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A new method for estimating the polarization resistance and the corrosion current from the Stern—
Geary equation in cases where the applied signal distributes unevenly over a large real structure acting
as working electrode is proposed. In addition to measurements of the current response to an applied
potential pulse, the new method takes into account the distribution of polarization values over the
working electrode (WE) surface. To this end, relevant information is provided by multiple reference
electrodes placed at different points on the WE surface. The method allows estimation of the corrosion
current for steel rebars embedded in large concrete structures.

1. Introduction

Though the approach has a general applicability, in
this paper we shall be mainly concerned with the mea-
surement of corrosion rate of metal reinforcements in
concrete structures. On-site nondestructive diagnosis
of the corrosion rate is of great practical interest since
a large number of reinforced concrete works are
affected by corrosion problems in their reinforce-
ments. However, when attempting to perform electro-
chemical measurements, the large dimensions of most
concrete structures in civil engineering may cause a
marked nonuniform distribution of the applied signal,
which complicates the analysis since the response can-
not be related to any specific electrode area.

The well-known polarization resistance method for
corrosion rate determination allows the calculation of
the corrosion current density, i, [1]. Provided the
applied current (AJ) distributes uniformly over the
surface of the working electrode (WE), the polariza-
tion resistance (R,) is given by

AE
R, = A7 A (1)
where AE denotes the electrode polarization, which is
constant over the entire electrode surface, and 4 is the
surface area. Under these conditions, the current
density is also constant at every point on the electrode
surface and equal to AT/A.

On the other hand, if the current distributes non-
uniformly, then the polarization varies throughout
the WE surface, and Equation 1 leads to apparent,
rather than true, R, values. This poses an important
difficulty in determining i, for large metal structures
by using the Stern—Geary equation [1]:

B

icorr = R_ (2)
P
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where B is a constant dependent on the Tafel slopes
for the anodic and cathodic reactions. For large struc-
tures, in situ measurements entail using a compara-
tively much smaller counterelectrode, which favours
uneven distribution of the current lines. In this con-
text, serious difficulties have been encountered in
determining i, for reinforcing steel bars embedded
in large concrete structures [2-9]. This problem has
been addressed by using various approaches, namely:

(a) Confining the applied electric signal so that it only
affects a given area of the metal structure concerned,
that is, by applying the guard electrode method [2,
7-12].

(b) Using counterelectrodes of increasing size, but
negligible in relation to the structure size, to obtain
the actual R, value by extrapolation [13, 14].

(¢) Correcting the apparent R,, value by means of coef-
ficients determined on the assumption that the system
can be modelled by a transmission line [4, 5].

This paper proposes a new method for estimating
the true R, value. The method takes account of the
uneven distribution of polarization over the WE
surface and obtains R, from the sum of partial polar-
ization values. Among other advantages, the method
is sufficiently flexible for adaptation to a variety of
situations, it has a sound foundation and provides
reliable measurements.

2. Theoretical foundation

Consider an electrical signal imposed via a small
counter electrode (CE) to give rise to a current
flux that distributes unevenly over the WE surface
(Fig. 1). Each point of the WE will have a different
applied current density value, i (i, ij41, ij1g,...).
Also, each point will feature a different polarization
increment denoted by AE;, AE; ,, AE; o,...
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WE

Fig. 1. Representation of the uneven distribution of current lines
between a small CE and a large WE.

Let us assume that the WE surface is divided into »
portions of area 4;, 4,, ..., A4,, having a mean polar-
ization AE;, AE,,...,AE,, and a mean current den-
sity iy, is,...,1I,, respectively. If AI is the overall
current between CE and WE, then

n
> iy = Al (3)
k=1

Based on the polarization resistance concept, the
following expression holds for each portion of area

AE;
e =—— 4)
R,

which, in combination with Equation 3, and assuming
a constant true R, value over the entire WE surface,
gives

L > AE A = Al (5)
RP k=1
hence,
1 n
_Rp = Kj]; AEkAk (6)

Therefore, R, can be estimated from A/ provided
one knows the value of the expression

S, = Z AE Ay (7)
=1

In practice, determining the AE; values entails simul-
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Fig. 2. One-dimensional (a) and two-dimensional (b) models of WE.

taneously using many reference electrodes placed at
different points on the WE surface.

A comparison of Equations 1 and 6 reveals that the
AFE x A product for a uniform distribution is replaced
by the above summation for a nonuniform distribu-
tion. There is a remarkable analogy between the two
equations, taking into account that R, for a non-
uniform distribution is obtained by summing over
the individual contributions from the different
portions of area.

The portions of area A; in Equation 7 can represent
both consecutive segments in a one-dimensional struc-
ture or annuli of increasing radius concentric with the
CE in a two-dimensional structure (Fig. 2). On the
assumption that the width of these segments or annuli
is sufficiently small, the S, value in Equation 7 for a
distance x between the orthogonal projection of the
CE on the WE plane and the points of this plane, is
given by

S, =2W JO AE(x)dx )

for the one-dimensional structure, W being the WE
width and AE(x) the function relating the polarization
to the distance x. Similarly, for a two-dimensional
structure:

S, = 2 J: AE(x)xdx )

2.1. Estimation of S,

Even if the function AE(x) is unknown, Equation 8 or
9 can be used to determine S, provided a discrete
series of values (AE|, x;1), (AE,, x3),...,(AE,, x,)
can be obtained. In this case, S, is estimated by
approximate integration, for example, using the trape-
zoidal rule method.

In practice, determining S, entails using a limited
number of WE surface portions and, hence, a rela-
tively small number of reference electrodes. Also,
the electrodes should not be too distant from one
another. For these reasons, four or five consecutive
surface portions, spreading over a relatively short
distance, should provide an S, value sufficiently close
to the limiting value for # — co. This requisite is met
when the electrical signal, applied by means of a small
CE, concentrates on a WE area near CE.

Although the current lines between the CE and WE
can spread in many ways, one can consider two
extreme situations, namely: (a) the current lines con-
form to a primary current distribution model, or (b)
they conform to a transmission line model. A primary
distribution occurs when the effect of the ohmic resis-
tance prevails over that of polarization [15]; fulfili-
ment of this model is favoured by a high electrolyte
resistivity (p), a large separation between opposite
electrodes and a low polarization resistance. The con-
trary conditions favour the transmission line model.

With a primary current distribution for a small CE
placed opposite to a large metal surface (WE), the
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current tends to concentrate on a small area of the WE
below the CE, in such a way that most of the current
lines are roughly normal to the WE throughout great
part of their trajectory. On the other hand, with the
transmission line model, the current lines tend to be
parallel to the WE surface. The risk of current disper-
sion over the WE is obviously higher in this latter
case, although, large p values and small R, values
also favour concentration of the current lines in an
area relatively near the CE, particularly if the thick-
ness of the electrolyte layer is relatively small, as in
reinforced concrete structures [4, 5].

3. Experimental details

The proposed multiple-electrode method was used to
determine the corrosion current per unit surface area
for reinforcing bars (rebars) embedded in large con-
crete slabs (Fig. 3). The slabs were 150 cm x 150 cm
and included 13 steel rebars of 0.8cm diameter
arranged parallel to and at a distance of 10cm from
one another. The rebars could be externally short
circuited or left insulated from the rest. The rebar
length exposed to the attack was ca. 130 cm. One con-
crete siab contained 3% CaCl, by cement weight,
whereas a second slab contained no chioride. The steel
rebars developed active corrosion in the former slab
but remained passive in the latter.

Electrochemical measurements were made using an
assembly similar to the three-electrode configuration
but including three additional, auxiliary reference
electrodes (Fig. 3). The counter electrode was a stain-
less steel ring of 3 and 0.6 cm outer and inner diameter,
respectively, holding the main reference electrode
(RE)) in the centre. Both CE and RE; were placed
on the surface of the concrete slab. The other three
reference electrodes (RE,, RE; and RE,), similar to
the first, were also placed on the slab surface, but 4,
7 and 15cm away, respectively, from the CE centre.
All four reference electrodes were Cu/CuSQy, electro-
des. A pad soaked in tap water was inserted between
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Fig. 3. Representation of the reinforced concrete slabs, electrodes
arrangement and electrical connections.

the slab surface and the electrodes in order to ensure
ionic conductivity across the interfaces.

Electrical measurements were carried out by means
of a GECOR-5 corrosion rate meter [16]. This device
applied a potential step to the surface of the WE and
automatically determined the experimental values
needed, namely, AI (the current between CE and
WE) and the polarizations AE), AE,, AFE; and
AE,, measured by the electrodes RE;, RE,, RE;
and RE,, respectively. To exclude any effect of the
ohmic drop, AE values were read immediately after
the applied electrical signal was interrupted.

Specifically, the equipment performed the following
operations: (i) reading the potential between the rebar
or interconnected rebars (WE) and each of the four
reference electrodes (RE;—RE,) prior to application
of the electrical signal; (ii) applying a potential of
100 mV between CE and WE; (iil) measuring the cur-
rent Al between CE and WE; and (iv) interrupting
the current and immediately determining the potential
at each electrode (RE{—RE,). The difference between
these four measurements and those made in (i) deter-
mined AE|, AE,, AE; and AE,.

Calculations were made on the simplifying assump-
tion that the electrical signal spread over a finite
distance L over WE. This distance was determined
by extrapolation to zero of decreasing polarization
values as a function of the distance to the CE. The
multiple-electrode method was used to perform two
types of measurement, namely: (i) with the 13 rebars
connected to one another (i.e., simulating a rebar
mesh) and (ii) with a single rebar isolated from the
rest. Both types of measurement should provide
similar, though not necessarily identical, i, values.
For the former type of calculation, the effect of the.
interconnected rebars was assumed to distribute
uniformly over the geometric plane containing the
rebars, so properties distributed in a continuous
fashion throughout it. A coverage ratio was intro-
duced to the calculations [5, 9], by assigning to unit
area of the ideal WE surface a current density equal
to 0.25 of the value for the actual rebar surface (ratio
between surface areas of rebars and concrete slab). In
case (i), S, was computed from Equation 9, and in
case (ii) from Equation 8. In this latter equation, W
is equal to the circumference of the rebar (ie.,
2.51 cm).

Equations 8 and 9 were integrated after the AE;,
AE,, AE; and AE, values were determined at a
distance of 0, 4, 7 and 15cm from the CE centre,
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Fig. 4. The variation of polarization with distance.
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Table 1. Values obtained from the experimental slabs with all the reinforcing bars short circuited

Licm R;‘,/chm2 it A cm™>

Conditions

Concrete with C17, very dry 13.95 7.0
Concrete with C17, very wet 78.33 12.5
Concrete without admixtures, very dry 6.01 14.9 1
Concrete without admixtures, very wet = 46.7 34.6 3

5.7
6.5
1.5
4.0

4.6 1.9 20.6 53.1 0.49

4.3 1.6 19.7 8.8 2.96

9.4 6.9 37.1 566 0.046
33.0 28.0 59.8 449 0.058

* Calculated values.

Table 2. Values obtained from the experimental slabs with one of the reinforcing bars insulated from the rest

AI/pA  AE/mV  AE,)mV  AE;/mV  AE,/mV

Ljem RI*,/chm2 i A e 2

Conditions

Concrete with Cl™, very dry 13.93 7.1
Concrete with Cl™, very wet 78.33 12.5
Concrete without admixtures, very dry 5.79 19.9 1
Concrete without admixtures, very wet  29.2 59.2 S

54
6.8
6.6
8.0

44 2.0 21.7 36.8 0.71
43 1.5 19.3 6.7 3.90
15.1 12.4 51.7 559 0.047
57.7 54.0 65.0 829 0.031

* Calculated values.

respectively, using the trapezoidal rule method for
approximate integration (Fig. 4). After R, was deter-
mined, i, could be calculated from Equation 2
taking the constant B in this equation as 26 mV [17].

The R, and i, values from measurements made
with interconnected and isolated rebars were com-
pared with those obtained when a uniform current
distribution over the entire surface of the WE was
assured. These last measurements were taken as refer-
ence. In the particular case of our experiments, the
uniform current distribution was obtained by using
an isolated rebar as WE and the adjoining two rebars
in the slab as CE. It should be noted that this proce-
dure of achieving a uniform current distribution is
inapplicable to real concrete structures, where a single
rebar can rarely be isolated from the other elements
of the rebar mesh.

4. Results and discussion

In the theoretical analysis it has been assumed that the
metallic structure corrodes at a uniform rate. This is
to a first approximation nearly true when i, repre-
sents the average corrosion rate resulting from the
action of a great number of microcells in close proxi-
mity and the oxygen availability is quite uniform. A
more important deviation from theory may arise
from the presence of macrocells. In this respect,
experimental information on macrocell activity can
be obtained by measuring the current flowing between
parallel bars in the test slab when they are inter-
connected. This has been made joining, via a zero
resistance ammeter (ZRA), an isolated bar with the
rest of the bars electrically interconnected between
themselves, and repeated the operation with every
rebar. The values measured in this manner by the
ZRA, and referred to the unit of rebar surface, were
compared with the 7. values in Table 1. In general,
it was found that macrocell activity was only about
10% the value of i, or less, in agreement with the
conclusions of some other studies [18]. It seems there-

fore plausible, as a first approximation, the above
simplified picture of a uniform corrosion rate on the
rebar surface.

Tables 1 and 2 show typical results obtained by
using the multiple-electrode system. They give the
Icorr Values obtained with all the rebars in short circuit
and those for a single isolated rebar. Some measure-
ments were made on highly dry slabs (after a few
months of no wetting) while others were carried out
on highly wet slabs (after repeated irrigation over a
few days). The i, values clearly reflect the effect of
the experimental conditions, namely, the presence
or absence of chloride in the concrete and its degree
of wetting. In fact, i, values varied by about 100
times from conditions favouring corrosion to those
hindering it. The maximum i, value was obtained
for wet, chloride-containing concrete.

Quantitatively, it was interesting to determine
the consistency between the values provided by the
multiple-electrode method and the actual i, values
as given in Table 3; the latter were obtained by polar-
izing an isolated rebar uniformly.

A comparison of the values given in Tables 1 and 2
with those listed in Table 3 for identical concrete
conditions reveals the multiple-electrode method can
provide accurate i, values in those cases where it is
impossible to ensure a uniform distribution of the
electrical signal applied to the WE. The fairly small
differences between the two sets of values are reason-
able considering that the methods (the reference one
included) rely on approximations.

Table 3. Values obtained from the experimental slabs using an isolated
bar as WE and the adjoining two bars as CE

Conditions foory/ A cm ™2
Concrete with Cl™, very dry 0.65
Concrete with CI™, very wet ) 3.6

Concrete without admixtures, very dry 0.050
Concrete without admixtures, very wet 0.068
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5. Conclusions

Making in situ electrochemical measurements by
using a small counter electrode as compared with
the metal structure which acts as the working elec-
trode poses serious problems. Because the applied
electrical signal distributes unevenly on the working
electrode, the ratio between the applied potential
and the current response (AE/AT') provides an appar-
ent R, value which can greatly differ from the true R,
value (obtained in those cases where a uniform distri-
bution of the current is achieved). A new method for
determining the true R, value (and hence the corro-
sion current density from the Stern—Geary equation)
is proposed for a nonuniform distribution of the
applied electrical signal on a large structure. The
method uses information supplied by multiple refer-
ence electrodes placed at increasing distances from
the counter electrode.

The experimental study carried out with large rein-
forced concrete slabs shows that the proposed method
provides highly reliable predictions for corrosion of
rebars embedded in concrete irrespective of whether
the steel rebars are in an active or passive state and
of the degree of concrete wetness, circumstances
which markedly affect the precision of the results pro-
vided by other measurements methods [14].
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