving a value of 06 to 1 4% by
weight of the cement—is significantly higher than expected from practical measurements of
chloride concentrations 1n constructions in which the remforcement 1s actively corroding
There are two possible explanations for this

First, only a small amount (approximately 1 g) of mortar 1s removed from the sample
adjacent to the steel and 1t 1s likely that the cement sand ratio 1n this sample 1s higher than
n the bulk of the sample Therefore, to convert the total amount of chlorde present to
weight percentage of the cement, the multiphication factor should be lower than the theo-
retical value of x4

Second, the steel used was smooth and clean whereas normal reinforcing steel 1s both
profiled and more or less covered by a rust layer at the time the concrete 1s cast The profiling
gives a larger specific surface area and, together with the rust, can also give rise to corrosion
at lower chloride contents by the phenomenon known as crevice corrosion

The values of critical concentration determined by X-ray fluorescence are consistently
lower than those determuined by titration One reason for this 1s 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 titration are obtained from samples drilled from the
mortar adjacent to the steel to a depth of approximately 2 mm Assuming a hnear concen-
tration gradient 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 Cl- concentration over
these 2 mm.

A second effect 1s that the XRF determinations were made by comparison of the intensities
of the Cl and Ca charactenistic X-ray emissions with those of standard samples prepared in
the same manner By this technique, the uncertainties in the content of sand in the sample
are ehminated It 1s felt, therefore, that XRF results are the more realistic values

A very good correlation 1s observed between the time to imtiate corrosion, f,, and the
electrical resistance of all the hardened samples, as illustrated in Fig 2 This suggests that
electrical resistance of fully saturated concrete or mortar could be used as a simple and
mexpensively determined parameter to rank their resistance to penetration of salts

Effect of Curing Time

The transfer of samples from 100% RH to the laboratory atmosphere of approximately
50% RH results 1n 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 significant amounts of unhydrated cement and to be extremely porous
When the sample 1s subsequently immersed in NaCl solution, the chloride 1ons will penetrate
the mortar very rapidly together with the water as 1t 1s drawn 1n by capillary suction The
unhydrated cement can then begin to react and will be affected by the presence of the Cl-
1ons which will have a greater chance of being chemcally 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 1s
confirmed by the results shown 1n Fig 3 the mmtiation time for corrosion increases ap-
proximately hinearly with an increasing period of moist curing On the other hand, any
increase 1 chemical binding 1s not reflected 1n a higher critical chloride concentration for
corrosion and, 1 fact, the tendency 1s the opposite One possible cause could be that a
moist curing period of only three days was not sufficient to allow a fully protective passive
film to be formed before the chlorides penetrated the mortar cover
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FIG. 2—The time to initiate corrosion as a function of the electrical resistance of the hardened samples.

Effect of 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 ¢, 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
(C;A) + tetracalcium aluminate ferrite (C,AF)), 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.

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 OPC mortar samples on the time to initiate corrosion
and the critical chloride concentration (determined by XRF).

There is no relationship between the values of ¢, for samples made with thesc 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 lowest value of all
seven cements is probably due to its coarse particle size but the Swedish OPC has the highest
specific surface area of the three but a lower value of ¢, 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 pcnetration
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 C;A 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 little difference in
the behavior of SRPC samples relative to those prepared with the three OPCs.

Cements with Microsilica or Fly Ash—The previous observation [25] of a significant in-
crease in the binding of chlorides by additions of silicon dioxide (SiO,) to the Swedish OPC
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FIG. 5—The times to initiate corrosion and critical chloride concentration (determined by XRF) for
mortar samples prepared with different cement types.

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 Cl- resulting
from the presence of the extremely fine silica particles.

Despite the high degree of Cl binding, however, the samples of prepared Swedish OPC/
Si10, 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 ¢, suggesting that the fly ash is very effective
in reducing the porosity in the hardened paste. In comparison, the SiO, probably produces
a more open structure in mixes without the use of a superplasticizer.

Effect of Cation Type

It has been reported that chloride as CaCl, diffuses through hardened cement paste more
rapidly than it does as NaCl [27]. Moreover, chloride added as CaCl, to mortar in the mixing
water results in a higher corrosion rate than similar additions of NaCl [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 CaCl, gives a slightly longer average initiation time than does NaCl.

In contrast, the CaCl, initiated corrosion of steel in Standard cement considerably more
rapidly than did NaCl. 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 CaCl, solution which was 88 ) at the
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time of exposure, rose to 397 ) when corrosion was initiated after 96 days. Compared to
that the electrical resistance of the samples exposed to NaCl solution had reached a level
of 1087 €2 by the onset of corrosion after 389 days.

Effect of 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 arca of corrosion observed on the smooth steel, tiny areas
of corrosion were visible on the profiled steel, cspecially 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 propertics are reflected in the electrical resistance
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FIG. 7—Macrograph of profiled reinforcing bar showing corrosion initiation at the corners of the
profiling.

of the concrete. [t 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 hardencd 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 syncrgistic 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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Influence of Blast Furnace Slags on the
Corrosion Rate of Steel in Concrete
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on the Corrosion Rate of Steel in Concrete,” Corrosion Rates of Steel in Concrete, ASTM
STP 1065, N S Berke, V Chaker, and D Whiting, Eds , American Society for Testing and
Matenals, Philadelphia, 1990, pp 17-28

ABSTRACT: The polarization resistance method was used to measure the corrosion rate of
steel bars embedded in mortar specimens The measurements were carned 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 specimens were cured, immersed 1n water,
and subsequently stored partially immersed at 50 and 100% relative humidity In addition to
the polanzation resistance, the corrosion potential and ohmic resistance of the specimens were
recorded The influence of the different storage conditions and the percentage of furnace slags
on the corrosion rate of steel bars embedded in the mortar are discussed An analysis of the
correlation between the measured parameters 1s presented

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

Portland cement blended with blast furnace slags (BFS) have been used 1n several coun-
tries Argentine standards allow up to 20% BFS mixed with cements to be used 1n reinforced
concrete structures Recently, attempts have been made to increase this level up to 75%
and controversial opimions appeared For that reason, 1t was found necessary to survey the
performance of steel in BFS blended cements

Two features of BFS are indicated as potentially dangerous 1n relation to steel passivity
presence of sulfide and lower content of alkalis

Longuet [1] has studied the chemical composition of the pore solution of several BFS
blended cements The results showed that solution compositions were strongly dependent
on both cement composition and metallurgical slags composition The influence of sulfide
on the electrochemical behavior of iron and steel 1n alkaline media was studied 1n connection
with corrosion 1n the pulp and paper industry Tromans [2] reported that sulfide might be
mcorporated mto the magnetite lattice yielding a nonprotective film of contaminated mag-
netite under those conditions On the other hand, Salvarezza et al [3] showed that the
behavior of 1ron in high alkaline solutions 1s related to the concentration ratio of SH-/OH~
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 Electroqumica
Aphicada, Instituto Nacional de Tecnologia Industnal, C C 157, 1650 San Martin, Pcia de Buenos
Aires, Republica Argentina
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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 Batic [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 1n mortar with 20 and 65% BFS was shghtly different from that of simlar
rebars 1n portland cement mortar Two hundred days after cunng the steel rods presented
no differences 1n surface attack

In this paper, the polarization resistance (R,) techmque was used with adaptations intro-
duced by Andrade [7] to measure the instantaneous corrosion rate of steel bars embedded
in mortar specimens with different contents of BFS

Experimental Procedure
Equipment

Conventional electrochemical equipment has been used PAR (New Hartford, New York)
Model 173 potentiostat with ohmc resistance compensation, low rate linear voltage generator
constructed 1n the laboratory and Pmhps (Waltham, Massachusetts) X-Y recorder PM 8041

Specimen Preparation

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 1n Ta-
ble 1

The specimens contained two 1dentical bars and a central auxihary steel electrode. The
steel bars arrangement 1s displayed in Fig 1. Nine specimens of each composition were
prepared and cured, immersed 1n water for 28 days Three specimens were kept 1n each
storage condition 50 and 100% relative humidity (RH) and partially immersed (PI). Elec-
trochemical measures were performed only for the storage period

Steel bars were cleaned 1n hydrochlonc acid 1 1 solution with 3 g/L of hexametylene-
tetramine as corrosion mhibitor, washed with water, and dned 1n hot air

TABLE 1—Chemical composuton of cement and slag

Substance Cement, % Slag, %
Insoluble residue 070 200
Silicon dioxide 21 60 3580
Aluminum oxide 455 11 00
Ferric oxide 306 212
Calcium oxide 64 00 42 80
Sodium oxide 008
Potassium oxide 106
Magnesium oxide 070 354
Sulfur trioxide 312 012
Loss by calcination 190
Free calaum oxide 038
Total alkalines 078
Manganese oxide 107

Sulfide 090
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FIG. 1—Mortar specimen scheme.

Procedure

In the present work, the R, was obtained by applying a potentiostatic step of —10 mV
from the corrosion potential, and the current value was recorded after 15 t0 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
electrode area X R,

current density =

M

An electrical circuit (Fig. 2) is assumed to represent the system; where Cis the capacitance,
R, 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, values.

R, = =2 ~ Rq 2
Imeasured
_C
L Ra

FIG. 2— Electrical equivalent circuit.
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FIG. 3—Variation of the corrosion intensity of steel bars embedded in BFS concrete mortars, 50%
RH.

where
AE =p s
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).



VALENTINI ET AL. ON INFLUENCE OF BLAST FURNACE SLAGS 21

MORTARS IN (50% R.H.)

+100
0
~100
E -300
bl
®
Q
[
w
-l
<
E -500 B.F.S. CONTENT
E o 0%
2 A 20%
A 45%
=700 | ® 75%
'] '] ] L L '] 1
0 10 20 30 40 50 60

Storage Time (days)
FIG. 4—Variation of the corrosion potential of steel bars embedded in BFS cement mortars, 50% RH.

Results

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 [/1]. 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 (¢ = 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 E, 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 of 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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MORTARS IN 100% R. H.
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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 [I]. 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
(C,AF) 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 SH-/OH ratios calculated from the dates reported by Longuet [], 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 1009% 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% RH 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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FIG. 7—Variation of the corrosion intensity of steel bars embedded in BES cement mortars, PI.
Conclusions

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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FIG. 8—Variation of the corrosion potential of steel bars embedded in BFS cement mortars, PI.
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ABSTRACT: The approach presented here 1s an attempt to implement the values of corrosion
tensity which have been measured 1n laboratory tests, in the framework of the service life
prediction analysis for corroding structures First of ali, the model on service hfe suggested
by Tuut1 was considered, and only the propagation period model has been analyzed in this

paper

In order to expand the proposal, different steps were covered (1) the defimtion of an
unacceptable level of deterioration, taking into consideration the levels suggested by the Comuté
Eurointernational du Béton (CEB) in 1ts Bulletin No 162, 1n order to define the urgency of
intervention 1in a damaged structure, (2) the reduction 1n bar diameter or bar section was taken
as the determiming parameter 1n faillure risk, assuming that this decrease n section occurs
either 1n a generahized form or 1n the zones of the structure in which the load-carrying capacity
may be sigmficantly affected, and (3) the ranges of possible corrosion intensity values were
mntroduced 1in Tuutr’s model for calculating the reduction 1n bar section in function of the hfe
of the structure Some examples for bars of 10 and 20 mm ¢ were presented Finally, the
hmitations and the improvements of the proposal are discussed

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

The unexpected, premature deteriorations in reinforced concrete structures have gener-
ated several theories and models 1n order to predict concrete service life [1-4], as a function
of different sources of aggressive agents and of different rate-determining parameters

Service life prediction 1s a complex matter in which both technical topics and economical
consequences are involved This concept has been expressed 1n different ways, an adequate
one, perhaps, being the period in which a structure fulfills its structural requirements

Many aspects concerning nominal design hife and residual service life remain unexplored
In the case of failures due to rebar corrosion, some of the more key aspects are related to
the deterioration rate of rebars and the acceptable limit of deterioration This 1s the maximum
tolerable amount of corrosion corresponding to the condition of failure or that which may
affect the load-carrying capacity of the structure

In this paper, a first attempt 1s presented on the prediction of the remaining service life
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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 (CO,) 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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or time before repair

FIG. 1—Tuuti’s model of service life.
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TABLE 1—Damage levels of reinforced concrete building elements subject to steel corrosion

Damage Levels

Visual
Indications A B C D E
Color changes® rust stains asn A asn A asm A asn A
Cracking some longitudinal several longitudinal  extensive asin C asm C
some on stirrups
Spalling some extensive 1n some areas steel asmD
1S o more 1n contact
with concrete
Loss 1n steel- some sticrups broken
section main bars buckled
(AA; Ag) ~5% ~10% ~25%
Deflections possible apparent

7 As = bar cross section

b Color modifications are not always present Therefore, this indication 1s not a prerequisite for damage classification

¢ Corresponding thickness of oxides t, =a (AAs/As) &, where ¢ = bar diameter, a = 0 5 for plain oxides, and
a =1 0 for oxides mixed with cementitious matter

Levels of Deterioration

The proposal presented in Bulletin No 162 of the Comité Euromnternational du Béton
(CEB) for classifying the urgency of repairng or strengthemng a structure after damage 18
an approprnate one for the purposes of this paper In Table 1, we have just reproduced the
levels of deterioration (A, B, C, D, and E) classified n the bulletin [9] Combiming these
levels with the calculation of “capacity ratio” v = R’/S’ (R’ being the load-bearnng capacity
and §' the action effect this system or element would be required to resist according National
Codes), the residual stiffness may be approximately esimated Thus, capacity ratio values
lower than about 0 5 (see Table 2) [9] would require immedate repair action Higher values
of v would allow up to 1 or 2 years before intervention and values about the umty would
tolerate longer periods of time (10 to 20 years) before repainng

Therefore, beaning in mind these principles, Levels C and D would be those which would
require a rapid mntervention, that is, the structure would have run out its residual service
Iife, whereas Level B and A indicate a longer residual service life

Determining Parameter of the Load-carrying Capacity Loss

In Table 1 five parameters (color changes, cracking, spalling, loss of steel section, and
deflections) are used to define the level of deterioratton Among them, only cracking-spalling
and steel section loss are goimng to be considered for discussion in this paper

TABLE 2— Pseudo-quantitative estimation of capacity ratio for bulding-elements after
chenucal attack

R C Elements Damage Level

Construction A B C D

New 095 080 060 035
Old 085 070 050 025
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Cracks runmng 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 1n order to avoid cracking
if corrosion develops Then, the cracking of the cover might be a rate-determiming parameter
1n order to set the level of unacceptable deterioration

However, when concrete remforcements 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 1n very wet concrete and, although the
steel corrosion may be high, no cracks can be observed 1n 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 1n both cases (cracking or diffusion
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 1n the critical zones (from the mechanical point of view) of the structure 1n order to
assume 1t affects the load-carrying capacity

Therefore, referring to the previously suggested levels of deterioration, reduction 1n bar
section between 10 to 25% 1n the critical zones of the structure will mean the depletion of
its residual service hife, whereas reduction of up to 5% (even with cracking and spaliing)
will indicate an early stage of deterioration with a remaining service life depending on the
real corrosion rate of the steel

Corrosion Intensity Ranges in Concrete Structures

The next step 1n predicting the remaining service hfe 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 1n concrete,
are known

Over a 20-year period, the authors have collected a large set of corrosion ntensity values,
Lo [10—12], which were calculated using the electrochemical technique known as polarization
resistance (R,) Mortar and concrete specimens of different sizes were tested in the laboratory
in order to monitor the corrosion intensity (by means of R, values) Numerous vanables
were studied which might affect the corrosion rate of embedded steel such as amount of
chlorides 1n the mix, penetration of chlorides, humidity content in concrete, type of cement,
etc

Figures 2 and 3 are examples of the trend of the 1, over time as a function of different
vaniables Figure 2 shows the case of steel bars embedded 1n mortar which was carbonated
and held at different relative humidities, and Fig 3 depicts the case of steel bars (1 5 and
75 ¢cm cover) embedded 1n concrete immersed 1n seawater (using a B value 1n Stern’s
formula of 26 mV for active state and of 52 mV for the passive one)

Figure 4 summarizes the i, values which have been recorded 1n all the previously men-
tioned experiments When the i, values measured are below 0 1to 0 2 pA/cm? (1 1to 2 2
nwm/year), then either no corrosion products may be observed (passive state) or the attack
1s msigmificant Above 0 2 pA/cm? (2 2 pm/year) corrosion products may aiready be de-
tected The maximum i, measured 1n very aggressive environments 1s about 100 to 200
pA/cm? [12] This maximum value also may be drawn up from Fig 5 which shows the
relationship found between 1, and electrical resistance of carbonated mortar [/3] It 1s not
the purpose of this paper to comment on the meaning of this figure, but only to emphasize
that the i, values which correspond to the lower electrical resistance that can be measured
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FIG. 2—Evolution of i.,, values with time of 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, R, measurements.

in uncracked concrete (between 50 to 100 Q during setting) are about 100 to 200 pA/cm?,
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 i..., values (calculated from R, measurements) of steel bars embedded in concrete
specimens fabricated with OPC and submerged in natural seawater. The cases of 1.5 and 7.5 cm cover
are compared for a concrete with 400 kg of cement per cubic meter.
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FIG. 4—Values of corrosion intensity in wA/cm? and in mm/year which may be measured in concrete.
Below the range 0.1 t0 0.2 wA/cm? the amount of corrosion is negligible. Between this range and until
100 to 200 wA/cm?, corrosion is active and brown oxides develop. Values above 100 to 200 pA/cn? were
never recorded in uncracked concrete.
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FIG. 5—Values of i (calculated from R, measurements) measured in steel bars embedded in car-
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and reference electrodes) of the same mortars. Numerous environmental conditions were tested and are
represented in the figure.
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FIG. 6—Examples of residual service life for bars of 10 and 20 mm &. The reduction in bar section
or diameter was represented in function of the number of years after depassivation.

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 ¢) and 20 mm &, from the values of the possible corrosion rates. The
i values were transformed into percentage of reduction in bar diameter or bar section (1
A /cm? is equivalent to about 11 pm/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 pA/cm? (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 ¢. 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).
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Final Considerations

The main difficulty of the proposal presented here 1s the estimation of the corrosion
intensity in a corroding structure At the moment, no rehable methods exist which could
be applied on-site, and thus, only indirect estimations may be used for implementation 1n
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 service Iife,
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 1ts
depassivation 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 hife rests on the pos-
sibility of on-site measurement of the steel corrosion rate of damaged structures (a matter
which the authors are also working on) and 1its further statistical treatment 1n order to take
ito consideration the fluctuations of ¢, due to environmental changes

Conclusions

The 1deas set forth here are a first attempt to approach the prediction of the residual
service life of corroding structures The authors have tried to advance previous suggestions
by introducing a certain level of quantification 1n the schematic of existing service life models
Future improvements are needed

(@) optimizing the assumptions made here,

(b) applying statistical treatment to the possible fluctuations of 1., values during the
structure life, and

(c) on-site momitoring of the corrosion ntensity of damaged structures
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ABSTRACT: Remnforced concrete structures are often subjected to chloride intrusion from
deicing salts or marine environments or both The chlonde 10ns disrupt the normal passivity
of steel in concrete mmtiating corrosion The corrosion can lead to structural faillure of the
concrete due to the increased volume of the corrosion products which results in cracking and
scaling Much work 1s 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

Polanzation resistance can be used to compare different protection systems and to determine
the corroston rate at a given ime The techmque nvolves the use of a potentiostat or gal-
vanostat, and 1deally means to correct for ohmic resistance n the concrete Though relatively
easy to perform, 1t 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 1n a chloride nich top mat and a low chloride bottom mat which acts
as a cathode A resistor 1s placed between the two mats, and the macrocell current 1s determined
by measuring the voltage drop across the resistor This technique 1s most applicable when
comparing corrosion protection systems in the laboratory

In this paper, we compare polarnzation resistance measurements to macrocell measurements
on the same specimens Whenever the macrocell techmique indicates severe corrosion 1s mn
progress, the polanization resistance techmque also shows corrosion to be occurning However,
the polarization resistance techmque 1s able to determine localized corrosion 1n addition to
the macrocell corrosion effect In several cases, this 1s present in the absence of a macrocell
current Furthermore, even when the macrocell techmque shows the presence of corrosion,
rates can be significantly underestimated due to localized rates When calcium nitrite 1s present
n the concrete, locahized corrosion rates remain low

KEY WORDS: concrete corrosion, corrosion testing, polanization resistance, macrocell, cal-
cium mitrite, ihibitors, remnforcing bars, concrete, corrosion, steels

Approximately half of the 500 000 plus bridges 1n the U S Highway system are 1n 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 problems in current bridges [2].
In recogmtion of the problem of assessing the extent of corrosion damage, the SHRP program
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has allocated approximately $10 million to this problem [3] A good portion of this money
1s for electrochemuical 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 techmques that are widely used are macrocell corrosion [4-6] and polarization resistance
[6-13]

In this paper, we compare corrosion rates determmed by the macrocell corrosion and
polarization resistance techniques Advantages of the macrocell techmque are that it 1s simple
to use and inexpensive The polarization resistance techmque 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 condwt and these metals 1n concrete con-
taining two levels of corrosion inhibitor The corrosion inhibitor used 1n this experimentation
was a 30% calcium mitrite solution, one most commonly used 1n concrete structures Concrete
cover was also varied Comparnisons to other reported work on specimens with and without
calcium mitrite are also given

It will be shown that corrosion 1n macrocell measurements 1s always detected by polar-
zation resistance However, 1n several cases, corrosion was detected by polanzation 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 1f calcrum nitrite inhibits the
corroston of galvanized steel or aluminum 1n 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

Materials

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) (% to Y4 1n ) 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™)

A lignosulfonate-glucose polymer (Daratard-17%) retarder was added to the calcium nitrite
mixes to offset set acceleration A vinsol resin (Daravair-M?) air entraining agent was used.
Slumps ranged from 10 8 to 152 cm (4 25 to 61n ).

Concrete Design and Test Samples

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

? Registered trademark of W R Grace and Co , Cambridge, MA
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TABLE 1—Concrete mix designs and concrete properties

Parameters Control Sample Intubitor Dosage 1 Inhibitor Dosage 2

30% Ca(NG,), solution

L/m? 0 10 20

gallons/yard? 0 2 4
Cement factor

kg/m? 348 343 343

pcy 587 578 578
Coarse aggregate

kg/m’ 1044 1028 1028

pey” 1759 1733 1732
Fine aggregate

kg/m? 736 725 724

pey” 1240 1221 1220
Water/cement ratio 049 049 049
Aur content, % 72 80 80
Slump

mm 108 123 148

mn 425 48 58
28-day compressive strength

MPa 28 46 3177 3816

pst® 4128 4607 5535

¢ pcy = pounds per cubic yard
b ps1 = pounds per square mnch

enough to be commonly found, but low enough to allow chlorides to penetrate at a reasonably
rapid rate

The concrete mixtures were prepared at 22°C (72°F) Samples for concrete mechanical
testing were cast mto 102 cm by 203 cm (4 m by 8 1n.} metal cylindrical molds The
cylinders were demolded at 24 h and cured at 22°C in a fog room Compressive strengths
are based on an average of two cylinders

Corrosion samples were munislabs 22 9 cm by 11 4 cm by 1524 cm (9 by 4 5 by 6 1n )
Each minislab had a top and bottom remnforcing bar or, in the case of the aluminum samples,
a conduit The reinforcing bars were #4 bars (1 3 cm in diameter) and were either black
steel, galvamzed steel, or chromate-treated galvamzed steel The top bar was set at 1 9 cm
(0 75m ) or 35 cm (1 375 n ) from the top surface The bottom bars were 2 54 cm (1 1n )
from the bottom to ensure good access to oxygen. The alumimum conduit samples (2.54 cm
outside diameter (OD) (1 1n }) 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 51cm (2 ) 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 1n accordance with ASTM Test Method for Com-
pressive Strength of Cyhindrical Concrete Specimens (C 39-86) Total acid soluble chloride
was determined as outlined 1n the Florida DOT Research Report 203 PB 289620 [16]
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The mimbeams were cyclically ponded with 3% sodium chlonide (NaCl) solution The
solution was apphed for two weeks After two weeks of ponding, the solution was vacuumed
off, and the mimibeams were allowed to dry for two weeks The alternate wetting and dry-
ing similates normal exposures and allows oxygen mnto the beams Ponding procedures that
allow rapid chloride ingress are used These practices are common and have been docu-
mented [5]

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

The polarization resistance method 1s a nondestructive means of determining the corrosion
rate, and thus one can monitor corrosion rate as a function of ime The techmque uses a
potentiostat 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 1s plotted on a linear scale

Polarization measurements were performed using a PAR Model 351 System with current
interrupt The current interruption circuitry ehiminates ohmic errors mn the measurement of
the polarization 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, R,, are related to the corrosion rate by i, = B/R,,
where B 15 taken to be 26 mV [8] This value of B was 1n good agreement with actual
observed corrosion on embedded rebars 1n concrete

Macrocell corrosion measurements were performed by measuring the voltage drop across
the 100 ohm resistor connecting the top and bottom bars of the mimbeams The macrocell
currents were measured at the beginning of the second week of the ponding of each cycle
The method 1s very simple and determines the galvanic corrosion susceptibility of a top salt
rich metal mat coupled to a salt-free bottom mat with good access to oxygen

Results and Discussion
Compressiwve Strength

As can be seen m Table 1 and Fig. 1, calclum nitrite substantially improved 28-day
compressive strengths The 20 L/m?® addition (4 gpy) provided a 34% improvement

Corrosion Rates

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

In many cases, there 1s a direct correlation between corrosion rates measured with each
method Figure 2 displays the relationship between the methods for aluminum conduit 1n
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FIG. 1—Compressive strengths as a function of calcium nitrite dosage.
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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 trend 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 aluminum 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 aluminum 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’ icorr; A/CM? Lnvacroces oA/ cm?
0 222 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 iy,cocen Values. The second is the average
of actual yaeoc Values. (Some samples had negative iy values.)

NOTE—imacrocen 1S 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

Calcium Nitrite, Polarizaton Resistance, Macrocell Testing,

Type of Steel L/m’ Leores PA O Imacrocans JLA/CME
Black steel 0 0510 0 508
10 0232 0 003
20 0 061 0 004
Galvanized steel 0 433 0212
10 0 005 0 003
20 0 006 0.002
Chromate treated 0 0 541 0110
galvanized steel 10 0191 0 004
20 003 0 005

NOTE—,00en 15 the current measured between bottom and top bar A positive number 1s used when
the top bar 1s the anode

(Fig 5) After 2 years (Fig 6), the corrosion rates of samples without calcrum nitrite have
increased, and there 1s less of a difference between the two methods

Note that the galvanized steel samples in concrete with no calcium nitrite, under 1 9 cm
of concrete cover, show signs of corrosion at about the same time as the black steel samples
Other studies have demonstrated the same results for galvamzed steel [17] However, the
corrosion rates of the galvanized steel are about half that of the steel samples (See Figs 7
and 8 ) Ten L/m* (2 gpy) of calcrum nitrite solution reduced corrosion on the low-cover
galvanized steel mmislabs, but not as effectively as 1t did for the black steel At 20 L/m? (4
gpy) of calcium nitrite solution, the galvanized samples are not corroding.

Once both the pieces of metal have begun to corrode, the macrocell test 1s naccurate
Since the test monitors the difference between the two pieces, the experiment 1s only realistic
when one acts as a reference If both bars are corroding, the macrocell test will suggest that
there 1s little activity on either rebar Another hmitation of the test 1s that as concrete
resistivity increases, ionic current flow between the bars 1s reduced

TABLE 4—Corrosion currents of steel rebar after 24 months

Calcium Nitrite, Polanization Resistance Macrocell Testing,
Type of Steel L/m? Leorrs RA O Imacrocen> WA/ CY?
Black steel 0 1575 0 831
10 0 026 0 005
20 b 0 001
Galvanized steel 0 0722 0041
10 0 006 0 007 to 0 006°
20 0072 0
Chromate treated 0 1091 0 035 to 0 025°
galvanized steel 10 0325 0005
20 0.253 0 001

« The first number 1s the average of the absolute values of all 1,1 Values The second 1s the average
of actual I,qoen Values (Some samples had negative zyyocen values )

5 Not available

NOTE——Imacrocen 15 the current measured between bottom and top bar A positive number 1s used when
the top bar 1s the anode
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TABLE 5—Corrosion currents of aluminum conduit after 24 months.*

Calcium Nitrite, Polarization Resistance, Macrocell Testing,
L/m? Leores WA/Cm? Lacrocelr. WA/ cm?
0° 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 i .ocn Values. The second is the average
of actual iy ,cocn values. (Some samples had negative inacrca values.)

¢ Cracked beams removed, average based on three beams.

NOTE—i,ocen 1 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 correlation with
visual inspection.

The effects of corrosion of the lower mat of rebar are demonstrated in Fig. 4. Both
methods yield approximately the same current until it reaches 1 pA/cm’. At this point,
polarization resistance indicates a much higher rate of corrosion. The [OWer ipeocen 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. After 18 months of ponding, it appears that the corrosion
rates are not increasing. Polarization resistance would indicate that both the top and bottom
rebars are corroding at a faster rate.

Al Conduit in Concrete *
14 Months of Cyclic Ponding With 3% NaCl

7 1 Results for All Samples (0 to 20 Lim® of 30%
Calcium Nitrite)

CORROSION
CURRENT DENSITY
(POLARIZATION
RESISTANCE) 4 L
(nA/ecm 2 )

o
1
T

L
1 -+
L
0 — : — F : |
0 0.1 0.2 0.3 0.4 0.5 0.6

MACROCELL CURRENT (uA/cm 2)
FIG. 2—Comparison of macrocell and polarization resistance currents for aluminum conduit.
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FIG. 7—Average macrocell current as a function of time for black steel with 19 mm 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® (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. \1—Average macrocell 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 C, 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 quite well The D, value was found to be 17 X 10-% cm?/s
which 1s 1 relatively good agreement with other values determined 1n this laboratory for
0 48 w/c concrete [18], and by others [12,19,20]

Further Discussion

The improved corrosion resistance with calcium nitrite 1s 1n good agreement with previous
studies measuring macrocell corrosion rates [4,5,18] Improvements with the galvanized
steel are 1 general agreement with results reported in Ref 4 The reduced corrosion rates
of the galvamzed steel and alummnum conduit 1n the presence of calcium nitrite were sig-
mificant and opens up the possibility 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 1n other experiments [6,18] Since the macrocell technique 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 1n field struc-
tures comparing both techmques However, 1n an already existing structure without embed-
ded probes, macrocell tests would be difficult to perform

Conclusions

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

1. both macrocell and polanization resistance techmques can be used to determuine cor-
rosion rates of steel and aluminum 1 concrete 1 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 calcium nitrite effectively delayed and reduced the corroston of black steel, galvanized
steel, and aluminum 1n concrete, and

4 unprotected galvamized steel corroded as early as black steel, but to a lesser extent
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ABSTRACT: The repair and maintenance of remnforced concrete structures 1s becomng mn-
creasingly important as structures become older and the use of condition surveys becomes
more extensive Although gwmdelnes exist for repair methods, httie 1s known about the cor-
rosion behavior once repairs are made In this investigation, electrochemcal tests typically
used on reinforced concrete specimens were used on repaired specimens which were subjected
to wet (3 5% sodum chlonde (NaCl) solution) and dry cychng Repaired specimens made
with a water/cement ratio of 0 6 and patched with a common repair matenal showed rust
staiming, severe delamination, and cracking after a number of cycles while the typical (control)
samples did not Although both types of specimens had comparable corrosion potentials, linear
polanzation measurements showed that R, was lower, and therefore corrosion rates in the
repaired specimens were higher than in the control specimens

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

The normal corrosion protection afforded to reinforced concrete structures can be sig-
mificantly compromused 1n chlonide environments This 1s reflected 1n the deteriorated con-
dition of many of the nation’s bridges, which 1s caused at least 1n part by salt contamination
through deicing salt application

Much progress has been made 1n terms of new bridge deck construction, because epoxy
coated steel and corrosion inhibitors can be quite effective 1n retarding corrosion 1n many
instances [1] Many other aspects of the corrosion of steel reinforcement 1n concrete con-
struction, including the use of cathodic protection, 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 portion and an unrepaired portion,
increased galvanic action 1s possible Even 1n 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 1n the case of the repaired concrete since
the steel—which will contain microscopic and macroscopic surface differences 1tself—wall
exist in two distinctly different environments simultaneously Although a number of guide-
lines are 1n existence for the repair of reinforced concrete structures [8], in many 1nstances,
the nature and extent of the repair are subjective

Moreover, httle follow-up 1s carried out and the repair 15 considered successful unless
another problem anses This paper addresses the evolution of the degradation of repaired
specimens and the results from electrochemical testing are presented

! Assistant professor, Mechamcal Engineenng Department, The Umversity of Texas, Austin, TX
78712

52
Copyright® 1990 by ASTM International WWW.astm.org



WHEAT ON CORROSION RATE DETERMINATION 53

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 EG&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 (NaCl) 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 of 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

concrete specimen steel bar

FIG. 1—Schematic representation of a specimen showing the hole which resulted after removal of the
sponge insert.
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back to ensure thorough cleaming by sandblasting the corroded afea Following the sand-
blasting, the cleaned steel was covered with a common repair matenal known as Set-45
This product, which 1s made by Set Products, 1s composed of magnesia-phosphate powder
and fine aggregate and 1s water activated The Set-45 was prepared according to package
directions using 0 1 L of H,O per kilogram of Set-45 Efforts were made to ensure good
bonding of the repar materals with the specimens The repaired specimens were placed in
a 3 5% solution of NaCl one week following repair and again subjected to wet-dry cycling
This aggressive environment served to intensify the galvanic corrosion which resulted from
the fact that the steel bar (which then contamed the original surface and the cleaned surface)
existed mn two environments, namely, the old concrete and the repair matenal Electro-
chemical tests such as linear 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 E.,, and ended above E_, A lock-in
amplifier was used for a-c impedance measurements 1n the frequency range of 5 Hz to 100
kHz and a Fast Fourier Transform techmque was used for the range 0 001 to 1 Hz Specimens
were marked off 1n 2 54 cm (1 1n ) 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 nserts), 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 E,,, values. The values of E,,, changed
quite rapidly following immersion with the un-repaired specimens attaining active potentials
within about 24 h By the second cycle, there was no significant difference 1n the corrosion
potential 1n 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
18 possible that the high water/cement ratio resulted 1n such rapid intrusion of the NaCl
that the differentials were quickly eliminated

After the first cycle, the average value of the polarization resistance, R,, for the control
specimens was 43 7 kQ cm? while that of R, for the repaired specimens was 6 1 k{} cm’
With continued cycling, R, for the control and repaired specimens decreased until after 16
cycles they were 4+ 4 and 5.1 k) cm?, respectively These values were determined using the
linear polarnization technique and the Model 350 corrosion measurement system

The a-c impedance data 1s often presented as a Nyqust plot in which the imagnary
component of impedance (Z") 1s 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 examnation of the absolute impedance IZI and the phase angle,
O, be used as standard plots They show more clearly the charactenstic features of the a-c
impedance data, especially for an electrochemical cell involving more than one time constant

Imitially, the control specimens and the repaired specimens showed Nyquist behavior
simular to that predicted from a proposed equivalent circuit for the steel in concrete system
A typical Nyquust plot and the proposed equivalent circuit are shown in Figs 2a and b [9]
Actual a-c impedance data are shown in Figs 34, b, ¢, and d While there 1s still some
question as to how the actual data should be interpreted for the steel in concrete system,
1t 1s possible to make some inferences based on compansons of the a-c impedance data
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FIG. 2a—Typical Nyquist impedance plot for steel in concrete.
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R, Concrete resistance (2cm?)
R, Interfacial resistance (Qcm?)
C, Interfacial capacitance (F/cm?)
R, Charge transfer resistance (£lcm?)
C, Double layer capacitance (F/cm?)
Z;, Diffusion impedance (Q2/cm?)
FIG. 2b—Equivalent circuit used for steel in concrete.
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FIG. 3a—Nyquist plot taken during Cycle 1 for a control specimen.

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 R, and a higher corrosion rate during Cycle 8 than

during Cycle 1. B
The Nyquist and Bode plots for the un-repaired specimens were quite different from those
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FIG. 3b—Bode plot taken during Cycle 1 for a control specimen.
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FIG. 3c—Nyquist plot taken during Cycle 1 for a repaired specimen.

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. 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. Examples are shown in Figs. 64, 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
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FIG. 3d—Bode plot taken during Cycle 1 for a repaired specimen.
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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 of 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. 82 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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FIG. 4b—Bode plot taken during Cycles 1 and 8 for a control specimen.
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FIG. Sa—Nyquist plot taken during Cycle 1 for an un-repaired specimen.

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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FIG. 5b—Bode plot taken during Cycle 1 for an un-repaired specimen.
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FIG. 6a—Nyquist plot taken during Cycle 5 for a repaired specimen.

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. 6b—Bode plot taken during Cycle 5 for a repaired specimen.
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FIG. 6c—Nyquist plot taken during Cycle 8 for a repaired specimen.
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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. 8b—Close up view of repaired specimens after eight cycles, cracks down center of specimen.
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FIG. 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 1n salt water
has been investigated using concrete slabs containing longitudinal rebars divided 1nto elements
with independent electrical connections Open circuit potential, interelement 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-
peniment Corrosion tended to mtiate at the evaporation zone of the vertical slabs, where
chlonides accumulated Once active corrosion started, a macrocell developed wath 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 1n rough agreement
with direct estimates of sound metal loss based on after-exposure examination In bars where
the separate elements were kept electrically 1solated, corrosion proceeded at a higher rate at
those elements near the evaporation zone The results have been used to propose a mechanism
for corroston nitiation and propagation 1n partially immersed remnforced concrete members

KEY WORDS: corrosion, reinforcing, steel, rebar, concrete, piling, culverts, macrocell, chlo-
ride, measurement, partial submersion, culverts, 1mpedance, evaporation, currents

The corrosion of steel reinforcing bars (rebars) 1n concrete 1s a result of depassivation of
the steel surface [1] In uncontamined, freshly cured concrete the moisture in contact with
the steel has a igh pH (near 12) due to the presence of alkah hydroxides The metal acquires
an open-circmt potential typically from 100 to —100 mV versus the saturated calomel
electrode (SCE) and the surface exhibits passive behavior The breakdown of the passive
film may occur because of the action of chlorides, once a threshold concentration of those
10ns has been reached at the metal surface The zone where passivity breakdown has occurred
may become an anode 1n an electrochemical corrosion cell The anodic, metal dissolution
reaction 1s matched by cathodic processes that can develop nearby or elsewhere on the
rebar For structures in contact with air, oxygen reduction 1s the most hikely expected cathodic
reaction The severnty of the deterioration and 1ts evolution with time vary greatly from
system to system

Reinforced concrete structures often encounter service under partial immersion in water
containing chlorides These components are subject to a unique corrosion configuration

! Currently at Departamento de Ciencia de Matenales e Ingenieria Metalurgica, Universidad Com-
plutense de Madnd, 28040 Madnd, Spain

? Associate professor, Department of Civil Engineering and Mechanics, University of South Flonda,
Tampa, FL 33620

* Matenals Office, Florida Department of Transportation, Gainesville, FL 32602

66

Copyright® 1990 by ASTM International WWW.astm.org
pyrig Y



AGUILAR ET AL. ON STEEL IN PARTIALLY SUBMERGED CONCRETE 67

[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
cm?/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 - 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

///////,,//concrete

A ”://’//,,,,/Pebar
DRY
Easy Oxygen
Access
T EVAPORATION
AND CHLORIDE
ACCUMULATION
water LW
LINE WATER
SATURATION
Electrolyte
Availability
Y

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 piing 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 1s not common, most corrosion damage of highway bridges 1s seen at substructure
piling that 1s partially submerged in seawater [10] While the problem 1s 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 [/1,12] Investigations addressing the corrosion of partially immersed columns
are less common Among these, investigation of piling exposed n Tokyo Bay [2] demon-
strated chlonide 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 mechanisms of deterioration 18 needed to develop
rehable criteria for the durability of piling and other structures (such as dramnage culverts)
that experience partial submersion An nvestigation to develop design life critenia for rein-
forced concrete culverts has been recently sponsored by the Florida Department of Trans-
portation [13,14] To this effect, corroston measurements have been conducted n nstru-
mented remforced concrete columns with multiple-segment rebars, partially submerged 1n
chionde-containing water The results from the mnitial phase of this investigation are reported
n the following sections

Experimental

The majority of the test specimens were remnforced concrete slabs 51 cm (2 1n ) thick,
15 2 cm (6 1n.) wide, and 45 7 cm (18 1n ) high The steel reinforcement consisted of straight
bars, either 1n one piece or divided nto 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 with epoxide
metallographic mounting compound (Specimen Types 2 and 3) or an epoxy mx (Specimen
Type 1) Different segments of each multi-element rebar were mechanically connected using
metallographic mounting compound or epoxy mux (Types 2 and 3 and 1, respectively)
Reference electrodes, made from activated Titanium wire (Elgard anode stock [15]), were
embedded 1n the concrete as shown in Fig 1 A connection box on top of each specimen
allowed for electrical measurements Switches 1 the box permitted closing or opening
electrical contacts between different portions of the multi-element rebars

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

TABLE 1—Concrete composition

Specimen Type

1, 2, and 3, typical 4, typical

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

Coarse aggregate” 336 333

Fine aggregate’ 203 238
Water/cement ratio (w/c) 05 03
Slump (n ) 25 0

¢ Staturated surface dry conditions
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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 - 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 (HCI) 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 - 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

SWITCHES EPOXY
3 2 1 INTERNAL
LL REFERENCE
B LT T P PR ELECTRODE
ELEMENT # /}\
1 5>Lin
2 2.51 qr
3 251
WATER __ 1l b o __4_ & U R N I
LINE T
4 5£n
- . I 2 - ; 1 ................
NC__S SOOI A NO_ S | . S
SPECIMEN TYPE 1 TYPE 3 TYPE 4

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 [/6] 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

100
—— SINGLE
o MUL TIELEMENT
—100-H

200 300 400
t (Days)

FIG. 3—Electrode potential versus time for a single bar (Bar 2, Specimen Type 1) and a normally
electrically continuous bar (Bar 1, Specimen Type I).
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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 A when the potential of the continuous bar was high; the first drop of potential

100

0-
(W3]
(&)
" ELEM.#1
)
>

\
> =400 \ ELEM.#2
e
— 5001 ' ELEM.#3
* -600 el ELEM.#4
"700 —T T T T T T T
0 100 200 300 400

t (Days)

FIG. 4—Electrode potential versus time of electrically separate elements of Bar 2 in Specimen
Type 2.
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FIG. 5—Electrode 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 pA or higher. Interelement
currents reached values on the order of 10 p.A when corrosion was fully underway.

Interelement 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 - 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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FIG. 6—Interelement electronic currents versus time at the multi-element, electrically continuous Bar
1 of Specimen Type 1. Levels 1, 2, and 3 correspond to the positions of Switches, 1, 2, and 3, respectively,
in Fig. 2.
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FIG. 7—Interelement electronic currents versus time at the multi-element, electrically continuous Bar
1 of Specimen Type 2. Levels 1, 2, and 3 correspond to the positions of Switches 1, 2, and 3, respectively,
in Fig. 2.
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FIG. 8a—Electrical conductance, G, between pairs of elements at four different levels (keyed as in
Fig. 2, with element Level 1 at the top), for Specimen Type 2. Note that elements at Levels 1 and 4 are
twice as long as elements at Levels 2 and 3.
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FIG. 8b—Electrical conductance for a specimen configured identically to that of Fig. 8a, but exposed
to a low chloride (1000 ohm - cm) liquid under the same immersion conditions.
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environment considered 1n this paper showed similar drying-induced trends, except for Level
3 where the trend experienced a reversal After an imtial decrease, the conductance at that
level increased and roughly stabilized after 150 days of exposure, at around 5 10~* ohm ™!

Electrochenucal Impedance Measurements

Figure 9 (Specimen 3, Bar 1) illustrates the typical impedance behavior observed n
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 vaiue of R After
the mitial potential drop, the impedance diagram evolved as in Figs 9b and c, toward a
closed, somewhat depressed semicircle Figure 10 (Spectmen 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 behavior 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, m 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 chlonde content profiles obtained from the post-ex-
posure examination of Specimen Type 3 The chloride content corresponds to drilled-out
specimens from the mnside of the slab, 1n the area between the parallel steel elements The
moisture 1s free water (weight change following 48 h at 60°C) of bulk samples (full cross
section) obtaned from different heights of the slab.

Visual exammation of the continuous bar (Bar 1) in Specimen Type 3 revealed that
corrosion proceeded only n a zone of about 1 5 cm? on the side of the lowest end of the
bar The corrosion products were black The average corrosion penetration 1n 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 jomed the metal However, the
deterioration did not appear to travel deep into the micro-crevice area. The region showing
the highest corrosion occurred 1 the upper side of the jont 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 mn this bar with multiple, 1solated elements was much less
than that seen in Bar 1 (single construction) of the same siab

Discussion

The open circuit potentials displayed in Figs 3 to 5, and 13 are given with respect to an
external SCE submerged 1n the test iquid The values were obtained 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 httle variation throughout the test, except when macrocell
action (discussed later) developed elsewhere 1n 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 1n 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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FIG. 11—Normalized moisture and chloride concentration profiles obtained from Specimen Type 3
after 310 days of exposure, Maximum moisture content measured: 5.95%. Maximum chloride content
measured: 26 pounds of chloride per cubic yard of concrete (1 in. = 25.4 mm and 1 pound per cubic
yard = 0.594 kg/m?).

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 in Fig 8 indicate that the interelement conductance
at Level 2 begins to deviate significantly from that of a low-chlonde test at around Day 100,
which 1s 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-* ohm~' cm~! for the average
conductivity at Level 2 after 300 days of exposure This value 18 representative of moist,
cured concrete [5,6] The conductance resuits are affected by shunting effects from adjacent
elements and from the salt water in contact with the slab The presence of a moisture
gradient 1n the slab introduces further complications Because of these factors, a quantitative
estimate of the chlonde concentration distribution from conductance data 1s not straight-
forward Nevertheless, the results show that the interelement conductance 1s an additional
useful indicator of conditions leading to corrosion

Once depassivation has taken place 1n a portion of the rebar, the subsequent behavior 1s
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 1n those elements where depassivation started first This
1s also 1 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
1solated However, 1n bars where the elements were kept normally interconnected, the
interelement 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 1s a net producer or net consumer of electrons In a
simphified macrocell scheme, metal oxidation could be visualized as taking place at one of
the elements (the electron generator) while oxygen reduction 1s taking place at other elements
(electron consumers) Calling I, I,,, and I, the electronic currents flowing through the
switches at Levels 1, 2 and 3, respectively, the net electronic currents I, generated at each
Element : can be calculated as

L=0-1I; 1)
L=1I,-1, )
L=1,-1I, 3)
I,=15-0 4)

These currents have been calculated and plotted 1n Figs 12 and 13 for the two normally
electrically continuous bars used 1n the experiment Figure 12 shows that the potential drop
of one of those bars was accompanied by the onset of fairly large interelement 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 interelement 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 interelement 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. 135,
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 1s partially submerged 1n water, the upper parts begin to dry and a moisture
concentration gradient 1s established This results 1n upward transport of chlonde-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 1n that area, possibly first near the
surface of the slab and then further inside Asindicated by the post-test examination, chlornide
levels can be higher than those 1n the fully submerged area The critical chloride level for
depassivation 1s reached at the accumulation region, prior to other areas 1n the slab At that
moment, 1ron begins to oxidize n that region, which becomes an electron source for the
rest of the electrically continuous bar The potential of the whole bar 1s shifted downward
by an appreciable amount Other portions of the rebar n contact with high chlonde con-
centrations will also enter the active corrosion regime This could happen immediately (as
1n the case of Fig 12), or after some time to allow for reaching a higher chloride concentration
at the metal surface (Fig 13) The zone observed to undergo this transition 1s the submerged
portion, probably because of 1ts considerable chloride concentration and low-resistance
electrolytic path connection with Element 3 Once corrosion starts in this region, 1t 1s likely
to take place with less anodic polarization because of the easy availability of electrolyte
Since the conductance of the concrete 1s appreciable, the cathodic reaction can take place
n the upper regions without excessive ohmic polarization and taking advantage of easier
oxygen transport than 1n the fully submerged zone These conditions 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 assumptions, the macrocell should be relatively stable and corrosion
will take place preferentially on the lower portion of the bar over an extended period of
time

The proposed mechamism describes the conditions prevalent 1n 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 1s not likely to be
at the bottom of the bar Once active corrosion begins at the evaporation zone, the potential
drop 1s expected to be mited to a relatively small portion of the rebar. Since longer resistive
paths are involved, the ohmic polarization 1s no longer small except for a zone close to the
waterline In an actual marine environment, tidal and spray action will aggravate chlornde
accumulation 1n the area above and below the average water hine by introducing wetting-
evaporation cycles Under those conditions, corrosion may be conspicuous even above the
tidal portion. This 1s 1n agreement with numerous observations of piling deterioration 1n
semi-tropical environments [10]

In addition to providing mechamstic information, the tests offered an opportunity to
compare different ways of evaluating the seventy of corrosion Large electrode potential
fluctuations, especially 1if they take place over a short time 1nterval, 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 rehable indication of where
localized corrosion 1s taking place 1n the short rebars used here Dividing the rebar nto
elements with 1ndividual connections has provided a means of studying the location of first
corrosion mmtiation, and the shift of the position of highest corrosion with time Measurement
of the interelement currents provides a quantitative indication of differential corrosion
activity However, the differential currents cannot be converted into absolute rates of de-
terioration unless simplifying assumptions 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 partial moisture conditions, then the
primary electrochemical reaction taking place there 1s oxygen reduction Making the com-
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plementary assumption that Element 4 1s 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

awldt =1, M,/n F (5)

where dw/dt 1s the 1ron oxidation rate expressed in grams per second, M, 1s the molar
weight of 1ron m grams, n 1s the oxidation state (assumed to be +2), and F the Faraday
constant Using Eq 5 and an average value for I, of 12 pA (Figs 12 and 13b), a rate of
oxidation of approximately 0 3 mg/day 1s obtained

The impedance measurements offer an alternative way of evaluating the rate of deter-
oration Because sizable mterelement currents complicate greatly the evaluation of imped-
ance diagrams, this analysis will be lmited to normally 1solated rebar elements, or to whole
electrically continuous rebars The diagrams shown 1n 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 in 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
1s characteristic of rebar 1n the passive state, with a neghgible corrosion rate [719] Figures
9b and ¢ show diagrams that can be roughly approached by semicircles (centered below the
real axis) with diameters of about 3000 and 600 ohms, respectively A nominal corrosion
current can be obtaimned by assuming that the diameter of the semicircle 1s equivalent to the
polarization resistance and applying the Stern-Geary equation

Icon = B/Rp (6)

where I, 1s the corrosion current, B 1s the corrosion constant (assumed to be about 26 mV
for active 1ron [19]), and R, 1s the polarnization resistance Application of Eq 6 to Fig 9e,
and conversion of the resulting current into an oxidation 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
established in Fig 9. Thus in Fig 10, Elements 2 and 3, which had expenenced early potential
transitions, show impedance diagrams suggestive of relatively high corrosion rates Element
1, at a still high potential, shows a diagram characteristic of passive material Element 4,
while displaying a low open circuit potential, shows a primarily capacitive response which
suggests a large nommal polarization resistance This element 1s 1solated and, because of
its being fully submerged, subject to a imited supply of oxygen The impedance and potential
behavior 1s consistent with that expected from an element 1n the active state, but corroding
at a very low rate due to the imited extent of the cathodic reaction If the elements were
short-circuited, 1t 1s easy to visualize that Element 4 would begin to corrode at a greater
rate while supplying electrons to the upper elements which 1n turn would corrode at lower
rates than before This 1s in agreement with the expectations of the corrosion evolution
sequence discussed earlier The impedance diagrams in Fig 10 were obtamed by placing a
counter electrode 1n the hquid and using the internal reference electrodes nearest to each
element tested Taking into consideration the dimensions of the reference electrode and the
distance to the elements tested, the high frequency intercept of each impedance diagram
can be used to evaluate the conductivity of the concrete between the electrodes The results
were 1n 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
(15 cm?, average depth of loss 0 2 mm), an estimated volume of metal consumed of 0 03
cm® 1s 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 earher, 0 3, 1 3, and 2 mg/day, are concordant values
obtained, by three different methods, from two different bars embedded 1n similar concrete
slabs and exposed to the same environment Keeping in mind the hmitations of the underlying
assumptions and the sample vanability expected in these systems, the values are in reasonable
agreement The techmques described appear to provide useful tools to diagnose the state
of corrosion of a partially submerged remnforced concrete structure

Conclusions

1 Corrosion mtiation m rebars within partially immersed concrete slabs takes place at
the region where chlondes 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 1 the evaporation zone of the test specimens

3 Dafferential current measurements show that after its imtiation, 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 1s not
saturated with water

4 In 1solated rebar segments, where macrocell currents are himited, corrosion 1s most
extensive above the water line, n the area of chlonde accumulation and fast oxygen trans-
port Short segments under complete immersion tend to corrode at a relatively low rate
after depassivation takes place

5 Electrochemical impedance and differential current measurements of corrosion show
quantitative, order of magmtude agreement with a direct observation of damage Simul-
taneous electrode potential, differential current, electrochemical impedance, and concrete
conductivity measurements provided a coherent set of observations for the determination
of corrosion development 1n the system tested
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ABSTRACT: A study on the relationship of pH, chloride concentration, and oxygen con-
centration shows that a drying cycle, which locally concentrates chloride and oxygen, imuiates
the corrosion of steel in concrete Once corrosion 1s mtiated, the pH at the anodic areas
decreases allowing corrosion to proceed more easily Oxygen controls the rate of corrosion,
but chloride affects the number of sites where corrosion imtiates

Using a small portable computer system that apphed the technique of polarization resistance
with current interruption for elmnation of 1R error, the voltage measurement error generated
when current flows through a resistive media, the corrosion of steel in concrete was measured
1n the laboratory The portable system was then used to perform prehmmary rate of corrosion
measurements on remforcing steel in three bridge decks in 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 literature search made at the beginning of the program revealed that many of the studies
on the corrosion of steel in concrete were directed at determining the effect of chloride 10n
and concrete mixture design on the corrosion process [/] Only two references considered
the effect of oxygen, and none were found on the corroston of steel in an alkaline environment
[2,3] On the basis of this, our first effort was directed at learning more about the role of
oxygen concentration, chloride concentration, and pH on the corrosion of steel 1n alkaline
environments [4] These mmtial experiments were carned out 1n solutions, sand, and mortar
The second phase of this study was directed at controlling the corrosion of steel in a concrete
environment and developing a portable computer system to measure the corrosion rate of
steel 1n the concrete using a nondestructive electrochemical techmque [5] The third and
final phase was to use this portable system to measure the corrosion of reinforcing steel in
three bridge decks in Frederick County, Maryland

Procedure
Preluminary Measurements—Phase 1
Coupons in Solution—Coupons of steel (AISI 1018 steel) were cut from 1 mm sheet to

2 by 10 cm and weighed before and after exposure The top portion of the specimen,

! Metallurgist, National Bureau of Standards, Gaithersburg, MD 20899
% Research scientist, Nippon Steel Corporation, Kawasaki, Japan
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extending through the electrolyte/atmosphere nterface, was coated These steel specimens
were placed 1n an environmental matrix of cells containing solutions of calcium hydroxide
mn which the oxygen content was controlled by bubbling an oxygen-nitrogen mixture through
the solution and 1n 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 chlonde was
maintained at concentrations of 1 X 10~ to 6 mol/L using sodium chloride A selective 1on
electrode was used to measure oxygen concentrations Exposure times of up to 600 h were
used

Coupons in Sand—To evaluate the effect of moisture, coupons were imbedded 1n a sand
mixture of 72% sand, 14% calcium hydroxide, and 14% sodium chioride held in small
perforated ceramic crucibles in an atmosphere of flowing air with controlled moisture con-
tent Inone series of experiments, steel specimens were imbedded 1n a sand mixture saturated
with sufficient distilled 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 1n a dry sand mixture which was then exposed to moisture saturated
flowing air Eventually the moisture content of this immitially dry sand mixture increased to
saturation Once saturated, the wetting cycle was reversed by placing the crucibles in a
desiccating atmosphere (above a desiccant of calcium chloride) Changes in mass of the steel
coupons were measured by gravimetric means

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

Measurements in Concrete—Phases 2 and 3

Prelimmary studies indicated that corrosion of steel in concrete can be measured by
polarization methods [4] Field measurements on other systems, using manually controlled
equipment, revealed that this manual approach 1s slow, tedious, and not suitable for rapid
measurements necessary on a bridge deck Furthermore, ehmmating 1R error, the voltage
measurement error generated when current flows through a resistive media, 1s always difficult
and, at times, questionable with these manually controlled methods Details of this portion
of the study have been described previously, and the following 1s a general overview of the
use of a portable, battery powered computer system applying the techniques of polarization
resistance and current interruption as a means of measuring the corrosion of steel in concrete

6, 71

Laboratory—The computer controlled device operates by modulating the current appled
between the working electrode (WE) and the counter electrode (CE), so as to maintain a
potential difference, AE, between the WE and the reference electrode (REF) which 1s 10
mV less than the same potential difference at open circuit The voltage measurement,
however, 1s taken during a brief period while the current 1s interrupted, so that the potential
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due to the 1R drop 1s 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 significantly

Briefly, the measurement sequence occurs in two stages as follows Immediately after the
open circutt potential 1s measured, the first stage, called the “setting” stage, begns, and 1t
1s during this period of time that the WE electrode 1s polarized to AE = —10 mV Once
the computer senses that the preselected target voltage of —10 mV 1s reached, 1t enters the
second stage, called the “holding” stage, where the applied current 1s controlled to mantain
the WE potential at —10 mV for a preselected period of tume (3 min) The open circut
potential (versus a saturated calomel electrode) and the series of readings of polanzed
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 i Fig 1a
Figure 1b 1s an 1dealized drawing of the oscilloscope trace identifying the setting and holding
stages Not easily visible 1n this figure 1s 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 1dealized wave forms of current and potential are
illustrated in Fig 2, showing thewr relationship as a function of time, and also showing that
the duty cycle 1s 2 2 s with the current on and 0 4 s with the current off Applied current
1s measured at the end of the current decay curve, just before the current 1s turned off As
indicated earlier, the current 1s modulated during the “holding” stage in order to maintain
the polarnized potential at the target voltage of AE = —10 mV

Figure 2a 1llustrates the response of the WE potential to the applied current, showing the
nstant change n potential (1R) as current 1s applied, followed by a ime dependent change
as the WE 1s polarized during the 2 2 s of current application When the applied current 1s
turned off, the 1R component of potential 1s ehminated and the polarized potential of the
WE can be measured This tR-free measurement of potential, identified as V3 occurs 75
ms after the current 1s turned off The cycle 1s then repeated 0 4 s later as illustrated

Initial measurements were all made 1n the laboratory as the software and hardware were
in the stages of development. Cleaned and weighed steel rods 1 3 cm 1n diameter and 15 2
cm long encased 1n cast concrete cylinders were used for laboratory measurements Concrete
mixes with and without chloride added were used The steel 1n concrete specimens were
inmersed 1n simulated pore solution (0 6 M potasstum hydroxide (KOH), 0 2 M sodium
hydroxide (NaOH), 0 001 M calcium hydroxide (Ca(OH),)), simulated pore solution sat-
urated with sodium chloride, or saturated solution of sodium chlonde as histed 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 carned out in accordance to ASTM Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Specimens (G 1-81) (Chemical Designation
C31)

Freld—Three bridges 1n 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 in good
condition Bridge No 10100, along a major nterchange, was 17 years old and appeared to
be 1n 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 1n the field was essentially identical to that used in the
laboratory The differences were mostly physical For example, the configuration of the
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FIG. 1—(a) Digital oscilloscope traces of potential and current versus time during measurement se-
quence. (b) Idealized traces of potential and current versus time during measurement sequence.



90

CORROSION RATES OF STEEL IN CONCRETE

AE , mV

Current, LA

N
o

o

75 ms

_—|

V3

Time,s

(a)

et

0.4

Time,s

(b)

FIG. 2—(a) Details of potential versus time illustrating effects of current interruption. (b) Details of

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-
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TABLE 1—Condtions of exposure

Specimen No Type of Immersion Condition

1 alternate Cl free concrete
Cl free pore solution

2 continuous Cl free concrete
Cl free pore solution

3 alternate Cl free concrete
Cl 1n pore solution

4 continuous Cl free concrete
Cl 1n pore solution

5 continuous Cl 1n concrete
Cl 1n pore solution

6 confinuous Cl 1n concrete
Cl 1n pore solution

7 alternate Cl 1n concrete
Cl 1n pore solution

8 alternate Cl 1n concrete
Cl 1n pore solution

9 continuous Cl 1n concrete
Cl 1n distilled water

10 continuous Cl 1n concrete
Cl 1n distilled water

11 alternate Cl 1n concrete
Cl 1n distilled water

12 alternate Cl 1n concrete
Cl 1n distilled water

up the o1l film on the surface proved useful As a precaution, a small area of concrete (15
by 15 cm) was removed to expose the remforcing bar for making good contact to the WE.
One problem encountered was that of eiminating electrical noise, and unfortunately, this
process was time consurming One such elusive noise problem mamfested itself in wrreprod-
ucibility of the WE potential Lengthy investigation revealed that corrosion of the steel
counter electrode originally used was generating an electric current that seriously affected
the potential measurement By trial and error, 1t was discovered that a lead (Pb) CE reduced
or elminated the effect Another serious problem encountered n the field measurements
was electronic equpment damage resulting from mechanical vibration generated during
transportation Using a dummy cell, the equipment and cables were checked before and
after every series of measurements Three measurements were made on each bridge span
every two weeks over a four month period during the summer The location of each mea-
surement was permanently marked on the bridge deck surfaces so that the measurements
could be repeated at the same location each time

Only a small area of rebar was polarized during the measurement process. Based on
earhier current distribution measurements, it was determined that current from the CE to
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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 of 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 of mass loss versus time for steel in calcium hydroxide solutions showing effect of pH
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.

0, =, 8 ppm
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_ o 105 107", 2108
[~
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]
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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. 8—Plot of mass loss versus time showing the effect of moisture on the corrosion of steel in sand.
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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. Ilustrated 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

20§ EFFECT OF IMMERSION TIME ON CORROSION

° —— IMMERSION
AFTER 1 WEEK DRYING

—=-- IMMERSED
FROM THE BEGINNING

1/SLOPE (A/V x10°3)
=
{

IMMERSION TIME (HOURS)

FIG. 9—Plot of mass loss versus time showing effect of immersion time on the corrosion of steel in
mortar.
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FIG. 10—Plot of mass loss versus chloride content for steel in mortar.

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** + 2H,0 — Fc(OH), + 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

Laboratory—As 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
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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? 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) Hlustration 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 Conclusions

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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TABLE 2—Calculated corrosion rate, mdd, at six positions on three bridges.
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Span 1 Span 2
Position Position
Date Al A3 A4 Bl B3 B4
RoOUTE 28 BRIDGE (1931) No. 10029
Oct 8
Oct 23 0.6 0.3 0.8 0.3 0.6
Nov 6 (bridge under floodwater)
Average corrosion rate = 0.5
Routke 15 BRIDGE (1968) No. 10100
Oct 8 0.4 32 0.5 13 2.6 1.7
Oct 23 0.8 0.5 1.3 1.3 1.0 0.6
Nov 6 0.8 1.0 0.9 0.2
Average corrosion rate = 1.1
RouTE 80 BRIDGE (1972) No. 10059
Oct 8 3.6 2.8 23
Oct 23 3.5 1.3 12 0.7 0.8 21
Nov 6 3.1 21 2.6 0.6 1.2 1.0
Average corrosion rate = 1.9
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ABSTRACT: To momtor accurately the corrosion rate of rebars 1n a concrete structure using
electrochemical techmques, the area of the rebar surface to be measured should be well
specified by taking into account the wide-spreading distnbution of the polanzation current
For this purpose, the double-counter electrode method proposed by some investigators 1s
projected to be one of the most accurate methods However, there have been few actual
studies on 1ts accuracy Therefore, the aim of this study 1s to establish the basis of accuracy
for the double-counter electrode method, using numerical simulation by the two-dimensional
fimte element method The obtained results indicate that the corrosion rate of rebars can be
accurately momtored by the double-counter electrode methods, and that its accuracy 1s mainly
affected by the degree of confinement of the longitudinal current distnibution related to the
concrete cover and the polanzation resistance Finally, a graphic method to correct the raw
a-c impedance data obtained by the double-counter electrode method to arnve at the true
impedance data 1s presented 1n this paper

KEY WORDS: steels 1n concrete, corrosion momtonng, a-¢ impedance techmques, double-
counter electrode, numerical simulation, fimte element method, steels, corrosion, concrete

Electrochemical corrosion monitoring techniques for reinforcing bars 1n concrete struc-
tures have been developed to meet corrosion potential mapping methods as described 1n
ASTM Test for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete (C 876-87).
This practice 1s very convenient in estimating the probability of the corrosion of rebars 1n
structures. However, 1t 1s still hmited to qualitative measurement of the degree of corrosion
attack, and may even be misleading since corrosion potential depends upon the surrounding
environmental conditions Therefore, there 1s a strong need to develop a more quantitatively
accurate on-site monitoring method

Until now, some technmiques to quantify the corrosion of rebars in concrete, such as the
polarization resistance method, the a-c impedance method, and so on, have been studied
1n the laboratory by many researchers [1-6], and some researchers have reported the appli-
cabilities for field corrosion monitoring [4-6)

In applying the methods just mentioned to field monitoring, some difficult 1ssues are
introduced because one must deal with larger areas of reinforcement than 1n the laboratory
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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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CE = central counter electrode

SE = surrounding counter electrode
WE = working electrode

FIG. 1—On-site corrosion monitoring system utilizing double-counter electrode method.
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obtained on a Jaboratory 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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d ~
35 601 measured data
E corrected data
20t W o« .
0 AL -S‘g" ' n L 1 1
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(2)
T A T T T 71 T
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~ 7 Erest®-399mV  vs. Ag/AQC]
G
=N :
£ ]
N
- ,M./"_\:\““-m I L 1
% l 2 3 7]

Zre (k)
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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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FIG. 3—Experimental data from a small mortar sample.

reinforcement but also with resistivity (R,) of concrete and the resistive characteristics (R;)
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.

l Cdt
iy
1 17T N Rct
N { |Rct
= | | |Rf
0o
Rs
0 logw — 0

FIG. 4—Typical bode diagram.
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Numerical Simulation
Sumnulation Model

In general, real concrete structures are three-dimensionally reinforced with several types
of rebars However, 1n this simulation, the model consists of a round reinforcing bar embed-
ded n a concrete beam The electrochemical measurement 1s assumed to be potentiostatically
controlled, such as by a-¢ impedance measurements The schematic illustration of the on-
site monitoring model (beam model) using the double-counter electrode method 1s shown
m Fig 5a For companson, Fig 5b shows a laboratory momtoring model (cubic model) by
which one can evaluate the charactenstics 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 without the spreading phenomenon of the polarization current In this figure, AE 1s
the overpotential applied at the corrosion potential, and A, Al are the resulting currents
of the surrounding counter electrode and center counter electrode, respectively

In this simulation, the following two items are assumed.

1 The electrical properties of the concrete and steel are expressed purely by the resis-
tivities (p., p,, respectively, but that of steel 1s neghgible )

2 The characteristics of the impedance of the steel/concrete interface including the Far-
aday impedance (Z;) and the double layer capacitance (C,), which gradually increases
with the frequency, are approximated by changing the resistivity (p,) of the thin surface
film as shown in Fig 6

Under these modehing conditions, 1f the resulting currents (Al,, Al,, AI) were 1n any way
given, the impedance modul 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 distribution, 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
mvoke cumbersome descriptions. In this study, therefore, the two-dimensional fimte element
method (FEM), a numencal solution techmque, 18 employed for the longitudinal section
and cross section of the beam model The employed element 1s a so-called isoparametric
rectangular element with eight nodes and 1s characterized by giving an adequate solution
despite a small number of elements (a more detailed description related to this can be found
i Ref 12) Though a three-dimensional FEM 1s more exact, 1t would add httle to the pomts
which we wish to make clear.

The examples of the mesh arrangement, which we employed 1n the FEM analysis for the
longitudinal section and cross section of the rebar, are shown in Figs 7a and b, respectively
The electrical nature of the surface film around the rebar was approximated by a thin layer
of the element with the thickness () and the resistivity (p;) In these figures, d 1s concrete
cover, D 1s diameter of rebar

From the FEM analysis, the polanzation current (Al,, Al) resulting from the apphed
overpotential (AE) can be calculated by the numerical integration as shown 1 Eq 1

A15=2J':1 dr,AIc=2J'Cz~dr 1)
re 0
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(b)

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 r,, r. = outer radius of surrounding counter electrode, and outer radius of the central
counter electrode, respectively, and 1 = current density The current density values were
calculated 1n four elements 1n 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

1Z,| = AE/AL @)

and the impedance modulus by the single-counter method can be evaluated 1n the same way
n Eq 3.

1Z,| = AE/(AL + AL) 3)
On the other hand, for the cubic model, which has concrete cover (d) with the resistivity
(p.) and surface film thickness ( ;) with the resistivity (p,), the impedance modulusis evaluated

by the following simple equation

|Z] = R, + R,

R, (1 + R{/R,) 4

where R,/R, = (&/d) X (p//p.)

In this parametric study, the outer radu (r,, r. ) were constantly set to be 30 and 5 mm
The other analysis parameters employed for the longitudinal section and the cross section
were, presented 1n Tables 1 and 2, respectively For each combination of the geometrical
parameters (d, ;) in Table 1 and (d, {;, D) in Table 2, the surface film thickness ({; = 1
mm) was employed, the resistivity of concrete (p.) was set to be a constant value (1 KQcm),
and the ratio (p/p.) was varied 1n the range 1 to 10° In the case of p/p. = 1, the impedance
moduli evaluated with Egs 2 through 4 approximately correspond to the impedance moduli
measured at such a high frequency that the solution resistance mainly dominates In the
case of p,;/p. > 1, the impedance moduli correspond to the impedance moduh at the frequency
where the interfacial impedance of steel/concrete dominates in comparison with the solution
resistance

Results and Discussion
Potential/ Current Distribution

The typical patterns of potential/current distributions 1n concrete obtained from FEM
analysis for both sections of the beam model (10 mm cover and 20 mm diameter) are shown
in Figs 8 and 9, respectively The overpotential (AE) 1s 100 mV, and equipotential lines
(----) are drawn by 10-mV pitch The current lines (——) can be estimated by the fact that
the equipotential line and the current line cross at right angles

In the longitudinal section, the equipotential lines ine up almost horizontally beneath the
central counter electrode and rise up gradually under the outer edge of the surrounding
counter electrode The slopes of the equipotential lines under the outer edge increase rapidly
with the increment of the ratio (p/p.) For instance, 1n the case of p/p, = 10?, the equi-
potential lines almost line up vertically This trend indicates that the current distribution 1n
the low frequency range spreads widely along the rebar.
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TABLE 1—Analysts parameters for longitudinal direction of rebar

CONCRETE
Cover d = 5, 10, 20, 30, 40, 50 mm
Resistivity p.=1KQcm
SURFACE FILM
Thickness tr = 1 mm
Resistivity p, = 1K, 10K, 100K, 1M, 10M, 100 M Q cm

On the other hand, in the cross section, the distribution pattern of the equipotential lines
hardly changes, even i the case of p/p. = 10° Consequently, the current distnibution 1s
expected to be a settled pattern

Impedance Characteristics

To compare the impedance charactenstics of the double-counter method with that of the
single-counter method, all the impedance moduli evaluated for the beam model and the
cubic model were normalized by the solution resistance (R, = d X p,) of the cubic model
and plotted in Figs. 10 and 11 In these figures, all the x-axes indicate the normalized values
(1Z|/R,) of the true impedance moduli for the cubic model, and both the y-axes in Figs
10q and 114 indicate the normalized values (| Z,|/R,) of the impedance moduli by the double-
counter method Both the y-axes in Figs 10b and 11b indicate the normalized values (|Z,|/
R,) of the impedance by the single-counter method In these figures, the vertical deviation
of the plotted pomnts from the diagonal lines (----) shows how accurate each method 1s
quantitatively

From the comparison of the results in Fig 10 along the longitudinal section of the rebar,
1t can be found that the double-counter method gives us more accurate impedance data than
does the single-counter method For stance, the data poimnts for a concrete cover of 10
mm in Fig 10a almost comcide to the diagonal line i the wide range (|Z|/R, = 1 to 10°)
On the other hand, the data ponts for the same cover in Fig 10b are plotted lower than a
sixth of the true data This means that the double-counter method 1s 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 (p/p,) corresponding
to the decrement of frequency (v — 0) This indicates that the spreading manner of the
current distribution along the longitudinal direction of the rebar 1s the most significant factor
to be considered 1n the development of an accurate on-site monitoring method

TABLE 2—Analysis parameters for cross-section of rebar

CONCRETE
Cover d = 5,10, 20, 30, 40, 50 mm
Resistivity p.= 1 KQcm
SURFACE FILM
Thickness tr = 1 mm
Resistivity p,=1K, 10K, 100K, 1M, 10 M, 100 M Q cm

REBAR
10, 15, 20, 25 mm

Diameter D
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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. 11a and 11b. 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 erroncous data even if using the
double-counter method. However, this difficulty can be casily solved by the following method.
As mentioned previously, the vertical deviation of the plotted points from the diagonal line
(----) in Figs. 10a and 1la 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



MATSUOKA ET AL ON CORROSION MONITORING 117

moduli can be prepared for each case of rebar diameter and concrete cover, as shown 1n
Fig 12 The method for using this graph 1s as follows

Step 1—Furst, read the ordmate that corresponds to |Z,|/R, = 1, and then calculate the
true R, value by dividing the impedance modulus (|Z,]) by the ordinate, where |Z,| 1s the
measured value 1n such a high frequency range that the solution resistance mainly dominates

Step 2—Calculate the ratio (|Z,]/R,) of the impedance modulus (|Z,|) measured at each
frequency to the true R, value 1n Step 1, and read the abscissa of the point having this ratio
on the correction curve Multiply the abscissa by the R,, and the product is the true impedance
modulus Figure 2a shows an example of the corrected data using this procedure With this
procedure, 1t 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 finite element method, then compared to that under single-counter
electrode system It may be concluded that

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

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

3. amethodology 1s established to obtain the true corrosion resistance from the measured
raw data by using the conversion graph
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ABSTRACT: Electrochemical impedance measurement 1s a convement method to analyze
the corrosion phenomena of steel in concrete A data analysis method 18 used on the basis of
an equivalent circuit correlated to the properties of concrete and electrochemical mechanisms
The different parts of the diagram versus frequency allow charactenzation of the concrete
cover, the presence of a film at the surface of steel, the transfer resistance connected to the
anodic reaction, and some other relaxation phenomena Some agreement has been obtained
with mass losses

A mathematical model has been developed 1n order to analyze the results on large concrete
beams with a small-size auxihary electrode Particular emphasis 1s given to the spatial location
of an active area 1n order to demonstrate the feasibity of such a method either on large
specimens or on real structures For this application, the principle of an alternative method
was developed An auxihary electrode 1s used with an electrical guard At low frequencies
(<10 Hz), the first experimentation gives encouraging results

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

Reinforced concrete 18 used widely to buld large projects ike bridges, tunnels, and
offshore structures It 1s now recognized that the corrosion of rebars 1s an important problem
to be solved 1n order to increase the rehability of the structure and to reduce maintenance
costs

In concrete, steel 1s 1n a passive condition This fact 1s due te the lgh level of pH (12 §
to 13 7) of the solution contained in the pores of the concrete The corrosion of rebars can
occur when this passivation 1s destroyed by the penetration of chloride 10ns at the metal
concrete mterface and by a decrease of pH as a result of the action of various phenomena
such as carbonation The rate of corrosion 1s mainly controlled by the diffusion of dissolved
oxygen through the concrete cover The corrosion products formed at the surface of rebars
mtroduce tension stresses 1n the material causing the cracking and spalling of the concrete
Therefore, the mechamcal strength 15 reduced

Many laboratory studies and site inspections are carried out to analyze this phenomenon
or to detect an attack as soon as possible In order to face these problems, a method of
analysis of the corrosion mechamsms 1s required Considering the nature of the phenomenon,

! Matenals Department, Infremer, DITI BP70, 29280 Plouzané, France
2 Ecole Centrale Paris, 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, 1n some cases, allows differentiation
between the active and passtve states of the steel

Potential mapping 1s a convenient tool to localize the corroded parts on large structures
exposed n 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
yl

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, 1t 15 possible
to detect the 1nitiation of the corrosion, but the complete analysis of the data 1s more difficult
to perform In a Nyquist 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
carcuits, mechamsms of electrochemical reactions At the mitiation 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 1n order to study the feasibility 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 1s based on the use of an electrical guard 1n order to restrict
the surface of the reinforcement measurement

Small Specimens
Experimental Procedures

Our first impedance measurements with the steel-concrete system were carnied 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%}, 1n order to imtiate 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°C

The impedance plots were obtamed with the specimens dipped n an alkaline electrolyte
(sodium hydroxide solution 0 1 N) contained 1n a test cell, the pH of which being close to
the pH of the interstitial pore solution. A classical three electrode potentiostatic set up was
used The reference electrode was saturated calomel electrode (SCE) and the counter elec-
trode was a stainless steel grnd The potentiostat 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 (10¢ to 10~ Hz), on the basis of five
frequencies to a decade

£ =100 (n = 20,19 . , —20)

Results

Nyquist impedance plots obtained without and with chlondes, at the rest potential, are
given 1n Fig 2 Without chlorides, steel 1s passive, and with chlorides, steel 1s locally
corroded The influences of the thickness and the porostty 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* 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* Hz [4]. The resistance of R, of the concrete
cover is given by the high frequency limit of the arc on the real axis. The resistance of the
film, R, 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~* 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—Impedance plots of the mortar specimens (frequencies in Hz) at the rest potential: (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 10° Hz. Up to these frequencies the results are similar. But more
tests are needed in order to analyze the value of capacitance.

Model of Equivalent Circuit

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 R; and capacities C, (i = 0, 1, 2, 3).

1. R, and C, represent the resistive and dielectric properties of the concrete cover, and
R, and C, the resistive and dielectric properties of the lime layer.

2. R, may be identified with the transfer resistance and C, with the double layer capacity.

3. The circuit R;-C; 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 R, and C, 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

A G(Q) CONCRETE SPECIMENS
20-

/100 kHz
10

T ] T -
0 10 20 30 w0 R
FIG. 3—Very high frequency part: (a) cover thickness = 5 cm of cement content = 400 kg/m’ and
(b) cover thickness = 2.5 cm of cement content = 350 kg/m>.
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FIG. 4—Electrical circuit, equivalent to the mortar specimens.

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

A,
Z=— “i

T+ Grawl® M
where A,, 7., o, are real; A, is a resistive term (difference between the “high frequency”
and “low frequency” limit if of Z); 7, is a relaxation constant; o, is a number between 0
and 1; and o is the pulsation of the sinusoidal signal () is related to frequency (f) by the
formula

wo=27nf

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 C, are no longer real values which
depend on the frequency. If we compare Eq 1 and

R
Z=TTjRCw @

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

1-a; . .
A =R and C, = TDIR.- ~ (cos 9‘—2“ — jsin ?) (3)

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

According to our assumptions, R, is the transfer resistance. If we consider that the cor-
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rosion process may be described by the following simphfied mechanisms
Fe — Fe?t + 2¢~ (Fe’* — rust)

%Oz + H,0 + 2¢e- —» 2 OH~

The corrosion current, I, 1 given by

K
== 4
Lo = 2 “)

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 1n the low frequency range the modulus of
the impedance of a corroding area 1s much smaller than the modulus of the impedance of
a passive area (Fig 2) It means that impedance Z, of the passive area 1s short circuited by
the impedance Z, of a corroding area which 1s 1n parallel with Z,

The value of K 1s obtained by comparing impedance measurements and mass losses

Comparison with Mass Losses

Accelerated corrosion tests were used These tests consist of different periods of immersion
of the samples 1n a chloride solution of 35 g/L and drying in atmosphere at 50°C The
duration of the wetting period 1s three days and the drying penod, 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 1s stored 1n a data logger versus time

Potential measurements show that the steel 1s depassivated after two cycles and that the
corrosion remams active The potential 1s between —500 and —600 mV/SCE Diagrams
are plotted at each cycle for 18 weeks for the duration (z) of the experiment Values of
transfer resistance (R)) are obtained by using the model formerly presented

After obtaining a diagram, the specimen 1s broken and the mass loss (AP,,) 1s obtained
Transfer resistance can be correlated to corrosion current [,

Using Faraday’s law, 1t 1s possible to obtain the mass loss, A P,,, after the duration, ¢, as
follows

KM 1 1
Apz, = 4F En:O Tl(R, + RJ+1) (T]+] - T]) (5)

M = mere atomic weight of iron

In plotting for different 7, values of AP, versus AP,,, we obtain different points If we try
to draw a straight line starting from the origin, we obtain a value of X equal to 35 mV But
taking ito account the fact that the corrosion rate 1s not constant during the different periods
of wetting and drying, and that the corrosion 1s not uniform, this value cannot be used to
determine an stantaneous corrosion rate (Fig 5)

After breaking the sample, the measurement of the corroded area of the steel bar 1s not
very accurate but gives interesting information on the propagation of corrosion We consider
that the corrosion rate on the active surface 1s quite constant and that the transfer resistance
decreases with an increase of the active surface
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FIG. 5—Results of an accelerated corrosion test of reinforced concrete specimens. Comparison of the
experimental mass losses (AP,) with the mass losses (AP,) calculated from impedance plots by Eq 4 with
K = 35 mV.

Large Scale Tests
Feasibility of 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

(length =3m)

CROSS SECTION LONGITUBINAL SECTION
d
PLASTIC —]
[TT—~SHEATH—]
30 F RAME %
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(¢ 6mm) —7
~ ,J
3 STEEL BARS-T® 10 mm)
1Scm

FIG. 6—Reinforced concrete beams.
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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.

R v’
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FIG. 7—Impedance plots of reinforced concrete beams dipped in seawater: (1) Beam A = severely
corroded and cracked and (2) Beam B = lightly cracked, no corrosion evidence.
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FIG. 8- -Impedance plot of a reinforced concrete beam (Beam A out of water). Impedance 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)
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FIG. 9—Academic model.
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by a concrete layer, the electrical resistance of which (R,) depending on its thickness (L).
The current lines are supposed to be the straight lines, AI. The corresponding electrical
model is given on Fig. 95. In this model, Z, is the impedance of the metal-electrolyte interface
in series with the resistance, R;, which means that several unit Randies circuits are in parailel.
The resistance, R;, is supposed to be given by the formula

_ pL;
R = AS; sin o ©

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

1 1
Z=2«&+z> )

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 (H,SO,) 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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61 @) b: Sem 61 2) )5: 32?3
b PR 4 PR
2 29w
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0 2 & 6 RQ) 0 RIQ)

EXPERIMENTAL PLOTS CALCULATED PLOTS
FIG. 10— Experimental results.
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In the simulation, the specific interfacial 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 specificimpedance 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 H,SO,, 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 parailel 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

G(Q)

P

R(Q)

Active ",
steel : —_

\ 5 10
Place of the

probe

FIG. 11—Detection of a corroded mild steel zone (active steel) in a passive (304L steel) bar (I m
long), dipped in 0.1 N H,SO,.
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FIG. 12—Reinforced mortar beam.
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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-
forcement). The probe is at one end of the beam.
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FIG. 14—Setup with an electric guard.

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*. 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.
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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 hne” to represent the nonumform distnibution of the
current 1n a concrete beam, demonstrated the calculation of the instantaneous corrosion rate
by umt of length of the rebar through mathematical equations

In the present contnbution those equations are used 1n order to determne whether the
equations enable distinction between the corroded zones of a rebar and those which remain
passive A concrete beam was fabnicated, half of 1t by mixing chlorides with the cement (and
therefore inducing a corrosion 1n the rebars) and the other half without admixtures (passivated
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 passivated zones can
be clearly 1dentified using these formulae Finally, some comments are given on the relative
activity of galvamic macrocells compared with the corrosion microcells

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

The direct measurements of the corrosion rate 1n real structures would be the 1deal method
for momitoring the structures’ behavior However, only 1n few cases was this possible and
the laboratory reproduction of the system metal/environment has been the usual method
for determining the corrosion performance of big structures Monitoring situations 1n con-
crete structures 1s especially complicated because of the difficulties that concrete poses when
using nondestructive measurement techniques Concerning the corrosion of reinforcements,
the only measurement technique employed successfully has been, up to now, the potential
mapping whose most important limitation 1s 1ts qualitative character In recent papers [I-
4], the authors have tried to offer a new approach n order to estimate electrochemically
the corrosion rate of reinforcements in beams and slabs.
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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. 1a 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: R, = AE/AI. The surface area reached is unknown and the
value of signal varies with the distance.

If the distribution of the signal was uniform (Fig. 1b) through an electrode of the same
size as the structure, then the difficulty would disappear as was mentioned.

In the aforementioned paper [/], 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. 1b) is guaranteed
and those rates obtained from the mathematical formulae presented. Beams fabricated
without admixtures (passivated steel) and with 3% of calcium chloride (CaCl,) 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. 1—Distribution of electrical signal as a function of counter electrode size: (a) non-uniform one
and (b) uniform one.
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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.

Materials

The experimental work was carried out on beams of 160 cm length and 6 by 10 cm? cross
section. The beams have 350 kg of cement per m® of concrete. Half beam was fabricated
without admixtures and to the other half 3% CaCl, 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.

Procedure

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 (1], Fig. 2a. Taking into account
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FIG. 3—Representation of the beam type used. (a) continuous rebar, (b) half-bar, (c) buwnuary between
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 [7].

R, = 4(R,')/Re 1)
R, = Rela’ )

which gives the true polarization resistance values by unit of beam length, R,, as a function

of the apparent polarization resistance, R,’, also by unit of length (R, is the value directly

obtained by the ratio between applied polarization and current response R,’ = AE/AI) or

as function of the coefficient ., 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, a, in the case of a beam, may be calculated through Eq 1

_ 1 ulx)
o = p— In () 3)

Where u(x,) and u(x,) are the potential values of the rebar at the distances x, and x, 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.

Ecorr; AI; Rp’, R,
mV LA ohm ohm Remarks
—348 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 with the distance along the beam from the counter after applying
a step of potennal of 100 mV

Distance, E,, E,, AE,
cm mV mV mV Remarks
25 —351 —-325 26 bar divided mto two and concrete with chlorides
5 -373 - 360 13
10 —383 -375 8
15 -370 —364 6
5 -129 —88 41 bar divided mto two and concrete without chlorides
10 —126 -913 347
15 —-1216 -916 30
20 -123 8 -981 257

The values of Ry (ohm c¢m?) obtamed by these “indirect’” measurements were finally
compared with those obtained with an extended counter electrode which completely covers
the beam Through this arrangement an umiform distribution of the signal 1s guaranteed
(Fig 1b) and R, may be directly calculated from the measurement by Stern’s formula

Results

Although numerous experiments were carried out, only one set of them 1s represented
here It corresponds to the cases mn which the beams were maintained shightly wet or partially
immersed 1n water

In Table 1, the values of E.., Al, R,’ and R,,, obtained from direct measurement are
given In Table 2, the values corresponding to the attenuation of potential method are also
shown Finally, in Table 3, the R, values are presented, which correspond to the two
previous methods and to that using an extended counter electrode

The R; values for the case of mantaining the beam partially immersed in water are
presented 1n 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—Comparison between the Ry (ohm  cm?) values obtained from the indirect measurements
(Eqs I and 2 1 the text, Methods A and B, respectively) and those obtained from the direct determination
using and extended counter of the same size as the beam (Method C) Beam shghtly wet

R; Values
Conditions E.. A B C
CONCRETE WITHOUT CHLORIDES
Contmuous bar -216 300 000 154 000 187 000
Bar divided mto two —108 273 000 380 000 250 000
Rebar divided into two and short-circuited -217 235 000 123 000 136 000
CONCRETE WITH CHLORIDES
Contmuous bar —316 4 500 5100 4 800
Bar divided mto two —366 2 900 2 100 7 100

Bar divided into two and short-circuited —348 4 500 9 700 6 500
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TABLE 4—The same comparison as m Table 3, but for a beam partwally submerged in water

R+ Values
Conditions E.. A B C
CONCRETE WITHOUT CHLORIDES
Continuous bar —-334 75 000 53 000 83 000
Bar divided nto two —101 303 000 284 000 300 000
CONCRETE WITH CHLORIDES
Continuous bar — 468 900 3 100 2 300
Bar divided nto two —487 1100 4 700 3400

of the distance along the beam The R; values were calculated through the Apparent R,
method The effectiveness of the method for distinguishing the boundary between active
and passive 1s high whereas the corrosion potential values method 1s not effective

The action of the galvanmic macrocell may also be followed by externally short-circuiting
the smaller rebars Figure 4 shows the changes 1n the individual E.,,, measured after short-
carcuiting the bars In the figure, the evolution of the macrocell current, measured through
a zero resistance ammeter (ZRA), 1s also shown

The E, values of the active rebar are shightly affected by the macrocell action However,
the E,, of the passivated bar moves about 100 mV or more 1n the negative direction
depending on the moisture conditions

It may be also observed from Tables 3 and 4 that the R values for a concrete without
chlorides 1n the longest bar are lower (z,, 1s higher) than 1n the smaller ones (not suffering

TABLE 5—Evolution of the Ry (ohm  cm?) values with the distance to the interface between chloride
contarminated and non-admuxed parts of the continuous (longest) rebar The Ry values were obtained
through Eq 1 n the text

Distance, Econs Al R, Ry,
cm mV LA R, ohm ohm cm?

3% CALCIUM CHLORIDE

70 —182 73 137 500 2 600
60 -194 70 143 420 3300
50 -210 71 141 410 3300
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 15 870 770 67 000

WITHOUT CHLORIDE

10 -178 62 1610 730 244 000
20 -173 62 1610 680 262 000
30 -176 5 1720 680 300 000
40 -193 57 1750 1300 162 000
50 -191 46 2170 840 385 000
60 —-209 33 3030 840 751 000
70 —-181 46 2170 1 600 202 000
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FIG. 4—Evolution of E.,,, 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 chioride 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 i, 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 E,,.. 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.
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FIG. 5—Evans’ diagram representing the galvanic macrocell. In the active zones, E; and i,, represent
the values before short-circuiting the smaller bars and E, and i,; after short-circuiting them. In the passive
zones, the influence appears to be much higher in E,,,,, moving E; to E,, but lower on the i, 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 R 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 R; 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 Rin 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.),
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2 the delimitation and distinction between active and passive zones 1n 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 companson of
the state of corrosion of the rebars (obtained by visual inspection after removing the concrete
cover), wncluding the potential fields in addition to theoretical considerations, clearly de-
monstrates that an absolute potential value (that 1s, —350 mV copper sulfate electrode (CSE)
as proposed in ASTM Test for Half-Cell Potentials of Uncoated Remnforcing Steel in Concrete
(C 876-80) for the 1dentification 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 mechamsms 1n the laboratory, was found to be too time consuming
and difficult to nterpret 1n field measurements Instead, a very rapid new technmque—using
galvanostatic 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 1n concrete, potential mapping, survey, a-c impedance, gal-
vanostatic pulse techmique, steels, concrete

Corrosion of reinforcing steel 1s a worldwide problem as evidenced by the source of the
papers at this conference In Switzerland, with a mghway system involving nearly 3000
bnidges (generally elegant, post-tensioned constructions with a membrane and asphalt cover
on the concrete), the increasing use of deicing salts has resulted 1n severe localized corrosion
of the remforcement In addition to the damage of the bridge decks, other parts of bridge
structures, piers, beams, and pilings suffer by salty runoff or salt-containing snow Deicing
saits are carried on automobiles into ali the tunnels and have resuited 1n chloride concen-
trations 1n 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 remnforced concrete structures 1s not
known The Swiss Federal Highway Administration calculates annual costs of about 80
milhion Swiss Franks for survey and maintenance of bridge decks only [I] The repair and
replacement of deficient bridges demand even greater expenditures A great problem 1s
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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

~ 7

AN \ / /
-200mV "~ \ -300mv / // ~-200mVv

corroding area

passive rebar ~700mV, anode

-100mV, 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 /

AU

/= ——"7"— 1
RE+RA+RC ()

where

I = current flow, mA,
AU = cell voltage in the macro element, mV,
R; = electrical resistance of concrete, Q,
R, = anodic reaction resistance, , and
R, = cathodic reaction resistance, .

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 ¢(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 correding zones at the most negative values.

Factors Affecting 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 Depth—The 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. At infinite distance,
a uniform potential value results. Thus, the location of small corrosion spots gets more
difficult with increasing cover depth.

4
-100F -—-0 O
I L
200+ = RN '
R~
300k = o\o ol large cover‘depth
S A ~—e— /°| (B—B in fig.1)
-L00F § jon_ S i
] S : O™ small cover depth
500+ o | D
! (A--A in fig. 1)
-s00} | .
passive | corroding ‘ passive

FIG. 2—Schematic view of the influence of 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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Electrical Resistivity of 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, R, 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/CuSO,) 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.

high resistance surface layer

-200mV

passive corroding area

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 m?/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 [17]. 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 I1—Potential mapping of this bridge deck (450 m?, 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.

a potential negative of more than =300 mV CuSO,. Using the ASTM C 876-80 criteria of
=350 mV CuSO,, 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°C). 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? 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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& ASTM

Criteria for corrosion: I N
> -300 mV 3

to 3 cm, temperature 24°C). 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 ¢(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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FIG. 7—Part of the computer generated contour plot of potential mapping at the underside of the
riding deck (San Bernardino tunnel). Equipotential lines millivolts CuSO,.

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

obry = d) = S 2
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where

I = cell current, mA,

p = specific concrete resistivity, {cm,
d = cover depth, cm, and
x = horizontal distance from corrosion site, cm

The potential difference at the surface between the two points x = 0 and x 18 calculated to

Ag, = ¢(x,d) ~ ¢(0,d)
I p V& +x¥-d 3)
T2 d V& + 2

The current, I, 1n the cell results 1n

2w A(P_x d Vd> + x?

I = . 4
P Vd: + x* ~ d “)
For the distance x = 3d, one gets approximately
A 3
Izz’r—“’(x=3d)-?d )
9d - Ap(x = 3d
- @i) ) ©)

For the expenimentally determined cover depth, d, and the measured potential difference,
A¢ (x = 3d) (potential gradient), the cell current, I, can easily be calculated For the
example of the Cugniertobel bridge with typical values of d = 2 5 cm, a potential gradient
of 5 mV/cm, and a concrete resistivity of 10 000 (cm, a current, I, of about 80 pA 1s
calculated For a typical localized corrosion spot of 1 cm?, this current corresponds to a
corrosion rate of 0 8 mm/year, a value which 1s 1n reasonable agreement with practical
experience

Impedance Measurements

Impedance spectroscopy makes it possible to obtain information on the electrical resistivity
and the dielectrical properties of the concrete cover, and on the corrosion rate and mechamsm
of small steel bars in mortar or concrete Since the early work of Dawson [16], this techmque
1s frequently used to study the corrosion of steel in concrete n the laboratory [17-19)
Laboratory experiments of the present authors [20,21] have shown a close relationship
between the corrosion rate (determined by weight loss measurements and visual inspection)
and the calculated values from the impedance measurements for different chloride contents
and environmental conditions

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 1n the small-scale laboratory experiments The interpretation of the impedance
spectra 1s required to consider the spatial distribution of the impedance Several models of
equivalent circwit [22] and transmission line analysis [23] were proposed to overcome these
difficulies  An important consequence of this analysis 1s that the measured apparent po-
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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
[23].

Procedure—Qur 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.

Results—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

€

@ electrical connection

N(‘ {Reference electrode)
IC .

<) copper wire

&

= solution CuSQ,

AY

@\ diaphragma {wood)
N

% water
@ —————— counter electrode

0-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, d¢ = 20 mV, f = 10 mHz . . . 10kHz. (a) actively corroding
bars, o = —480 mV CuSQO,. (b) passive bars, &on = —220 mV CuSO,.

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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Galvanostatic Pulse Technique

As discussed 1n the section on potential mapping, the potential readings taken at the
concrete surface are mixed potentials and can not always be interpreted 1n a straightforward
manner Negative potential values due to polarization effects may lead to misinterpretations
The galvanostatic pulse measurement method 1s a rapid, nondestructive techmque to obtain
unambiguous information on the corrosion state of the reinforcement

Procedure— A short-time anodic current pulse 1s imposed 1n galvanostatic mode onto the
reinforcement from a small counter-electrode (Fig 8) on the concrete surface and the
resulting potential change 1s recorded The same equipment as for the impedance mea-
surements was used Typical duration of the current pulse 1s 3 s, the intensity 100 pA

Results—From the experimentally measured potential/time curve, two main pieces of
information can be obtained (Fig 105)

1 The slope Ae/At at longer times A nearly horizontal line indicates that the remnforce-
ment 1s corroding Due to the steep current/potential curve in the case of localized corrosion,
the rebars can be polarized only a few millivolts with the small current pulse Al A continuous
increase of potential (Ae/Ar high) nstead indicates passive state of the rebars

2 The mitial jump mn potential at ¢ = 0 1s the ohmic potential drop Ag, of the system
An apparent ohmic resistance, Ry, can be calculated with the known current

Ro = Aeg/Al (M
where

A€y = ohmic potential drop, mV and
Al = current pulse, mA

For a constant cover depth, this ohmic resistance 1s directly proportional to the concrete
resistivity Thus information on the concrete humidity or salt content can be obtained, which
allow location of areas with high corrosion risk [6,5]

The results of galvanostatic current pulse measurements, taken at the riding deck of the
San Bernardino tunnel along the line A-A (see Fig 7), are shown in Fig 10 Figure 10b
shows the potential response to a 100-nA current pulse at four different points along the
line A-A From these individual curves, the slope Ae/Ar and the apparent ohmic resistance
Ry (according to Eq 7) are determined and plotted against the measuring position (Fig
10¢) As can be seen, the slope Ae/Ar gives unambiguous mformation on the corrosion state
of the rebar, independent of the value of the corrosion potential In addition, 1t 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 1s possible

The galvanostatic 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 published recently [25]

Summary

The results of field applications of nondestructive electrochemical techniques to access
the corrosion of rebars 1n concrete are reported here
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FIG. 10—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 A1 = 100 A at four different
points along the line A-A, and (c) graph of the slope A¢/ At and the apparent ohmic resistance along the
line A-A.

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

3 The galvanostatic pulse technique, proposed n this paper, overcomes the difficulties
in interpreting potential measurements At the same time, information on the concrete
resistivity 1s obtained This techmque 1s a promising new and rapid monitoring technique
for remnforced concrete structures
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ABSTRACT: The design, construction, and use of a Potential Wheel 1s discussed Its appli-
cation for determination of corrosion of steel in concrete 1s explained with brief case histories
Laboratory tests of reproducibiity and temperature effects are presented

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

The corrosion of remnforcing steel within reinforced concrete 1s a growing and major
worldwide problem In the United States alone, 1t 1s estimated that some 300 000 bridge
decks are suffering from corrosion due to deicing salt attack The cost of repair 1s estimated
at over US $100 000 000 000 In the Umited Kingdom, approximately $900 000 1s being spent
annually on surveying buildings and civil engineering structures suffering from deterioration,
or requiring statutory surveys

A number of destructive and nondestructive techniques are used to survey reinforced
concrete structures for signs of deterioration Among the nondestructive techmques used 1s
the measurement of the corrosion potential of the rebar (renforcing steel) within the con-
crete The Potential Wheel 1s a new instrument for carrying out rapid acquisition of potential
data collected during deterioration surveys of reinforced concrete structures

Corrosion Potentials

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 1s thus created and an
electrical potential can be measured between the rebar within the concrete and the copper
rod of the half-cell

The magmitude of this corrosion potential can be related to the probability that the rebar
1s 1n a corroding state The fact that there are two dissimilar electrolytes (the concrete and
the copper sulfate) adds a small, but msigmficant, voltage to the overall corrosion potential
measured The technique 1s 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 examination and
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FIG. 1—The potential measurement.

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 of 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, —800 to ~ 1100 mV with respect to silver/
silver chloride {(Ag/AgCl), 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.

Spulling forces on concrete due to growth of
exponsive rust growing on rebar
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FIG. 2—The corrosion of 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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FIG. 3a—A schematic of the Potential Wheel.
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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 1s rotated A single
data gathering traverse of the Wheel across the surface of the concrete 1s called a scan

The corrosion potential measurement process 1s initiated by a shaft-encoder coupled to
the Wheel For every 5 mm of travel of the Wheel’s nm, the shaft-encoder generates a
pulse, which nstructs the electronics within the Data Bucket to convert the instantaneous
value of the analogue corrosion potential into a digital value and record 1t 1n a memory
store Each value of the stored corrosion potential 1s thus directly related to the distance
traveled by the Wheel

The Wheel

The Wheel 1s essentially 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.

Cell

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

1 1t has a farrly slow response time 1n providing a stable output voltage when contacted
to the concrete surface, and
2 1t used a liquid electrolyte-copper sulfate

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

Before ruling 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 nternally 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 mamtenance of a
saturated solution of copper sulfate, and electrical connection to the copper electrode It
was thought that such a solution would also result n the depositing of large quantities of
copper sulfate over the surface of the concrete While this 1s an accepted fact with conven-
tional copper/copper sulfate half-cells, the amount deposited 1s small and of httie conse-
quence Large quantities deposited by a wheel in continuous contact would be unsightly on
visible concrete of certain types of structures and could aggravate a corrosion problem since
copper sulfate 1s a corrosion agent

A silver/silver chlonide half-cell was eventually chosen because of its much faster response
time, 1ts greater stabihity with respect to time and temperature and because 1ts use of a
“sohd” electrolyte allowed more flexibility in interfacing 1t to the concrete surface The
design of a suitable interface between the silver chlonide tip of the half-cell and the concrete
surface has become, 1n fact, the novel feature of the Wheel’s design

In order to provide an electrical path between the silver-chionde tip of the half-celi and
the concrete surface, some sort of 1onic fluid 1s necessary that will not contaminate the
reinforced concrete Ordinary tap water 1s normally used to improve the 10nic contact
between a half-cell and the concrete surface However, 1if tap water 1s used to surround the
silver chloride of the half-cell, its siow 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 1n order to mamntain the half-cell stability Although potassium-chloride
can be used, 1t 1s still desirable to prevent direct contact of the potassium chloride solution
with the concrete’s surface A satisfactory response to the problem 1s arrived at by allowing
the use of water 1n contact with the concrete, a solution of potassium chloride 1n contact
with the silver-chloride, and by designing a porous membrane between the two hquids

The Half-Cell/ Concrete Junction

Figure 3b 1llustrates the construction of the Potential Wheel The Ag/AgCl half-cell 1s
mounted 1n a plastic bush (8) which push-fits mnto the main body (9) of the wheel The tip
of the silver rod (1) protrudes mnto the back chamber (10) where 1t makes connection to a
high-input impedance, unity gain, buffer-amp 1n 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 mn
the chamber (3) An absorbent nylon rod (4) provides an 1onic path from the chamber to
a foam-rubber tip (5) outside the chamber and 1n contact with a perforated shpper-plate (6)
against which the foam-rubber rim (7) of the wheel makes rotational contact The foam-
rubber rim (7) 1s wetted with water to provide an 1onic path to the surface of the concrete
when the wheel 1s rolled across 1its surface The full-cell so created 1s formed thus silver
rod, silver chlonde, potassium chloride, water, concrete, rebar

The output from the buffer-amplifier, plus electrical pulses from the wheel’s shaft-encoder
(14), 1s fed via multicore cable to the Data Bucket, to which 1s also made the rebar
connection The potential of the full-cell 1s thus measured Note that water path around the
nim of the wheel can contribute a small potential of a few millivolts, to the overall potential
measured, 1f the wheel’s rim 1s allowed to become less than wet, that 1s damp but not dry

Dilution of the Potassium Chlornide

There 1s no evidence to suggest that the potassium chloride (KCl) becomes dilute with
the possible ingress of water from the wheel’s im mto the KCl chamber On the contrary,
as the wheel’s rim 1s dry for longer than 1t 1s wet, during periods of nonuse, 1t 1s beheved
that the KCI mamntains 1ts saturated state by evaporation of the water from the chamber

In practice, 1t has been found only necessary to “‘top up” the chamber, contamning the
KCl, from time to time as the level decreases due to evaporation Occasionally, the KCl
has been entirely replaced when overhaul of the wheel has been carried out Perodic 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 mput of the Data Bucket, has
shown no sigmficant change 1n 1its value over a number of years

There 1s no doubt that no significant change 1n the saturation level of the KCl 1s likely
to take place over the perniod of a day’s usage Complete replacement of the KCI, daily,
during use will therefore guarantee its saturation level should this be thought desirable

Distance 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 Input Resistance

Finally, a high input resistance stage for the voltage measurement 1s 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 provide such an input stage, and to provide a low output
impedance signal source from the Wheel to the Data Bucket, a simple operational amphfier
integrated circwit with very low input bias current was used This high input impedance
“buffer” amphfier, together with the electronics of the shaft encoder, 1s incorporated 1n the
main body of the Wheel

The Data Bucket

The Data Bucket 1s battery operated, making the complete Potential Wheel a portable
mstrument suitable for site use A number of prototypes of the Data Bucket were built at
various stages and the mstrument 1s designed to be as robust and as weatherproof as prac-
tically possible

The Data Bucket uses well-known electronic microprocessor techniques Apart from
tailoring the electronic hardware of the Data Bucket to operate specifically with the Wheel,
its uniqueness mainly hes in the controlling software This provides the means for stonng
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
controlling software A calibration potentiostat enables the half-cell to be checked and an
offset put 1n to convert the readings to a copper/copper sulfate (Cu/CuSO,) reading from
the Ag/AgCl 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 built-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 1s 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 site to get very fast feed-back of the data he has
gathered, enabling him to make on the spot decisions about 1ts validity This feature is
considered very desirable when time spent on site costs money, and a return to site, to
remeasure incorrectly gathered data, 1s even more expensive

Other programs within the Data Bucket enable the operator to examine the data collected,
visually, via a hiquid 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 controf of the data bucket functions

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

1 STORE enables parameters to be set and data stored

2 V/PLOT produces voltage versus distance plots of each scan

3 C/PLOT produces equi-potential contour plots of a number of scans
4 VISUAL scan data may be viewed via the pocket terminal

5 D/DUMP stored data may be dumped to another microcomputer

6 ERASE mdividual/groups of scans may be erased 1n reverse order
7 DIST enables the wheel to be used to measure distance

8 PRINTER ON/OFF
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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/CuSO, 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 1ts 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
aganst the bars 1n two dnll holes from behind the block There 1s a vanation of up to 45
mYV between repetitions, at individual points 1n areas of steep gradient, but the vanation
reduces to 10 mV 1n the most anodic and cathodic areas. A statistical analysis of the data
1n 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 vanability
Dnft in the half-cell 1s negligible and therefore the most significant source of error 1s probably
minor deviations 1n 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 neglhgible when the equipment 1s
properly maintained

Thermal effects are shown in Figs 6, 7, and 8 by comparing the Potential Wheel (Ag/
AgCl half-cell) with a conventional Cu/CuSO, half-cell Work was done 1n a constant
temperature room at 25°C 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/CuSO, are given 1 Table 2

The actual laboratory Wheel results at 40 to 100 mV are more negative than the Cu/
CuSO, half-cell at 11°C, dropping to 0 to 70 mV difference at 35°C It would appear either
that experimental variations are more sigmficant that the temperature coefficients even 1n
a laboratory experiment, or that changes in potential of the steel are more sigmficant than
those of the instrumentation.

Experience in Use

To date, the Potential Wheel has been used 1n the United Kingdom, Austraha, and Hong
Kong over the last two years

The Wheel has been found to be capable of scanming up to 400 m/h over a day or more
of mnvestigation 1n practical site conditions with 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 1s a practical hmit to the running speed 1n 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 nterval, this 1s 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 18 necessary

Figures 9 and 10 show a 10 by 10 76 m area of soffit of a chlonde contaminated bnidge
(3% chlonde 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 1s high and steps
must be taken before delamination starts Data collection over the approximately 100 m?
area took only 3 h, including establishing rebar connections and marking out This shows
the true value of the device, 1n scanning large areas of concrete to check for rebar corrosion
which 1s 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

TABLE 2—Reference electrode temperature coefficients [6] E = Ey. + o t.
E,V
dE ;
Name Cell Es, V dt 11°C 20°C 30°
Silver chloride ~ Ag/AgCl/KCl/(0.1 N) 0.2881 —6.5x10* 0.291 0.291 0.28
Copper sulfate  Cu/CuSO./CuSO,(saturated)  0.316 9 x 102 0303 0.311 0.320
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L

FIG. 9—Potential map of the bridge soffit.
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FIG. 10—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 1n concrete 1s a multibilhon dollar problem which affects
the construction, transportation, and many other industries While much has been wntten
about the problem, and numerous reports have appeared which discuss how this corrosion
can be controlled, httle has appeared on the mechamsm whereby this corrosion occurs

It 1s well known that lughway structures corrode, for the most part, due to the influence of
deicing salts or manne environments Relatively httle has appeared about the equally severe
corrosion problems which occur 1n buildings and other nonhighway structures Most of these
structures are not exposed to the salts present 1n mghway structures, yet they still corrode

This paper discusses how all forms of concrete and similar cementiious environments protect
embedded metals It discusses the three protection mechamsms—passive film formation, changes
n the conductivity of the electrolyte, and mineral scales—that have been used to explain how
corrosion 1n concrete occurs It also presents evidence to explain how, and why, corrosion
occurs 1n these structures, even 1n the absence of deicing salts, manne environments, or other
salt sources Examples are discussed including buildings, manne piers, foundations, and high-
way structures

KEY WORDS: corrosion, concrete, mortar, masonry, deicing salts, marnne environments,
chlonde, reinforcing steel, cracks, potential-pH (Pourbaix) diagrams, passivity, protective
scales, steels

The corrosion of reinforced concrete and of other concrete structures 1s a multibillion
dollar problem in the Umted States and many other countries [I-3] The collapse of the
Berlin Congress Hall (Fig 1) [4] and of a parking garage in Minnesota (Fig 2) {5,6] are
but two examples of spectacular failures which have been widely-publicized 1n recent years
Other corrosion problems in buildings (Figs 3 and 4), and lighway structures (Fig 5)
produce maintenance and replacement costs While they are less spectacular, these main-
tenance and replacement problems are far more common and represent most of the reason
for concern about corrosion 1n concrete

Reinforced concrete has been 1n use for over 100 years, and, in general, the environment
provided by concrete proves protective of the embedded steel Many of the problems as-
sociated with corrosion 1n concrete can be attributed to the presence of salts from the
environment This association with salt has led to two problems, (1) a misunderstanding 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.

SRR e Bl s s R

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 1n 1964 by Cornet and co-workers [8] who cited
the then popular concept of potential-pH (Pourbaix) diagrams to explain how concrete, with
a pH of approximately 12 8, protects steel from corrosion The passivity concept, introduced
with no experimental evidence to support the protective passivity mechanism, has ganed 1n
populanty and 1s widely cited in recent literature [1,9-11]

Potennal-pH Diagrams

Figure 6 shows a potential-pH (Pourbaix) diagram for iron in water with Fe,O; as a
protective (passive) film [12] These diagrams, based on equilibrium thermodynamucs, define
three regions 1 potential-pH space

1 Immunity—the metal 1s thermodynamically stable and 1s immune to corrosion

2 Corrosion—ions of the metal are thermodynamically stable, and, under most condi-
tions, corrosion will occur at a rate which cannot be predicted thermodynamically

3 Passivity—compounds of the metal are thermodynamically stable These compounds,
or passive films, may protect the substrate from further reactions with the environment and
may be protective

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

The dotted lines of Fig 6 represent the regions of thermodynamic stability for oxygen
(above Line a), water (between Lines a and b), and hydrogen (below Line b} Passive 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 1n
concrete

Unfortunately, the extrapolation of thermodynamics in water to practice in concrete
continues to this day Many authors assume the 1dea of protective films 1s well-accepted n
the corrosion community without realizing the serious imitations of applying thermodynamic
“passivity”’—as defined by potential-pH diagrams—to actual kinetic situations Most cor-
rosion textbooks discuss potential-pH diagrams and their hmitation [13-16]

Corrosion of Carbon Steel

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

One of the more important concepts introduced to the corrosion in concrete literature by
Cornet and co-workers was the 1dea that passive films formed on metals would be broken
down, or “depassivated,” by the presence of chloride 1ons Many other authors have adopted
this 1dea {1,21-25], and 1t has become so widespread that 1t 1s sometimes cited in the
corrosion-in-concrete literature with no reference to the source of the idea [22,24]

Stratfull, one of the earhier researchers 1n this field, adopted the 1dea of passivity break-
down because, 1n his work, there was no correlation between the amount of chlorine detected
in 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].

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]. Tt 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 1s nof the mechanism which
causes protection of steel from corrosion n concrete environments

Passivity Summary

This discussion of passivity can be summarized by the following

1 Passive films are not protective for carbon steels in most high-pH environments Ox-
1dizers, corrosion ihibitors, 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 1n concrete These levels are higher than the levels necessary to depassivate
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 Electrolyte

Stratfull published a paper in 1968 with experimental evidence showing that salt ingress
reduced the electrical resistivity of concrete [35] This experimental work, published 1n the
same volume of the same journal as Cornet’s passivity hypothesis [8], has received relatively
less attention, even though, unlike Cornet’s paper, 1t presented expernimental evidence from
an actual highway bridge in California

Table 1 shows the effects of electrical resistivity on corrosion rates n soil [36] The
corrosion 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
[36~40] 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 in concrete [4] A level of 10 000 ohm-cm has been suggested
as “critical resistivity to support corrosion” in concrete [22,42] This 1s the same resistivity
level shown 1n 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 resis-
tivity 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 sevenity of localized corrosion, such as shown in Fig 5, cannot be estimated
using electrochemical techniques, at least as normally used [Z,76,49]

TABLE 1—Corrosion activity tn souls [36]

Resistivity, Anticipated
ohm-cm Corrosion Activity
Low, 0 to 2 000 severe
Medium, 2 000 to 10 000 moderate
High, 10 000 to 30 000 mild

Very high, 30 000 plus 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 [57].

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 1s more hkely that protective scales, high 1n calcium, form on metal surfaces in concrete
environments A number of papers on corrosion 1n concrete have suggested thss [24,28,63-
67]

Several authors have suggested that concrete pore water 1s the environment to which
reinforcing steel 1s exposed [23,65-70] While this “pore water” may model the unreacted
water in cement pastes, 1t ignores the low solubihty, and Iikehhood of scale formation, from
waters high 1n calctum Since portland cements are high 1n calcium, and form high-calcium
reaction products [7], the formation of high-calcium scales 1s 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 18 a necessary condition” [20]

Calcium-contaimng scales have been used to control corrosion for many years [14,50-
55,58], and they are hkely to explain why corrosion 1s normally retarded, or completely
prevented, by concrete [20] It 1s interesting to note that calcium carbonate scales are used
for protection of o1l-field production tubing even 1n the presence of chloride levels far higher
than seawater [56] This suggests corrosion 1n concrete, hike corrosion 1n oil 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 which
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 [7I] Since this early research,
most publications have imphed that corrosion causes cracking in concrete [I] While there
can be no doubt corrosion caused by impressed currents can cause cracking in concrete
[7,55], the evidence 1n the absence of external electrical currents 1s much less convincing,

One obvious correlation between cracking and corrosion 1s the increased mcidence of
structural cracking in highway bridges that accompanied the increased use of deicing salts
on highway bridges Figure 9 shows a sidewalk i the United States which has cracked and
crumbled due to the presence of deicing salts No corrosion was ivolved A recent study
of highway bridges 1n Japan discusses freeze-thaw damage 1n concrete highway bridges with
no mention of corrosion on these remnforced concrete bridges [72] Salt water can enter
bridge structures through freeze-thaw cracks and cause corrosion

The freeze-thaw cracking pattern shown m Fig 9 1s different from the cracking and
detenoration of the pipe shown in Fig 10. The concrete pipe shown in Fig 10, on a southern
California beach, 1s 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 1n central Cahiforma Half-cell potential measurements were made using the ASTM
Half Cell Potentials of Remforcing 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 corrositon—less than
1s common on many construction sites prior to placing concrete around the reinforcing steel

The crack widths shown 1 Fig 11 are an accurate representation of the crack patterns
on this core—which 1s typical of cores obtained 1n 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, 1s 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. 10—Corrosion on reinforced concrete drain pipe on beach in Ventura, California.
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FIG. 11— 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 1n Fig 12 led to the corrosion of the permanent metal forms beneath this parking
garage floor The corrosion shown m Fig 12 1s typical of the corrosion on this buld-
ing, which may have to be demolished due to the parking garage corrosion It 18 not
known whether pre-existing cracks were associated with the post-tensioning cable shown 1n
Fig 13 [5]

A recent survey of ighway 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 reinforcing steel The deeper
cracks supposedly healed [75] and kept the steel dry

As previously stated, most corrosion 1n concrete hiterature claims that corrosion causes
cracks Unfortunately, crack patterns similar to those shown in Fig 11 are seldom reported
When they are reported, 1t 1s 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 1s a “laboratory curiosity” (Ref
1, p 49), the need exists for laboratory exposures involving loaded cracked samples The
limited number of reports available confirm that cracking or voids are necessary to produce
corrosion 1n 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 cnticism 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 believe the resistance of embedded steel to
corrosion 1s 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 1s often due to the presence of voids
(Fig 7) or cracks (Figs 5 and 12) Whether cracking preceeds most corrosion or 1s a result
of corrosion cannot be answered at this time
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