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1 | INTRODUCTION
1.1 | State of knowledge

Kai Osterminski |

Christoph Gehlen

Abstract

The aim of this study is to elucidate suitable methods of corrosion monitoring for
chloride-induced rebar corrosion in cracked concrete. Depolarization gradients and
transients provide evidence for the electrode kinetics at the steel-concrete interface
and the geometry of the macrocell. In the present study, a set of cracked, short-term
chloride-exposed, reinforced concrete specimens is investigated in terms of their
corrosion activity. Primarily, the depolarization behavior was observed by short-
term high-frequency measurements, allowing for cost-effective measurement cam-
paigns and robust results. All measurement intervals are split apart via a gradient
analysis to enable a congruent, numerical transient analysis. Since the geometry of
macrocells in rebar corrosion follows the model of a series of ohmic resistances with
a parallel connection of a diffusion-controlled capacitor and an ohmic resistance,
the transient of each depolarization curve with unit time in seconds provides evi-
dence for the present electrode kinetics and macrocell geometry. According to the
time, which is consumed until a certain state of depolarization is reached, transient
modeling can be used to predict corrosion activity as a function of chloride ingress.
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results in a significantly shortened service life. Hence,
monitoring of rebar corrosion is becoming increasingly
important, and adaptable methods to quantify the on-
going corrosion are key factors.

For many decades, massive construction has relied on the
application of reinforced concrete as a composite mate-
rial. As long as the alkalinity of the concrete pore solution
exists, the present reinforcement is protected against
corrosion. However, once the alkalinity is lost via, for
example, chloride ingress along cracks, corrosion can set
in, causing latent, local loss of rebar cross section, and

Numerical analysis of polarization behavior of rebar
corrosion in concrete is known to be one of the most im-
portant approaches to predict corrosion activity.“’2J Numer-
ical studies have been performed on alternating cell
geometries and electrode surface ratios,m temperature de-
pendencies,[‘” and cracked concrete.”®! Transient analysis of
open circuit potentials has been reported by Issacs and
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Cho,'” and transient analysis of potential and current decay
constants has been conducted by Birbilis and Holloway.!*!
Most of the studies on corrosion monitoring have the clear
goal of quantifying the true loss of cross section due to gal-
vanic loss of mass. Even though many studies yielded a re-
liable threshold value for a current density of 1 uA cm=2!"!
the method of quantification of the effective surface area is
still highly debated. This uncertainty is still a major issue in
corrosion quantification and in the assessment of the effec-
tivity of several repair methods.!'"! The present study could
possibly provide a valuable concept to quantify the effective
surface.

A concept of corrosion monitoring needs applicability in
real reinforced concrete structures as well as reliable and
reproducible methods to determine the corrosion activity at
any given time. Once the three-electrode corrosion sensor is
installed like in studies of,'?) whether on-site or in the la-
boratory, the combined measurement of corrosion current
and transient analysis of depolarization curves yields such a
desired concept. The detection of potential transition from
closed to open circuit potential provides plenty of valuable
information. This information allows a much better under-
standing of the macrocell surface and the evolution of the
macrocell surface at the time of observation. The exact spe-
cimen setup and the formulas that are used for the numer-
ical analysis in the present study are discussed in the
following sections.

1.2 | Physical background

In terms of control technology, corrosion of steel in re-
inforced concrete can be considered as a rather simple
equivalent circuit diagram like the Randles circuit
(compare Figure 1).1"*)

The design of this equivalent circuit diagram ne-
glects intentionally the diffusion-controlling features.
More complex features like Warburg elements are
viable but expedient in this case. As the goal of this
study is to elucidate the relationship between surface
kinetics and depolarization time constants, a closer
look at the influence of diffusion within the galvanic
cell is the topic of future research.

Here, the ohmic, electrolytic resistance (Rg) is solely
in series with a parallel connection of two double-layer
capacitors (Cpr,a, Cpr.c) and two ohmic charge-transfer
resistances (Rer.a and Rerc). The indices A and C de-
scribe the affiliation of each to either the anode or the
cathode. As long as the switch is closed, macrocell cor-
rosion is active and both capacitors are carrying charges,
according to the maximum redox driving potential AE.
Moreover, the capacity of each double-layer capacitor
correlates directly to the present electrode surface. Due to
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FIGURE 1 Equivalent circuit diagram of the present
macrocell with a switchable state from open to closed circuit
and vice versa

changes in environmental conditions, the active surface
can change over time and needs to be determined, to
enable quantitative corrosion monitoring.

As soon as the circuit is opened, current flow im-
mediately stops abruptly, a part of the driving potential
drops (IR-drop) on the electrolytic resistance (Rg) ac-
cording to the present ionic conductivity of the concrete,
and finally, the remaining cathodic and anodic potentials
increase and decrease, respectively. As charge can no
longer transfer along the capacitors, both capacitors
charge exponentially with time (Equations (1) and (2)).

I (P
Et,A = Ecorr,A ° e (RCA) + EtSO,Aa (1)

(1),
Eic=Eomce|1—e (RCC) + Eizo,c. ©)

The exponential charge with time can be analyzed
numerically by fitting the depolarization curves of both
electrodes. As the starting potential E.,j, depolarization
time ¢, and customized final potential E; (with j =
{A;C}) were measured, the transients RC, and RC. are
the only remaining variables. This variable RC; provides
an indication of electrode kinetics in terms of the charge-
transfer resistance indicated by R as well as the relative
change of capacity indicated by C. As R and C will not be
treated individually, the variable will be depicted as RC.
If, for example, the anodic surface area increases
equivalently to the anodic capacitance with, for example,
increasing chloride ingress, the anodic transient will de-
crease. If the cathodic surface area increases equivalently
to the cathodic capacitance, for example, with increasing
supplementation of oxygen and water, the cathodic
transient will decrease. Thus, the RC transient of each
electrode is a measure in seconds of corrosion favoring or
limiting environments, whereby the active electrode
surface is implemented.
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TABLE 1 Concrete composition, reinforcement, and crack
details

Category Parameter

Cement type CEM I42,5R

Grading curve A/B 8

w/b 0.55

Cement ratio 350 kgm™

Concrete cover anode 35mm

Concrete cover cathode 40 mm

Steel rebar 10 mm @, B500B

Glass fiber rebar Schock-Combar® 8 mm @

Crack Transverse, parallel to rebar,

width 0.3 mm

Cross section of the reinforced concrete
specimen with four cathodic steel rebars and one anodic steel
rebar in the upper center of the crack

FIGURE 2

2 | METHODS

A set of 12 reinforced, short-term chloride-exposed,
cracked concrete specimens was used to enable in-
vestigations on corrosion mechanisms in analogy to
real, frequented reinforced concrete structures. In the
present study, the assessment focuses on electro-
chemical parameters and their correlation during and
after chloride penetration.

The electrical contact and accurate positioning of the
investigated steel rebar were ensured within metric
formworks. To complete the three-electrode setup, a
MnO,-reference electrode was positioned in the center of
the specimen below the anodic rebar before concreting.
On the one hand, the previously defined position of each
reference electrode accepts the distance to a probably

RN

150

FIGURE 3 3D-sketch of the reinforced concrete specimens
with dimensions in millimeters. Five reinforcement steel
electrodes and nine glass fiber rebars [Color figure can be
viewed at wileyonlinelibrary.com]

distanced formation of an anode, but on the other hand, a
very little IR-Drop between the anode and the reference
electrode is ensured.

A summary of the characteristics of the investigated
reinforced concrete specimens is shown in Table 1.

In this study, the water to binder ratio was set very
high, as most of the real reinforced concrete structures
with corrosion activity have high porosity. The poros-
ity, including inhomogeneity at the steel-concrete in-
terface, is one of the most important factors in
corrosion mechanisms.!'*!

After 28 days of posttreatment with a regularly wetted
concrete surface, the specimens were stored at 65% rel.
hum. and 20°C. The transverse crack was initiated by a
symmetric reduction of cross section along the desired
crack position, and the orthogonally oriented glass fiber
rebar ensured crack fixation (compare Figures 2 and 3).
Perpendicular to the reduction edges, a compressive pres-
sure was applied until the crack formation reached the
desired width of 0.3 mm. As soon as crack formation was
complete, the specimens were sealed circumferentially
using an aluminum laminated butyl rubber tape. The
anodic steel bar was centered in the crack and two pairs of
identical steel, serving as the cathode, were laterally ar-
ranged at distances of 35 and 74 mm, respectively.

The electrical contact of each rebar electrode occurred
outside of the sample at the front welded noble steel pins
(compare Figure 2).

With the first contamination of a 1.5% chloride
solution in the crack, corrosion was initiated, and the
corrosion current as well as the corrosion potential were
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logged each hour. The current was measured between the
working electrode and the counter electrode;
the potential was measured against the reference elec-
trode. The reference factory settings were calibrated with
250 mV versus Ag/AgCl. The duration of chloride
contamination lasted 3 months, and was followed
by 3 months of post-contamination observation. Ad-
ditionally, a depolarization measurement with a set of
two Gamry Interface 1000 (input resistor >10'2Q) at
100 Hz for 30 s was performed every month to gain better
insight into the electrochemical processes occurring at
the steel-concrete interface. The depolarization mea-
surement was performed synchronously at both the
working and counter electrodes; both the working and
counter electrodes shared the same reference electrode
arising from the three-electrode setup described above.
For the first 2-3 s of measurement, the circuit was kept
closed, and then the circuit was opened manually and the
depolarizing potential was measured for the remaining
time of about 28 s. Thus, the observation and analysis of
the closed circuit potential, the IR-drop, and the transient
open circuit potential can be performed in a simple
manner, but very precisely.

3 | RESULTS AND DISCUSSIONS
3.1 | Discretization of depolarization
curves

For the sake of clarity, the gradient analysis will be de-
scribed only for the anodic depolarization curves. Except

Materials and Corrosion

for switched signs, the cathode analysis follows the same
criteria.

As mentioned earlier, each depolarization curve consists
out of three measurement intervals (compare Figure 4):

+ Closed circuit potential
« IR-drop
« Transient open circuit potential

The corrosion potential is a straightforward measure,
whereas the IR-drop and transient depolarization must be
specified numerically. A gradient analysis of the time in-
terval including the IR-drop allows for an extraction of the
potential drop by a numerical tool (compare Figure 5).

As the derivation of the measured, anodic potential-
time function shows a sharp negative parable around the
IR-drop, a customized criterion needs to be defined, for
which the derivation dE/dt in Vs~ can be exclusively
assigned to the IR-drop. As soon as the criterion (here
—0.03 Vs') is validated graphically, the integration of
the dE/dt curve gives the appropriate value of IR-drop
due to potential loss in the electrolyte (Equation 3).

t dE dE
Era = ‘/0‘ Edt for o < —0.03Vs~! (3)
Erc = ‘[:t Z—fdt for > 0.03Vs~! 4)

The IR-drop was determined at low values between 5
and 15 mV on the cathodic site and between 5 and 55 mV
on the anodic site, which confirmed the measurement
setup described at the beginning of this article.

Potential vs. ref. (Ag/AgCl) in [V]

FIGURE 4 Discretization of
depolarization intervals into corrosion Epon 1+
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Potential vs. ref. (Ag/AgCl) in [V] &

FIGURE 5 Enlarged section of the
gradient analysis at the beginning of the
IR-drop. The shaded area corresponds to
the value of the potential that is lost in the
electrolyte

in [V/s]

dE
at

time in [s]

The product of potential loss in the electrolyte be-
tween both electrodes and the measured cell current
yields the electrolytic resistance. According to Os-
terminski,''*'®) the remaining two system resistances
Rcra and Rerc can then be calculated as well:

Ry = DR (5)
ICOI'I'
EcorrA - E[30 A EIRA
R = ’ . =, (6)
CT,A Icorr
R _ Euoc = By c — Eirc %)
CT’C - ICOIT '

Here, E;0a and Ewgoc are the “resting potentials” of
each electrode after 30s, which can be extrapolated by the
depolarization transient for a large depolarization time in-
stead of the measured 30 s (compare Equations (1) and (2)).

The values of E o a and Ejg a, as well as Egqrr c and
Erc are now numerically extrapolated data from the
depolarization curves and subjectable to the transient
analysis following Equations (1) and (2).

3.2 | System response to chloride ingress
Figures 6 and 7 show the development of the regularly
logged corrosion current and corrosion potential. The sys-
tem response of increasing cell currents and decreasing
corrosion potentials is not only valid for the general period
of chloride contamination (compare Figure 7); moreover, it
yields a very sharp response onto the weekly repetition of
chloride solution penetration (compare Figure 6).

The precise and quasi-spontaneous system response
to chloride penetration demonstrates the significantly
shortened time needed for corrosion initiation in contrast
to uncracked concrete.!'’ %!

3.3 | Transient analysis
In Figure 8, the development of the transient depolarization
time constants RC, and RCc is shown. As mentioned ear-
lier, the time constants provide a quantitative measure of
electrode kinetics. Due to the incorporation of double layer
capacity, the active electrode surface is implemented within
these time constants as well. Time constant values indirectly
depend on the charge-transfer kinetics and electrode surface
accessibility. Analogously to the corrosion current and the
corrosion potential, the time constants RC, and RC are
directly linked to the duration of chloride exposure. With
values ranging from 20 to 40, the cathodic time constant is
always higher than the anodic time constant with values
from 7 to 20s. This also indicates that in this case, the
cathodic depolarization process is always more inert as more
time is needed to reach a theoretical depolarized state. This
is even more confirmed as the cathodic time constant in-
creases with the end of chloride exposure as the concrete
dries out and the water content needed for sufficient
cathodic reaction decreases. The mean and standard devia-
tion of both time constants significantly decrease with the
onset of chloride exposure. As Equations (1) and (2) rely on
ideal electric circuits, it is confirmed that the standard de-
viation decreases with increasing cell current.

The obtained absolute values of 7-40s are in very good
agreement with the values of Glass et al.’!, which vary from
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FIGURE 6 Development of a single,

. . . 1.00 - # —
representative specimen. Precise system H lcorr
response onto the weekly driven chloride . ; :: —— Ecor

N H Lo I
exposure e O \ ! & H ::L i
et 1 I\\'l.i\\j \l \-I'l,' \ .l
L 2 }\I N ‘ U |\J‘~\
~F 0501 l XB AN ~
L_)_. ~ | .
o (AN} -~
< E "‘ ! \' \s
Sy 025 L i e N —
< v l \‘J'
-
%3 000 ™ .
[ Time of chloride exposure
§8 b :
n
TE g -0.25
£ 0o
g0
] —0.50 A
Q.
-0.75 A
-~ e T T T T ™S
Time in [days]
FIGURE 7 Development of the
averaged corrosion current and corrosion ¥ leorr
potential during and after chloride . 075+ ee- - —%— Foonr
exposure > - .
= ,”, N
~F 0501 S
ok %
D ’ >
< E /, \\\
S 0.251 7Z S
c 7’ ~
<9 ’ \
“ 5 \
U Qo 0.00
© o Time of chloride exposure
9.2 & o
Z 8 —0.251
S E
o
c
O
L7 -0.50-
o
o w
—0.75 1

7 to 65s with active to negligible corrosion activity. Even
though their equations rely on current density modeling and
a different, varying specimen setup, transient modeling ap-
pears to converge on certain kinetic values regardless of the
specimen and the experimental setup. Therefore, clearly,
further studies of quantification of on-site depolarization
transients are required.

The time constant RC, which is discussed above,
consists of the product of charge-transfer resistance Rcr
and the as yet unknown double-layer capacitance Cpy. At
first glance, Cpy could easily be calculated from the
quotient of time constant and polarization resistance. But

1 2 3 4 5
Time in [months]

as diffusion-controlled processes and the complex impact
of microcell corrosion set in, once the current circuit is
opened, the extrapolation of Cpp and the implicated
electrode surface need further investigations.

Furthermore, the present double layer in cracked,
reinforced concrete is not just partially disordered; its
geometry has complex, three-dimensional structures, and
the correlation of capacitance and surface is not linear
when the capacitor is not coplanar.

As a consequence, the given capacitor needs to be
replaced with a Warburg element to enable the quanti-
fication of diffusion-controlled processes within the
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double layer.l”>**! A viable way to establish the propor-
tional influence of diffusion on the depolarization criteria
would be to establish a rather similar specimen setup, but
with parametric variation of diffusion-controlling condi-
tions during pre- and posttreatment.

As shown in Figure 9, the monitoring parameters po-
larization and electrolytic resistances proceed in reasonable
accordance to chloride exposure, even though they are not
measured but mathematically extrapolated from the mea-
surement of 30s depolarization. All three parameters ap-
pear to have rather small values in comparison to other
studies of polarization resistances and need to be subjected

to further and thus redundant investigations by linear
polarization resistance measurements.[***”!

4 | CONCLUSIONS

The present article deals with the results of a German
research project exploring the measurability of chloride-
induced corrosion mechanisms in cracked reinforced
concrete. Here, high-frequency depolarization measure-
ments were carried out and numerically analyzed based
on the approaches reported by Glass et al.l’!
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The following findings were obtained:

+ The combination of gradient and transient analyses serves
as a valuable, commonly adaptable, and time-saving tool
for corrosion monitoring. As the database of depolariza-
tion transient time constants for experimental and on-site
structures grows in the future, this measure can support
building preservation with respect to corrosion activity.

+ Corrosion current and corrosion potentials show sensi-
tivity to chloride exposure in cracked reinforced concrete
beams. This sensitivity is reflected in the results of the
aforementioned numerically derived parameters.

 The limitations of the presented method were discussed.
In particular, the lack of implementation of diffusion-
controlling features should be investigated in further
research.

In future studies, electrochemical investigations fo-
cused on transverse cracks initiated by bending and se-
paration will be carried out. In particular, the focus will
be on linear polarization resistances and specific elec-
trolytic resistance.
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