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Abstract

Macrocell corrosion with a local anode and a large cathode frequently occurs in chloride induced corrosion of rebars in concrete
and is responsible for very high local corrosion attacks and reduction in cross-section found e.g., in bridge decks or substructures. In
model-macrocells in electrolytes and in mortar the influence of the conductivity and cover depth on potential and macrocell current
distribution have been studied both in open circuit conditions and under external anodic polarisation. The results have shown that
low electrolyte conductivity and low cover facilitate the location of the anode of the macrocell by potential measurements due to a
concentration of the spreadout of the macrocell action. Under anodic polarisation the imposed current is concentrated on the local
anode. The consequences for corrosion monitoring by half-cell potential mapping and by polarisation resistance measurements on

locally corroding rebars are discussed. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Reinforcing steel in good quality concrete does not
corrode even if sufficient moisture and oxygen are
available. This is due to the spontaneous formation of a
thin protective oxide film (passive film) on the steel
surface in the highly alkaline pore solution of the con-
crete. When sufficient chloride ions (from de-icing salts
or from seawater) have penetrated to the reinforcement
or when the pH of the pore solution drops to low values
due to carbonation, the protective film is destroyed and
the reinforcing steel is depassivated. Corrosion in the
form of rust formation and/or loss in cross-section of the
rebars occur in the presence of oxygen and water (hu-
midity) [1-3]. The corrosion of steel in concrete essen-
tially is an electrochemical process, where at the anode
iron is oxidised to iron ions that pass into solution and
at the cathode oxygen is reduced to hydroxyl ions. An-
ode and cathode form a short-circuited corrosion cell,
with the flow of electrons in the steel and of ions in the
pore solution of the concrete [1-3].
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According to the different spatial location of anode
and cathode, corrosion of steel in concrete can occur in
different forms:

e as microcells, where anodic and cathodic reactions
are immediately adjacent, leading to uniform iron
dissolution over the whole surface. Uniform corro-
sion is generally caused by carbonation of the con-
crete or by very high chloride content at the rebars.

e asmacrocells, where a net distinction between corrod-
ing areas of the rebar (anode) and non-corroding,
passive surfaces (cathode) is found. Macrocells occur
mainly in the case of chloride induced corrosion (pit-
ting), generally the anode is small respect to the total
(passive) rebar surface.

On reinforced structures and in the experimental
study of macrocells, coplanar or face to face situations
of anode and cathode can be distinguished [4-6]. A
typical coplanar situation is a localised corrosion attack
in an otherwise passive rebar (Fig. 1), a typical face to
face situation is the corroding upper layer of the rein-
forcement in a bridge deck with the lower mat being
passive. Macrocell corrosion is of great concern because
the local dissolution rate (reduction in cross-section of
the rebar) may greatly be accelerated due to the large
cathode/anode area ratio [4-6]. Indeed, values of local
corrosion rates up to 1 mm/year have been reported
for bridge decks, sustaining walls or other chloride
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Fig. 1. Localised corrosion attack on a 20 mm rebar, loss in cross-section ca. 30%.

contaminated RC structures [7-9]. This rapid corrosion
attack may lead — if not detected early to structural
safety problems.

Corrosion monitoring by half-cell potential mapping
allows to locate precisely and in an early stage the anode
of macrocell action by identifying local minima in the
measured potential field at the concrete surface [7,10,11,
and literature cited therein]. It is generally recognised
that fixed boundry values (e.g., —0.35 V CSE) to identify
corroding zones cannot be applied [11]. The conductiv-
ity of the concrete and the cover depth influence both
the potential readings at the concrete surface and the
possibility to detect small corrosion attacks. The in-
stantaneous corrosion rate of steel in concrete can be
determined by linear polarisation resistance measure-
ments [12,13, and references cited therein] and a good
correlation between the electrochemical weight loss
calculated by integration of polarisation resistance (R)
data and the gravimetric weight loss was found in lab-
oratory experiments. The same technique can be applied
on reinforced concrete structures; there, the area of the
counter electrode is much smaller than that of the
working electrode (rebars) and the electrical signal
vanishes with increasing distance from the counter
electrode. Numerical methods based on transmission
line models [14] or the use of a guard ring (second
concentric counter electrode to confine the applied cur-
rent beneath the central CE) [15] are used to overcome
this difficulty and the instantaneous corrosion rate

Pcorr (LA cm_z) can be determined correctly [9,16,17].
The significance of such i, values in the case of mac-
rocell or localised corrosion with high local loss in cross-
section of the rebars (Fig. 1) is still under discussion [17].
Experimental data from on-site measurements have
shown that in the frequent case of chloride induced, very
localised corrosion attacks (Fig. 1) occurring in chloride
contaminated concrete, the average corrosion rates de-
termined from R, measurements underestimate the real,
local penetration rates by a factor of 5 to 10 [9].

In this work, the influence of cover depth and con-
ductivity on the macrocell current and potential distri-
bution is studied using model-macrocells in water and in
mortar. The results are discussed with respect to con-
sequences for corrosion monitoring by half-cell poten-
tial mapping and polarisation resistance measurements.

2. Experimental
2.1. Model bar for macrocell corrosion

The experiments simulating localised corrosion in an
active/passive macrocell were performed on a macrocell
bar (total length 0.4 m) with a central anode of mild steel
(3 cm?) and 12 lateral cathodes (16 cm?) of stainless
steel 1.4301 on both sides (Fig. 2). With the bar diameter
of 2 cm results a characteristic geometry with surface to
length ratio of 6.3 cm?/cm. The total area ratio of
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Fig. 2. Schematic representation of the macrocell bar with anode (mild steel) and segmented cathodes (SS 1.4301).
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cathode to anode is 60. The anode and the 12 cathodes
were mounted on an electrically isolated plastic bar with
a slot for the connecting wires. Anode and cathodes
could be short-circuited externally. The total macrocell
current and the currents to the individual cathode seg-
ment currents were measured with a zero resistance
ammeter, and the switching was performed on a pro-
grammable multimeter (Keithley). A special switch-
board guaranteed a complete short circuit during the
measurements. Data were recorded on a personal com-
puter. The corrosion potentials of the anode and cath-
odes were measured with a saturated calomel electrode
(SCE). In an additional series of experiments the re-
sponse of the macrocell bar to anodic polarisation with
galvanostatic pulse was measured with the same ar-
rangement.

2.2. Experiments in water

One of the bars was mounted in a small tank
(0.4 x 0.2 x 0.2 m*) in order to perform experiments in
water where the cover could be varied easily by filling
the tank to different heights, usually 2 or 3 cm above the
bar. The macrocell bar was fixed at a height (with re-
spect to the bottom) of 7 cm. Aqueous solutions with
different conductivities were used to simulate different
concrete resistivities (Table 1). In water, in addition to
the total macrocell current and the current distribution
on the individual cathode segments, potential profiles
were measured at different heights above the bar by
scanning a reference electrode along the bar.

2.3. Experiments in mortar

Two macrocell bars were embedded in PC mortar
using 500 kg of cement/m* and a water cement ratio of
0.5. 3% chloride as NaCl was added to the mixing water.
The mortar blocks were cured for one week in a hu-
midity cabinet and then exposed to the laboratory at-
mosphere. The dimensions of the mortar blocks were
0.4 x 0.1 x 0.1 m® and the cover over the bar was 20
(MPK1) and 30 mm (MPK2), respectively. On the
mortar blocks potential profiles at the surface, total
macrocell current and the current distribution on the
individual cathode segments were measured.

Table 1

3. Results
3.1. Macrocell under open circuit conditions

3.1.1. Resistance in the macrocell

The resistance between the central anode and the
individual lateral cathodes was measured (AC 1 kHz).
After multiplication by the conductivity of the electro-
lyte, a normalised resistance R*c is obtained and the
influence of geometry (distance from anode and cover
depth) can be observed (Fig. 3). It can be stated from
Fig. 3 that the normalized resistance R*¢ measured in
the water tank is identical for the different specific
conductivities of the electrolyte, the three curves mea-
sured in water coincide and have the same characteris-
tic, symmetrical shape showing an increase of the
resistance with distance from the anode. The two mor-
tar blocks with a slightly different geometry (smaller
cross-sections, thus smaller volume) show higher nor-
malised resistance values (Fig. 3). The mortar block
MPKI1 with the lower cover of 20 mm shows the highest
values.

3.1.2. Potential profiles
The resulting potential profiles measured along the
macrocell bar at a cover depth of 20 mm are shown in
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Fig. 3. Normalized resistance R,0 between anode (position 0) and
cathode segments in distilled water (), tap water (A), dilute sulfate
solution ([J), and in the two mortar blocks MPK1 (cover 30 mm) O,
and MPK2 (cover 20 mm) (@).

Values of conductivity and specific resistance of the different electrolytes used (Mixed water is a mixture of distilled water and tap water)

Medium Symbol Conductivity (uS cm™") Resistivity (Q m) Resistivity (Q cm)
Distilled water DW 7 1300 130,000
Mixed water MW 70 130 13,000
Tap water ™ 360 27 2,700
Mortar blocks MPK 430 22 2,200
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Fig. 4 for the different electrolytes. The highest resis-
tivity of the electrolyte (distilled water, 1300 Q m) shows
the most pronounced potential difference between anode
and cathodes, with decreasing resistivity the potentials
become more and more similar. Cathode segments close
to the anode shows more negative potentials, this effect
is more pronounced in low resistive electrolytes (Fig. 4).
In the extreme case of the mortar block (22 Q m), all the
cathodes, irrespective of the distance from the anode,
show the same potential as the local anode.

In distilled water (1300 Q m) potential profiles were
measured at different heights above the macrocell bar
(Fig. 5). Decreasing the distance from 20 (cover depth)
to 0.5 mm the potential profiles become more pro-
nounced: the potential measured above the anode de-
creases and the potentials measured above the individual
cathode segments become more positive.
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Fig. 4. Potential profiles measured along the macrocell bar (cover 20
mm) for the same solutions as in Fig. 3. Solution resistivity is indicated
in the figure.
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Fig. 5. Potential profiles measured along the macrocell bar (cover 20
mm) in distilled water (1300 mm) at different heights above the bar
(0.5, 5, 10 and 20 mm). Anode at position 0.
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Fig. 6. Distribution of the cathodic currents in the macrocell for dif-
ferent conductivities of the solution, cover 20 mm (mixed water, o tap
water, e mortar block MPK1). The anode current for mixed water was
310 pA, tap water 200 pA and mortar block 16 pA.

3.1.3. Total current and current distribution

The current distribution in the macrocells is shown
in Fig. 6. The total current flowing in the macrocell
(equal to the anode dissolution current) increases with
increasing conductivity, current densities on the anode
between 60 and 450 pA/cm? are measured in aqueous
solutions. Despite the low resistivity of the mortar
blocks a macrocell current of only 16 HA (respect to
the anode 5 pA/cm?) were measured. The current dis-
tribution on the cathode segments is symmetrical (Fig.
6), the cathodic currents are highest close to the anode
and decrease with increasing distance from the anode.
For electrolytes with medium to high conductivity, the
macrocell bar used in this work is too short for a sig-
nificant decrease of the cathodic current to be ob-
served.

3.2. Macrocell under anodic polarisation

3.2.1. Resistance

The resistance between the CE and the macrocell,
Rwme/ce, in a parallel plane arrangement was measured
for the different electrolytes and cover depths used
(Table 2). The resistance is proportional to the resis-
tivity of the electrolyte and increases with increasing
cover depth. Calculating the normalised resistance
identical values are found for the experiments in wa-
ter with different conductivities (Table 2). For the
mortar blocks the resistance Rwmg/ce measured is
clearly higher compared to the values that would
correspond to the mortar resistivity (Table 2) due to
the different volume of the mortar blocks and to the
coupling of the CE to the concrete surface by means
of a wet sponge.
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Table 2

Resistance between counter electrode and macrocell bar (coplanar arrangement) and total resistance R, between anode and cathodes for different

electrolytes and cover depths

Medium Cover d (mm) o (mS/cm) Rumesce (Q) R'o Riot (Q) Ry
Distilled water 20 0.02 567 11.3 4700 94
30 0.02 860 17.0 — —
50 0.02 1146 22.5 - -
Tap water 20 0.37 30.4 11.25 250 92.5
30 0.37 41.1 15.2 - -
50 0.37 56.5 21.7 - -
MPK1 20 0.432 563 - 235 101.5
MPK2 30 0.408 752 — 225 97.2

3.2.2. Current distribution at the macrocell under anodic
polarisation

The partial currents in the anode and the different
cathode segments of the macrocell bar after imposing an
anodic current from the counter electrode at the surface
are shown in Fig. 7. Most of the imposed anodic current
(50 pA) flows into the (small) anode, only a small
fraction flows to the cathodes. In mortar (Fig. 7) all the
currents are anodic due to the low cathodic currents in
the macrocell prior to application of the anodic current
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Fig. 7. Steady state current distribution on the anode and cathode
segments of the macrocell bar in mortar (cover 20 mm) with galva-
nostatic anodic polarisation / = 50 pA from a counter electrode on the
surface (plan parallel arrangement).

Table 3

(Fig. 6). For a given conductivity of the solution the
distribution of the imposed current to anode and cath-
odes depends on the cover depth (distance of the counter
electrode from the macrocell bar). For covers of 50, 30
and 20 mm between 70% and 44% of the imposed cur-
rent flows to the anode, it is only for low and very low
covers, 10, 1 mm, that appreciable anodic current enters
the cathodes (Table 3).

Looking at the time dependence of the partial cur-
rents, it can be observed that in the first 10 s the current
measured at the anode increases, the current at the
cathodes instead slightly decreases with time (Fig. 8).

4. Discussion

Macrocell corrosion between actively corroding areas
of rebars and large passive areas (either beside the active
spot or behind in a second layer of reinforcement) is of
great concern because it results in very high local anodic
current densities with corrosion rates up to 0.5-1 mm/
year [4,6,24]. The resulting local loss in cross-section has
dangerous implications for the structural safety if the
corroded rebars are located in a zone of high tensile or
shear stresses. Furthermore, these dangerous attacks
very often do not manifest themselves at the concrete
surface by cracking or spalling because soluble iron
chloride complexes are formed [22]. Thus it is of great
importance how these locally corroding spots can be
detected early and what the implications for the different

Distribution of the imposed anodic current Z,,, between the anode and the cathodes of the macrocell bar in distilled water (7 pS cm™") for different
cover depths (distance between counter electrode and macrocell bar in plan parallal arrangement)

Cover (mm) Lpp (HA) I Anode (pA) I cathodes (pA) % Anode
50 50 35 15 70
30 80 55 25 68
20 80 35 45 44
10 200 60 140 30
1 300 60 240 20
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Fig. 8. Change of partial currents of the anode and the cathode seg-
ments of the macrocell bar in mortar (cover 20 mm) with time of
polarisation. Galvanostatic current pulse / = 50 pA.

corrosion monitoring techniques as half-cell potential
mapping or polarisation resistance measurements are.
The mechanism of these corrosion attacks in the form of
macrocells has already been discussed [4-6].

4.1. Half-cell potential mapping

The difference between the potential of the anode and
the cathodes — up to 0.5 V have been measured in this
work in aqueous electrolytes, in chloride containing wet
mortar about 0.3 V were found — allows the location of
the corroding spots from the concrete surface. Similar
results are reported in literature [5,18]. Several points
have a significant influence on the half-cell potential
measurements.

o Cover depth: with increasing cover depth the potential
values measured over active and passive areas be-
come more similar (Figs. 4 and 5) thus the location
of small corroding spots becomes more difficult as al-
ready stated.

o Concrete resistivity: in high resistive concrete the
highest potential difference between anode and ca-
thodic areas are measured (Fig. 4). This helps — in
principle — to detect corroding spots. Contrary only
a small cathode area around the anode is polarised
to negative potentials (Fig. 4). Thus in high resistive
concrete small corroding spots can be found only
with a very small grid size of potential mapping. In
humid, chloride contaminated concrete with low re-
sistivity a much larger cathodic area is polarised to
negative potentials (Fig. 4) and the location of the
small anode is possible with a large grid size.

From the experiments it can further be observed that
the macrocell bars used in this work in electrolytes with
medium to high conductivities are too short to reach
unaffected cathodic areas. Only in distilled water is the

resistance high enough to focus the macrocell action in
the region of +15 cm, which represents an anode to
cathode ratio of 1:30 on each side. Despite the high
conductivity of the mortar blocks (0.43 mS/cm) and
their similar geometry (primary resistance Fig. 3) the
macrocell currents measured are 10-20 times lower than
in aqueous solutions (Fig. 6). This can be explained by
the much lower cathodic current densities found in
mortar respect to solutions as reported elsewhere [23],
the reason might be the restricted oxygen access to the
cathodes in the very humid, chloride containing mor-
tars. Thus in mortar or concrete the primary resistance
distribution is controlling the macrocell current only at
high resistivity of the concrete and if oxygen is readily
available, in the case of chloride induced corrosion the
cathodic reaction is controlling the overall reaction in
the macrocell [24].

4.2. Polarisation resistance measurements

The evaluation of the corrosion rate from polarisa-
tion resistance measurements in real structures is of
great importance for the assessment of corrosion risk to
existing structures or for residual life time predictions.
The DC polarisation resistance technique with IR
compensation and calculation of the instantaneous
corrosion current, i, has been applied extensively
since 1970 by Andrade, Feliu and co-workers [12,13] to
study the corrosion of steel in concrete. In the case of a
localised corrosion attack (small anode in a large cath-
ode bar) with local loss in cross-section of the rebars
(Fig. 1) or macrocell corrosion in general two main
difficulties arise.

o Position of the counter electrode: The position of the
locally corroding area (anode) of the rebars can be lo-
cated with half-cell potential mapping. The imposed
steady state (anodic) current from the counter elec-
trode put on the concrete surface mainly flows into
the corroding area (see Fig. 7). This is due to the fact
that the imposed current tends to follow the path of
lowest total resistance, thus the current will flow to
the anode because (a) the distance is shortest and
(b) the polarisation resistance of the anode R, is very
low (note that the specific polarisation resistance R}
of the anode is several 100 times lower than Ry of
the passive rebars [12,17]). If the counter electrode
on the concrete surface is moved laterally away from
the corroding area and again a polarisation resistance
measurement is performed, the imposed current will
still flow mainly to the anode as long as the total re-
sistance is lower than that for the current to enter into
rebars in the passive state (high R,). In practice this
means that low R, values are measured also when
the CE is placed above completely passive areas if a
corroding anode is closeby. The size of the corroding
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area as determined from R, measurements might be
overestimated. By using a second concentric counter
electrode (guard ring) the current flow can be con-
fined to the area under the central CE [15,16] and er-
rors due to this macrocell effect can be reduced if the
size of the concentric counter electrode is much larger
then the cover depth and the CE is placed on homo-
geneous passive rebars (away from the anode in the

macrocell) [20].

o Localised corrosion rate: The measured electrochemi-
cal response of the system (polarisation resistance)
provides little or no indication of the localised nature
of corrosion. On first approximation, it could be as-
sumed that the result of R, measurement is due to a
uniform corrosion of the steel surface examined
(equal to the CE area put on the concrete surface).
In the case of a localised corrosion situation the exci-
tation current coming from the counter electrode on
the concrete surface enters predominantly the active
areas (hot spots, Fig. 7) has been shown also by sim-
ulation calculation with an electrical network [17,20],
the corrosion and the current distribution on the
macrocell is not uniform. Thus the assumption of
uniform corrosion leads to a significant underestima-
tion of the real corrosion rate at the anode irrespec-
tive the use of CE with or without guard ring.
Numerical simulation for several geometric arrange-
ments and cathode/anode ratios have shown that
the error can reach nearly a factor of 10 [17,20].

An additional problem to be considered is the
variation of current distribution between anode and
cathodes in the macrocell with the frequency of the
imposed current [17,19]. The non-uniform DC distri-
bution on the macrocell (Fig. 7) has been found to
change to a uniform current distribution at high fre-
quencies (e.g., 1 kHz) [17,19] because at high fre-
quencies the impedance of steel in concrete is
determined mainly by the interfacial capacitance,
nearly equal on actively corroding and on passive ar-
eas. The same results can be observed in this work the
time domain (Fig. 8): at short times (<1 s) less than
30% of the total applied current are flowing to the
anode, in the steady state more then 70%. This uni-
form current distribution at high frequencies (or
equivalent very short time) leads to a significant error
in the determination of the ohmic resistance of the
system: at high frequencies (e.g., 1 kHz) or very short
times (e.g., in pulse measurements) the measured oh-
mic resistance R, is determined by the size of the
counter electrode as shown by field measurements
[17,21] and numerical simulations [19,20] — the actual
resistance to the flow of DC current (see Fig. 7) is
much higher and is determined by the size of the an-
ode [17,19]. Because in high resistive media as concrete
the measured polarisation resistance R, has to be

corrected for the contribution of the ohmic resistance
(subtracting R,,) this underestimation of R, leads to an
overestimated, IR-free polarisation resistance R, and
thus, applying the usual reciprocal relationship, again
to an underestimation of the real corrosion rate of the
anode. This is an inherent problem of R, measure-
ments on non-uniformly corroding metals, it cannot be
avoided by using a guard ring.

5. Conclusions

In real structures with localised chloride induced
corrosion macrocells are formed that greatly accelerate
the local dissolution rate of the anode. From this
work performed on active/passive model-macrocells
with measurements of the resistance, potential and
current distribution in the macrocell the following
conclusions regarding corrosion monitoring can be
obtained
1. The location of the corroding anode by determina-

tion of the minimum in the half-cell potential map
is facilitated in principle by higher concrete resistivity
and lower cover depth. For practical application of
half-cell potential mapping with a large grid size of
the measuring points, small anodic areas are located
better in low resistive media (e.g., chloride contami-
nated concrete) due to the strong cathodic polarisa-
tion of passive rebars close to the anode.

2. Most of the DC current applied by an external coun-
ter electrode on the concrete surface placed over the
active/passive macrocell flows to the local anode de-
spite the large cathode area (anode/cathode area ratio
1:60). Thus polarisation resistance measurements on
locally corroding rebars will result in an erroneous
corrosion rate of the anode, the error can arise to a
factor of 10.
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