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Abstract

In this study the feasibility of using AC impedance spectroscopy (ACIS) as a monitoring
tool for detecting corrosion on cathodically protected reinforcing steel in concrete was
examined. Both relatively small concrete blocks with a single reinforcing steel specimen,
and large concrete slabs containing two mats of reinforcing steel were constructed for
the purpose of evaluating the ACIS technique.

Although the feasibility of the technique was demonstrated for the concrete blocks
containing a single reinforcing steel specimen, difficulties in interpretation of the data
were created by the large macro-cell couples that were present in the large-scale slab
tests.

There are no methods available to directly detect corrosion or to measure the amount of
corrosion on cathodically protected reinforcing steel in concrete structures. The present
technology for corrosion measurement prior to energizing a CP system consists of
measuring a potential of the reinforcing steel with respect to a Cu/CuSO, reference
electrode, and inferring from that potential whether corrosion has initiated. On
cathodically protected structures, the effectiveness of the system is generally related to
one or more criteria that require the measurement of potentials with respect to a
reference electrode. Based on the potential measurement of a potential decay
measurement, the corrosion activity is inferred.



Executive Summary

The overall objective of this research project was to establish the feasibility of an AC
impedance spectroscopy (ACIS) method to detect ongoing corrosion on a cathodically
protected reinforced concrete structure. The ultimate goal was to establish a simple
technique to evaluate the effectiveness of a CP system without complicated criteria or
measurement techniques.

The scope of the research was limited to laboratory investigations on relatively small
concrete blocks with a single reinforcing steel specimen, and concrete slabs containing
two reinforcement steel mats, which better simulated bridge deck conditions.

There are no methods available to directly detect corrosion or to measure the amount of
corrosion on cathodically protected reinforcing steel in concrete structures. The present
technology for corrosion measurement prior to energizing a CP system consists of
measuring a potential of the reinforcing steel with respect to a Cu/CuSO, reference
electrode, and inferring from that potential whether corrosion has initiated. On
cathodically protected structures, the effectiveness of the system is generally related to
one or more criteria that require the measurement of potentials with respect to a
reference electrode. Based on the potential measurement of a potential decay
measurement, the corrosion activity is inferred.

The work plan was divided into two tasks: Task 1 - Laboratory Experiments with Single
Reinforcing Steel Specimens, and Task 2 - Large Concrete Slab Exposures. The
purpose of Task 1 was to evaluate the ACIS method for detecting corrosion for a
number of varying test conditions on simple, well-controlled test specimens that
permitted evaluations of the levels of corrosion obtained during the exposures. The
purpose of Task 2 was to better simulate field conditions for evaluating the ACIS
method of detecting corrosion in actual field applications.

Variables examined in the Task 1 research included the level of cathodic protection
(CP) applied, the relative time until CP was applied, chloride concentration, and type of
concrete. The Task 1 results indicated that for single reinforcing steel specimens,
significant changes in the impedance spectra occur upon going from a corroding
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condition to either a condition where corrosion is extremely low (passive condition) or
where corrosion is mitigated by adequate levels of cathodic protection. Visual
examination of the reinforcing steel samples following exposure in Task 1 confirmed that
the basic premise of predicting corrosion behavior based on the ACIS spectra is feasible
for small, single lengths of reinforcing steel.

Task 2 research involved the more realistic conditions of larger, multiple reinforcing
steel mats in a concrete slab containing differential chloride concentrations. Potential
mapping of the surface of the slabs was performed to establish corroding areas. The
potential mapping indicated the presence of significant macro-cell corrosion couples. It
was determined that the presence of the macro-cell corrosion couples complicated the
interpretation of the ACIS spectra. Some differences in the ACIS spectra were
identified depending on whether the steel was corroding, passive, or cathodically
protected. However, there were much more subtle differences, and of a different nature
than the original premise of this program.

The data obtained during this program indicated another very important aspect of
measuring or monitoring corrosion rates under freely corroding conditions. It has been
discussed within the corrosion community that polarization resistance techniques are
appropriate for mapping the corrosion rate of a concrete structure. However, the
polarization resistance technique cannot differentiate between anodic and cathodic
activity; it only measures the total electrochemical activity, or current. This study
indicates that careful interpretation of polarization resistance measurements are
required. In the vicinity of macro-cell corrosion couples, polarization resistance provides
an overestimate of the corrosion rate of the noncorroding areas. The authors believe
that a combination of potential and polarization resistance mapping can provide an
accurate description of the corrosion conditions of a bridge deck, when properly

interpreted.



Introduction

This program was an initial study to establish the feasibility of an
ACIS method to detect ongoing corrosion on a cathodically protected structure.
Because the ACIS method has the ability to detect ongoing corrosion without
interruption of the cathodic protection (CP) system, it would permit the
effectiveness of the CP system to be determined. Also, the ACIS method is a
more direct means of establishing ongoing corrosion than the presently used
polarization decay or potential measurement, from which the corrosion activity
can only be inferred.

The ACIS method involves measuring the impedance of the reinforcing
steel-concrete interface as the basis of the monitoring method. The impedance
measurement is made as a function of frequency. ACIS is a nondestructive
technique that employs a small amplitude AC signal applied between the
reinforcing steel and a counter electrode, and produces data from which the
electrochemical reaction mechanisms can be determined. From the impedance
spectrum, the polarization resistance of the reinforcing steel interface can
also be determined. For conditions without cathodic polarization and in the
absence of macro-cell corrosion (i.e. active anodic and cathodic sites
separated by distances greater than the area which the reference cell is
sensing) the polarization resistance (PR) value can be related to the
corrosion rate of the steel through the Stern-Geary relationship. In the
presence of cathodic protection, the PR is no longer related to the corrosion
rate; and, in fact, under certain circumstances it can be related to the
amount of cathodic current being applied to the steel specimen. Therefore,
the value of the PR cannot be utilized to establish corrosion rate of the
reinforcing steel when CP is applied.

The basic premise of this work was based on the fact that significant
changes in the ACIS spectrum oc?ur upon application of cathodic protection.
Previous work by the authors() has indicated the following: (l) when
corrosion is occurring, the ACIS spectrum is dominated by a Warburg type
behavior; (2) in a system undergoing no corrosion and without CP applied, the



ACIS spectrum is represented by a single time constant response with a large
PR value (low corrosion rate); and (3) in a system with adequate cathodic
protection applied and little or no corrosion occurring, the ACIS spectrum
reveals a single time constant response. However, in this last case, the PR
value is affected by the magnitude of the applied CP current and may vary from
small to large. For this reason, the magnitude of the PR value alone cannot
be used to differentiate corroding versus non-corroding conditions with CP
applied. However, the mechanism defined by the ACIS spectrum can
differentiate corroding from non-corroding conditions based on the above
hypothesis. For steel that is corroding, the corrosion rate is governed by
the rate of diffusion of oxygen to the steel, and the ACIS spectrum is
dominated by a Warburg impedance. A Warburg impedance accounts for mass
transfer limitations due to diffusional processes. When these diffusional
effects control the electrochemical reaction rate, the impedance of the
reaction is called a Warburg impedance.

The scope of the research was limited to laboratory investigations on
relatively small concrete blocks with a single reinforcing steel specimen and
concrete slabs containing two reinforcing steel mats which better simulated
bridge deck conditions. This phase of the research was divided into two
tasks: Task 1 - Laboratory Experiments With Single Reinforcing Steel
Specimens, and Task 2 - Large Concrete Slab Exposures.



Experimental Procedures

Task 1 - Laboratory Experiments With
Single Reinforcing Steel Specimens

The purposes of Task 1 were to evaluate the ACIS method for detecting
corrosion for a number of varying tests conditions and to permit careful

evaluations of the levels of corrosion obtained during the exposures. The
variables examined were:

(1) CP level,

(2) relative time until CP is
applied,

(3) chloride (C1°) concentration, and
(4) type of concrete.

The measurements made during the tests were ACIS spectrum, on~ and off-
potentials, and the applied current from the CP system. The experimental
equipment used in this study consisted of a Princeton Applied Research Model
273 potentiostat in conjunction with a Solartron Model 1250 Frequency Response
Analyzer interfaced to an Apple Ile computer for data acquisition, storage and
plotting. The experimental setup is shown schematically in Figure 1. The
typical spectra measured included frequencies ranging from 5000 Hz to 0.0l Hz,
at an AC amplitude of 10 millivolts. The data were analyzed for one complete

cycle at each frequency. In special circumstances, frequencies down to 0.00l
Hz were investigated.

The test matrix of experiments to be performed in Task 1 is shown in
Table 1. The matrix was designed to incorporate the broad range of Cl™ levels
and polarization 1levels as well as allowing for time for corrosion to
initiate. The majority of the tests in the matrix utilized a typical highway
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Table 1

. Task 1 - Test Matrizx.

Table la. CP Applied Immediately.
Polarization With Respect To Ewr’
Chloride (Specimen Number)
Concrete Concentra%ion
(1bs/yd*) Freely
Corroding =-50nV =100V -200nv -300mv
Standard 0 No. 1 - - No. 9 -
Standard 6 No. 2 - - No. 10 -
Standard 15 No. 3 No No. 6 No. 7 No. 8
Standard 45 No. & - - No. 11 -
Set 45 15 No. 16 - - No. 17 -
Rapid Road 15 No. 18 - - No. 19 -
Repair
Table lb. Corrosion Allowed To Initiate.
cl”
Specimen Concentration, Polarization

Concrete No. lbs/yd Level, mV

Standard 12 45 200

Standard 13 15 200

Standard 14 15 50

Standard 15 15 300




concrete mix currently being used in other SHRP funded research (C-102).(m
Also, two repair/patch materials currently being used by The Ohio Department
of Transportation (ODOT) were also included. In addition to the 19 tests
described in Table 1, duplicates (designated a & b) of the freely corroding
specimens (specimens 1-4) were performed for the purpose of providing
additional baseline data. As seen in Table 1, these 23 specimens included
tests which were to remain in the freely corroding condition (FC) during the
entire test, specimens that would freely corrode for some initial exposure
then undergo cathodic protection, and specimens which would be cathodically
protected within a couple of days of being cast.

Individual specimens consisted of 0.375 inch diameter steel reinforce-
ment bars embedded in rectangular concrete blocks. The reinforcing steel was
sand blasted to a white metal finish, stamped with identification number,
degreased, and weighed to the nearest 0.0001 gram. One end of the bar was
masked off using a duplex shrink tubing to eliminate any end effects. The
shrink tubing which was used has an inner layer that melts and adheres to the
reinforcing bar and an outer layer that shrinks, thereby masking the desired
specimen area. The interface where the bar leaves the concrete was also
masked off with the same shrink tubing to eliminate any differential aeration
effects which could occur at the atmosphere/concrete interface. The rebar was
then degreased and placed into a specimen mold. The mold was constructed of
fiber board and had internal dimensions of 4" x 4" x 9". No mold releasing
agent was required.

The concrete mix 1is basically defined as Ohio Department Of
Transportation Type C Concrete with the following composition:

e 612 1bs/yd Columbia Type 1 Cement,

e 1310 1bs/yd® Frank Road Sand,

e 1662 lbs/yd3 Aggregate (Columbus Limestone #57),

e 306 1bs/yd® Water, and

o 62 Air.
When required, Cl™ was added to this mix by dissolving the appropriate amount
of reagent grade sodium chloride (NaCl) into the mix water prior to mixing the
concrete.

A review of recent literature was performed to examine the application

of ACIS to corrosion of reinforcing steel in concrete, and to examine, in

general, articles pertaining to corrosion of reinforcing steel in concrete.
The literature review helped establish the details of the work plan for Task



1. In a paper by Carl Locke,(a corrosion rates were examined as a function
of C1~ content for (l) adding the Cl  when the concrete was mixed and (2)
permitting diffusion of Cl1~ into an otherwise Cl free concrete. Locke showed
that for Cl1™ diffused into the concrete a lower percentage of Cl provided a
higher corrosion rate than for similar concentrations for Cl™ mixed into the
concrete. It was shown, however, that mixing the Cl™ into the concrete could
provide significant corrosion. Based on this study and others, the following
Cl- concentrations were selected for use in this study: 0, 6, 15, and 45
1bs/yd®. The highest concentration of Cl™ is an extremely high value, but was
selected for this study because of the desire to have a high rate of corrosion
in a relatively short time period.

The repair/patch materials used in this phase of the work were chosen
based on: (l) common use by the Ohio Department of Transportation, (2)
significant differences from regular mix, and (3) availability. The materials
chosen were: (1) "Set 45", a non-Portland cementitious material manufactured
by Set Products, Inc.; and (2) "Rapid Road Repair", a Portland cement with
calcium sulfate and glass fibers manufactured by Quick Crete Companies. These
materials were prepared as per manufacturer's instructions. When required, C1~
additions were again made by dissolving NaCl into the mix water.

The concrete was thoroughly mixed in a motor-driven concrete mixer and
poured into the molds. After curing in the molds for two to three days, the
concrete specimens were removed from their molds. Ponds were constructed on
the top surface of the specimens by attaching Lucite panels to the concrete
with silicon sealant. The ponds allowed for periodic wet-dry cycles.

Anodes required for polarization were attached to either side of the
specimen by embedding a primary anode wire into a conductive grout (Anode
Crete by Harco) applied to both sides of each specimen. When required, a
permanent reference electrode was prepared by placing a standard calomel
reference electrode into a small polyethylene bottle attached to the top of
the specimen with silicon sealant and filled with water. With this
arrangement, the specimens could be continuously potentiostatically polarized
during the wet-dry cycles.

Figure-2 shows the experimental set up for the 4" x 4" x 9" concrete/
rebar specimens being tested in Task 1l.

10
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Task 2 - Large Concrete Slab Exposures

The purpose of Task 2 was to better simulate field conditions for
evaluating the ACIS method of detecting corrosion. The test slabs consisted
of 44" x 44" x 5" concrete slabs with two mats of reinforcing steel bar. The
specific test conditions were selected based on the results of the laboratory
exposures in Task 1. Conditions examined were specifically designed to
simulate the complicated field conditions of differential Cl  distribution
which produce significant variations in the potential mapping of a bridge
deck.

The larger exposure slabs which were designed for Task 2 portion of the
research are shown schematically in Figure 3. The concrete slab had two mats
of reinforcing steel including four isolated rebar sections per slab. To
create the isolated rebar sections, a section of reinforcing steel 6" in
length was removed from the standard 1length of the bar, weighed, and
instrumented. The rebar section was placed back in line with the reinforcing
steel bar using PTFE spacers and shrink tubing to hold the section in place.
Electrical connection between the rebar section and the remaining reinforcing
steel was then made on the outside of the slab and, for all practical
purposes, the length of rebar was electrically continuous. The isolated rebar
section permitted careful weight-loss measurements to be made and permitted
ACIS spectra to be obtained from a section of reinforcing steel of known area.
Data from the rebar section was compared to data collected on the larger area
of reinforcing steel mats.

The anode system consisted of strips of anode grout with a primary anode
wire down the center of each strip. Potential mapping of the surface was
performed by overlaying a 4" grid pattern over the slab. The concrete mix
itself corresponded to standard concrete previously described for the smaller
concrete specimens. The concrete for the test slabs was poured in four
quadrants, each with a different Cl™ level. The purpose of casting the
concrete in four quadrants with different Cl° levels was to produce
differential cell corrosion couples which simulate the corrosion due to
spacial distribution of Cl on an actual bridge deck. The far right quadrant
had no Cl°, the far _left quadrant had 15 lbs/yd3 of Cl17, the near right
quadrant had 6 lbs/yd” of Cl°, and near left quadrant had 45 lbs/yd3 of Cl .
Pouring was performed such that a minimum time interval was permitted for
curing of one quadrant prior to pouring the next. This prevented cold joints
between quadrants while allowing only a minimal amount of mixing at the
joints.

12
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Test Slabs 1, 2, and 4 were identical and were initially permitted to
freely corrode. 1In these three tests slabs, the rebar was sand-blasted to a
near white finish, as was done for the single rebar specimens in Task 1. 1In
Slab 3, the rebar specimens were in an "as received" condition, i.e. mill

scaled finish.
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Analysis Of ACIS Data

Two simple equivalent electrical circuits were used to simulate the
metal/solution electrochemical interface. These two circuits are shown in
Figure 4. The first equivalent circuit, Figure 4a, models a metal/solution
interface which would exhibit a single time constant, charge transfer
response. In this model R, represents the solution resistance, R represents
the charge transfer resistance (polarization resistance), and C, represents the
capacitance of the interface (double layer capacitance). The second model,
Figure 4b, includes the Warburg impedance, Z", which represents the impedance
of a diffusion controlled process.

Impedance data can be presented by both Nyquist and Bode plots. Nyquist
plots are complex plane plots of the real and imaginary components of the
impedance. A Nyquist plot for the case of a single charge transfer model
(Figure 4a), appears as a semicircle with the high fregquency intersection of
the x-axis equal to R, and the low frequency intersection of the x-axis equal
to R_ + R. The Warburg impedance creates a deviation from the single time-
cons%ant semicircular behavior at the low end of the frequency spectrum, and
is represented by a linear portion of the curve with a slope of 1. Warburg
impedances can also be resolved in Bode plots by a constant phase angle shift
of 45 degrees. Figures 5 and 6 illustrate Nyquist plots of a single charge
transfer impedance spectrum and a Warburg impedance spectrum, respectively.
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Results

Task 1 - Laboratory Experiments With
Single Reinforcing Steel Specimens

Free-Corrosion Conditions

Monitoring of the freely corroding specimens included measuring free-
corrosion potentials and ACIS spectrum for each specimen periodically over the
test period. Figures 7 through 12 show the free-corrosion potential as a
function of time for the different Cl  concentrations and concretes. It is
observed that the free-corrosion potential becomes more negative as Cl” content
increases. It was also observed that the free-cosrosion potentials initially
varied greatly for the specimens with 15 1lbs/yd® Cl7, but became much more
similar with 1longer exposure periods. In general, the free-corrosion
potentials behaved as expected. ’

Table 2 summarizes the results from the single reinforcing steel
specimens in the standard concrete under freely corroding conditions. The
table shows whether a specimen containing a given amount of Cl™ exhibited a
Warburg impedance spectrum or a non-Warburg impedance spectrum. The original
premise of this work stated that when significant corrosion is occurring, a
diffusion controlled corrosion process develops which appears in the ACIS
spectrum as a Warburg impedance.

As Table 2 shows, Specimens la and lb exhibited non-Warburg spectral
responses. Figure 13 shows the ACIS spectrum for Specimen lb after 162 days
exposures. The Nyquist plot shows the beginnings of a large semicircle which
would indicate large R values and hence, low corrosion rates. This is
expected since no Cl™ "is present. Specimen la showed similar results.
Specimens 2a and 2b exposed in standard concrete with 6 l1bs/yd” C1” also showed
similar responses with large Rp values and no indication of a Warburg
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Table 2. Summary Of Results From Task 1 - Single Reinforcing
Steel Specimens During Freely-Corroding Conditions.
Specimen Nos.
Chloride Observed Spectra
Concentration
(1bs/yd”) Warburg Non-Warburg
0 la, 1b
6 2a, 2b
[ ] 8
15 3a, 3b, 13, 14, 15, 16, 18
45 4a, 4b, 12

Set 45 - Repair/Patch Material

Rapid Road Repair - Repair/Patch Material
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impedance. Based on the premise of this project, no corrosion was expected on
these specimens. This was confirmed upon termination of the experiments and
retrival of the reinforcing steel specimens.

gpecimens 3a, 3b, 13, 14, and 15 had rebars in standard concrete with 15
1bs/yd” Cl1° added. These specimens showed significant differences from the
previous specimens with 0 and 6 1bs/yd” Cl° added. Figure l4 shows the ACIS
spectrum for Specimen 14 after 12, 42, and 153 days exposure. The most
obvious difference when compared to Figure 13 was significantly lower
impedance values indicating a much smaller R and much larger corrosion rate.
The relative magnitudes of the impedances measured were not as important as
the differences in the shape of the curves. It is the change from charge
transfer resistance behavior (non-Warburg, semicircular Nyquist plots) to
Warburg behavior (linear, slope of 1 Nyquist plots) that indicates active
corrosion based on our premise.

It may be recalled that for freely corroding conditions, the PR (low
frequency impedance) is inversely proportional to corrosion rate; but for
cathodically protected conditions, the magnitude of the PR is not necessarily
proportional to the corrosion rate, In the latter case, the PR is more likely
to be inversely proportional to the cathodic current applied. Therefore, for
cathodically protected conditions, a 1low PR indicates a high cathodic
protection current and, thereby, low corrosion. For this reason, trying to
identify differences between an ACIS spectrum, which represents a corroding
condition versus one which represents a noncorroding condition is critical.
The two primary indications presently being used for determining the presence
of corrosion (Warburg impedance) are: (1) a slope of 1 in the Nyquist plot and
(2) a phase angle of 45° in the Bode plot or a phase angle that goes down to
some value between 0 and 45° and remains there as opposed to decreasing back
toward 0 in a symmetric fashion.

For Specimens 3a, 3b, 13, 14 and 15, it was seen that at least the early
portions of the Nyquist plot corresponded relatively well to a slope of 1.
However, it was also observed that all specimens had some curvature in the
Nyquist plot at very low frequencies which would indicate a finite diffusion
layer boundary thickness. This behavior, however, makes it more difficult to
distinguish between Warburg type behavior and a compressed semicircle with
activation controlled reactions. A further indication of the Warburg
impedance was seen in each of the Bode plots of the phase angle versus
frequency. In each case, the phase angle did not go below 45° and either went
down toward 45° and leveled off or was highly skewed toward the lower
frequencies. Therefore, based on our premise, it is predicted that corrosion
is occurring (presence of Warburg impedance) on specimens with 15 lbs/yd” C1~
added.
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Spefimens 4a, 4b and 12 had reinforcing steel in standard concrete with
45 1bs/yd” C1” added. Figure 15 shows the ACIS spectrum for Specimen 4a after
13 and 41 days exposure. The shape of the Nyquist plots were similar to those
previously described as having a Warburg impedance, and thereby it is
predicted that they are also undergoing corrosion.

Another useful tool in evaluating whether a Warburg impedance is a
pronounced component of the measured spectrum is a Randles Plot of the real
component of impedance (5&) versus one over the square root of the frequency
in radians per second (w '“). In a purely diffusional controlled process, both
the real and jyyginary components of the impedance are equal and linear
functions in w . Therefoiﬁ, linearity of the Randles plot can be used as a
test for d%ffuiion control. Figure 16 shows a Randles plot for Specimen 4a
(45 1bs/yd” Cl, freely corroding). These data show both linearity in the
Randles plot and the slope of 1 in the Nyquist plot, thereby confirming the
presence of a Warburg impedance in this system. Randles plots for other
specimens were produced and each one indicated linearity.

Specimens 16 and 18 were the two repair patch materials examined; "Set
45" and "Rapid Road Repair", respectively. Both contained 15 lbs/yd3 cl .
Very low impedance values indicated high corrosion rates for both materials.
In the Nyquist plots, relatively good agreement to slopes of 1 were observed
and the phase angles were continuing to ,increase at the lowest frequency
measured, As for the 15 and 45 1lbs/yd® Cl™ conditions in the standard
concrete, corrosion of the reinforcing steel was predicted based on these
data.

Summarizing the ACIS spectrum for freely corroding conditions, very
little difference was observed for the 0 and 6 lbs/yd” Cl™ conditions. For
both of these conditions, a single time constant be?avior was obsgrved and
passive conditions were predicted. For the 15 lbs/yd” and 45 1lbs/yd” Cl17, the
corrosion rates appear to be much higher as indicated by very low impedances
at the low frequencies. Furthermore, as exposure time increased, the Nyquist
plots and Bode plots of phase angle became similar to those expected for a
Warburg impedance dominating the reaction scheme, thereby implying corrosion
was occurring.

At the end of the exposure period, the reinforcing steel was removed
from the concrete and examined for corrosion. Visual examination of the
reinforcing steel confirmed that little or no corrosion had occurred on the
exposed portions in concrete containing 0 1lbs/yd® Cl™ or 6 _lbs/yd” Cl .
Reinforcing steel exposed to concrete containing 15 1bs/yd” Cl~ showed
significant localized corrosion at several areas over the steel. The
reinforcing steel exposed in concrete containing 45 lbs/yd” Cl™ exhibited much
more severe corrosion over a greater area than did the steel exposed to 15
1bs/yd® C1” containing concrete.
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Examination of the reinforcing steel removed from the two repair/patch
materials also confirmed the predictions of corrosion based on their ACIS
spectra. The reinforcing steel in both freely corroding conditions (Specimens
16 and 18) showed severe corrosion which correlates with the extremely low R
values seen in their ACIS spectra and the presence of a Warburg impedance.

Cathodically Polarized
Conditions

A series of tests were performed to evaluate the effects of different
levels of CP applied within 48 hours after casting of the concrete specimens.
Four specimens were prepared with 15 lbs/yd” Cl~ content (Specimens 5 through
8). These specimens were polarized based on the free-corrosion potential with
cathodic overvoltages of 50, 100, 200, and 300mV, respectively, which were
measured utilizing interruption techniques to correct for IR-drop. The
results from these exposures are summarized in Table 3. Figure 17 shows a
representative spectra from Specimen 5 after 93 days exposure polarized 50mV,.
Each ACIS spectrum for the specimens listed above indicated slopes greater
than 1 in the Nyquist plots and phase angles greater than 45 degrees at low
frequency. This would indicate that all of these specimens show adequate CP
and that corrosion has been mitigated based on our premise. Prior to
completion of the testing, power supply failures damaged both Specimens 6 and
8 by anodically polarizing them for a period of time. This unfortunately
caused significant corrosion on the reinforcing steel so visual observation of
the extent of corrosion was impossible. However, Specimens 5 and 7 were
removed from the concrete and were visually examined for indications of active
corrosion. Specimen 5, which was polarized only 50mV, showed very 1light
surface rust over much of the reinforcing steel. This corrosicn was either
too light to cause the diffusional Warburg impedance or occurred prior to the
application of the CP. Specimen 7 showed two very small areas of attack which
again could have occurred prior to the application of the CP or were possibly
due to shielding caused by contact from large pieces of aggregate which
prevented adequate CP.

Table 3 also summarizes the results from the two repair/patch specimens
which were polarized within 48 hours after casting. Figure 18 shows a
representative spectrum from Specimen 17 after B8l days exposure polarized
200mV to -0.650V, SCE. Both specimens had Nyquist plots exhibiting a slope of
1 indicating Warburg type behavior. From this behavior, corrosion of these
specimens was predicted. Visual examination of Specimen 17 showed general
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Table 3. Summary Of Results Of Tests Performed To Evaluate
The Effect Of Different3CP Levels On Specimens
Prepared With 15 1lbs/yd” Cl~ Added.

Specimen Nos.
Observed Spectra
Polarization
Level Warburg Non-Warburg
50mV 5
100mv 6
[ ] ]
200mv 17 , 19 7
300mVv 8

Set 45 - Repair/Patch Material

Rapid Road Repair - Repair/Patch Material
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attack over 70% of the exposed surface. Visual examination of Specimen 19
after testing also confirmed the ACIS results as moderate corrosion had
occurred over 80% of the exposed surface.

The third phase of the Task 1l research examined the effect of allowing
corrosion to initiate on the reinforcing steel prior to application of the CP.
This would simulate conditions observed when CP is applied to a structure as
a remedial measure to mitigate corrosion that is already occurring. Specimens
13 and 14 were cast with 15 1lbs/yd” Cl° and allowed to freely corrode for
several months. After the appearance of a Warburg behavior (Figure l4), the
specimens were polarized to the levels indicated in Table 1. Figure 19 shows
the ACIS spectrum for Specimen 13 after application of enough CP to shift the
free-corrosion potential 200mV. At this level of polarization, the impedance
spectrum has reverted to a multiple time constant response with no indication
of a Warburg impedance, therefore, based on our premise, the corrosion has
been mitigated by the application of CP.

Task 2 - Large Concrete Slab Exposures

Task 2 research involved the more realistic conditions of larger,
multiple reinforcing steel mats in a concrete slab containing differential C1~
concentrations. Potential maps of the surface of the slabs were performed to
establish corroding areas based on potential criteria. Figures 20 through 23
show the potential distributions for the four test slabs wunder freely
corroding conditions. The figures indicate that the free-corrosion potentials
in the areas containing no Cl  are on the order of -0.250 to -0.300V versus
Cu/CuS04. However, the free-corrosion potentials of the isolated rebar
sections in these regions are only -0.050V versus Cu/CuSO4. This indicates
that this quadrant is receiving a cathodic current which is shifting the
free-corrosion potential to more negative values. In examining the free-
corrosion potentials for the high Cl1° quadrant, the potentials were
approximately -0.600 to -0.650V versus Cu/CuSO4. This alone would indicate
active corrosion based on the free-corrosion potentials observed on the single
rebar specimens. However, examination of the isolated rebar sections in these
areas show even more negative potential of approximately -0.700V versus
Cu/CuS0O4. The fact that the isolated rebar section has a more negative free-
corrosion potential indicates that this quadrant is anodically polarized and
supplying current to the areas in the slab with a more positive potential.
Therefore, it is clear that significant macro-cell couples exist between
reinforcing steel exposed to different Cl™ content concrete.
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Figure 20. Potential Distribution Of Test Slab No. 1 With
Sandblasted Rebar Under Freely Corroding Conditionms.

15 ib/yd? No CI°

45 1b/yd? 6 Ib/yd?

-650

Figure 21. Potential Distribution Of Test Slab No. 2 With
Sandblasted Rebar Under Freely Corroding Conditionms.
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Mill Scaled Rebar Under Freely Corroding Conditionms.

36



The ACIS spectra for the 0 Cl  and 45 lbs/yd3 quadrants of one of the
slabs are shown in Figures 24 and 25. In the quadrant containing no Cl1°
(Figure 24) a non-Warburg response with a large Rp value similar to that shown
in Figure 14 was expected. However, a multiple time constant type response is
observed wit% a relatively low polarization resistance indicated. Examining
the 45 1bs/yd” C1™ quadrant (Figure 25), the impedance values are less than was
observed for the no Cl™ condition (Figure 24), but the shape of the curves are
similar. Based on the data for the single reinforcing steel specimens,
several observations of the concrete slabs were unexpected. The magnitude of
differences between PR values for no Cl~ and 45 1bs/yd” Cl° conditions were
expected to be a factor of 10 to 100 instead of a factor of 4. Also, very
little difference in the shape of the ACIS spectrum is observed between the
different Cl~ content conditions in a slab where macro-cell corrosion is
occurring.

The isolated rebar sections were disconnected from the rest of the
reinforcing steel mat and permitted to remain isolated for approximately 16
hours. At this time, the ACIS spectra for the isolated rebar sections for the
no C1° and 45 1bs/yd” Cl™ conditions were measured. These spectra are shown
in Figures 26 and 27. The ACIS spectrum for the isolated rebar section in the
no Cl” condition (Figure 26) reveals much different behavior than observed in
Figure 24 for the same position with the specimen connected in line to the
remaining reinforcing steel mat. The Nyquist plot in Figure 26 shows two-time
constants with the impedance at low frequencies tending toward ever increasing
values similar to the spectrum shown for the no Cl” condition with the single
reinforcing bars in Task 1.

Figure 27 (high Cl17, isolated rebar section) shows a Nygquist plot with
a similar shape to that shown in Figure 25 (high Cl°, continuous reinforcing
steel). The impedances are somewhat greater for the isolated rebar section
shown in Figure 27 which is most likely due to a lower corrosion rate for the
isolated rebar section since the corrosion is not being driven to higher
values (lower impedances) by a macro-cell couple as in the case for a
continuous reinforcing steel mat (Figure 25).

One test slab was cathodically polarized 200mV more negative than the
most negative free-corrosion potential. The ACIS spectra were monitored
periodically over the 60-day exgosure and Figures 28 and 29 show the ACIS
spectra from the 0 and 45 1lbs/yd” Cl™ quadrants at the end of this exposure.
The Nyquist plots show non-Warburg impedance spectra with compressed semi-
circles, with Figure 29 possibly exhibiting a two time constant reaction
scheme.
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The primary difference in the Nyquist plot between the freely corroding
and the cathodically polarized conditions is that, for the cathodically
polarized conditions, the imaginary component of impedance goes to zero within
the frequency examined. Therefore, the application of CP has produced an
observable change in the impedance spectra, but the change was much more
difficult to characterize for the large slab specimens than it was for the
single rebar specimens.
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Discussion And Conclusions

The Task 1 results, as well as previous work, indicated that for single
reinforcing steel specimens, significant changes in the impedance spectra
occur upon going from a corroding condition to either a condition where
corrosion is extremely low (passive conditions) or where corrosion is
mitigated by cathodic protection. For the conditions examined, the corrosion
process for the single reinforcing steel specimens was characterized by a
diffusion controlled reaction sequence and the Nyquist plot was dominated by
a Warburg impedance. For passive conditions where the corrosion rate is
extremely low, the Nyquist plot exhibited behavior that was characterized by
an extremely 1large polarization resistance, and for the frequency range
examined, only the initial portions of the semicircle of a single time
constant response were observed in the Nyquist plot (imaginary portion of the
impedance was continuing to increase very rapidly with decreasing frequency).
Upon application of cathodic protection to high Cl™ conditions which exhibited
the Warburg behavior in the Nyquist plot while freely corroding, the impedance
spectrum exhibited a single time constant response. The visual examination of
the reinforcing steel following exposure in Task | confirm that the basic
premise of predicting corrosion behavior based on the ACIS spectrum is
feasible for short, single lengths of reinforcing steel.

Upon going to the more realistic conditions of the concrete slabs with
varying Cl™ content and two layers of reinforcing steel mats, interpretation
of the ACIS data became much more difficult. It is proposed that the
difficulties observed were due to the macro-cell corrosion reactions which
occurred on the different areas of the reinforcing steel mats exposed to the
different Cl1” concentrations. The primary difficulty in interpreting the ACIS
data was observed in the freely corroding condition. For the freely corroding
conditions, the reinforcing steel exposed to the no Cl~ condition exhibited a
compressed semicircle, two-time constant behavior with an extremely low
polarization resistance. This is primarily due to the fact that the macro-
cell corrosion between the no €l  condition and the high Cl~ conditions
established relatively high rates of cathodic reactions on the steel surface
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in the concrete containing no Cl~ (cathodic polarization). The primary
difficulty was that for the reinforcing steel exposed to the high Cl1°
conditions, a Warburg impedance no longer dominated the reaction sequence.
This is most likely due to the fact that diffusion of oxygen to the corroding
area is no longer controlling the corrosion rate, but that the corrosion rate
is being controlled by the macro-cell current coming from an area away from
the corroding area over which the ACIS spectrum is being measured. For the
reasons described above, the difference in the ACIS spectra between non-
corroding and corroding conditions, in the presence of macro-cells, are much
more difficult to interpret based on the ACIS spectra. The cathodic
polarization of the slabs to potentials 200mV more negative than the most
negative free-corrosion potential produced some changes to the ACIS spectra,
but these changes are much less significant than those observed for the single
reinforcing steel specimens in Task l. Therefore, a significant program would
have to be undertaken to characterize whether changes in the ACIS spectra,
when macro-cell corrosion is occurring, can be used to establish when
corrosion is mitigated by cathodic protection.

The data described above also indicates another very important aspect of
measuring corrosion rates under freely corroding conditions. It has been
discussed within the corrosion community that PR techniques are appropriate
for mapping the corrosion rate of a concrete structure. The findings in this
study indicate that PR values alone cannot map the corrosion rate of a
structure which has a varying Cl~ content and large macro-cell corrosion
couples. For the macro-cell corrosion couples, the cathodically polarized
areas of the couple (little or no corrosion) can have a PR value that is
comparable to the corroding areas. This is because with any macro-cell
couple, the cathodic current coming from the cathodic areas is likely to be
similar to the corrosion current of the anodic areas. The PR technique cannot
differentiate between anodic and cathodic currents; it only measures the total
electrochemical activity, or current. Therefore, the study indicates that
careful interpretation of PR measurements are required, and that, in the
vicinity of macro-cell couples, PR provides an overestimate of the corrosion
rate of the non-corroding areas. However, it should be noted that, at
distances far enough away from the macro-cell couples in areas of relatively
constant Cl~ content (and constant potential), macro-cell currents may be
extremely low. Therefore, in this latter case, the PR values can indicate the
corrosion rate of the reinforcing steel. However, as previously mentioned,
careful interpretation is required. The author believes that a combination of
potential and PR mapping can provide an accurate descriptioon of the corrosion
conditions of a bridge deck when properly interpreted.
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