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Corrosion in reinforced concrete structures located in marine environments is probably the main cause of
damage, especially in elements that are partially immersed in seawater. The moisture gradient and different
chloride concentrations occur in pieces under such conditions, which give way to the formation of macrocell
currents between different rebar regions. Despite being studied by several authors who have run experiments in
solution or with small test specimens, the significance of macrocell currents in structures has not yet been
accurately quantified. The present work studied four columns that were partially immersed in seawater for more

than 1 year, when the electrical resistance of concrete and the corrosion rate were monitored. After exposure,
moisture and chloride content analyses were performed, and a rebar inspection was carried out. The obtained
results show that macrocell currents can increase mass loss by rebar corrosion between 3- and 8-fold. They also
reveal that macrocell currents can mitigate corrosion damage in areas showing cathodic performance.

1. Introduction

The degradation of reinforced concrete structures (RCS) located in
marine environments has been a serious problem in civil engineering for
many years due to chloride-induced rebar corrosion [1-6]. This phe-
nomenon may lead to localised rebar cross-section loss, which may
reduce the safety, aesthetics and service life of these structures [7-11].

When reinforced concrete elements are partially immersed in
seawater, the portion of concrete above the water line remains non-
saturated and oxygen availability is high. Nevertheless, the zone
below the water line presents a high degree of saturation because it is in
direct contact with seawater, and oxygen availability is lower because of
low water solubility. Furthermore, this oxygen concentration lowers
with depth [12]. In this region, chlorides mainly penetrate concrete by
ion diffusion [9,13-18]. Directly above the water line, chlorides may
also accumulate when water rises and later evaporates [19-25]. This
situation can be intensified if the water level also oscillates like it does
owing to tides. With all this, a moisture gradient emerges and, therefore,
differences appear in the resistivity of concrete throughout elements
exposed to such conditions [26]. Consequently, the rebars embedded in
RCS partially immersed in seawater have different electrochemical po-
tentials depending on each zone [21,27] (Fig. 1).
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Initially, the corrosion levels of all the rebars embedded in concrete
are practically negligible because a passivating oxide layer forms [28].
This layer is a very thin protective film composed of oxides and hy-
droxides that spontaneously emerge [29-32]. It is termodinamically
stable, as Pourbaix reported in his Atlas [33]. This initial condition is not
permanent. In structures located in marine environments, localised
passive film breakage takes place (corrosion pits) in the rebar zones
where chloride accumulation exceeds a critical level [34,35]. In these
regions, kinetic activity increases because of the microcell currents
generated at corroding spots [36]. Along with these microcell currents
(icorr micro), macrocell currents (icorrmacro) co-exist. The latter take
place because some areas in rebars have a different electrochemical
potential [27] (Fig. 2). While the whole rebar remains in the passive
state, the intensity of macrocell currents is negligible due to a minor
electrochemical difference among regions [36,37]. However, the in-
tensity of these processes cannot be ignored in elements partially
immersed in seawater where one rebar part is depassivated. In this case,
the corroding region acts as an anode in the macrocell and the passive
region displays cathodic performance. The rebar acts as a conductor of
electrons, which move in the circuit, while the pore solution present in
concrete acts as the electrolyte of the cell that electrochemically
emerges. So to know the real rebar status (icorrrorar), macrocells’
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corrosive action must be added to that of microcells (Eq. (1) [36]:
(@)

The significance of macrocell processes in RCS has been analysed in
many works. Numerous authors have opted to run tests with rebars
immersed in different simulated concrete pore solutions. Andrade et al.
[38] demonstrated that macrocell currents can represent between 50%
and 75% of total rebar corrosion. These values are slightly higher than
those obtained by Elsener [39] or Chen et al. [40], who quantified the
effect of macrocell currents at between 30 and 70% and 22-67% of total
rebar corrosion intensity, respectively. Chen et al. [40] pointed out that
it is suitable to consider an approximate value of 38% to determine
increased damage caused by corrosion because of the macrocell. Qian
et al. [41] quantified this increase as being well below the previously
presented values at between 1.7% and 2.4%.

More recent works [42] have observed that studies performed in
solution do not actually represent how corrosion processes perform in
concrete because, in this last case, the process kinetics is more limited
because of the resistivity of material, and also because the coefficients of
migration or diffusion of the involved species and products are lower
than in solution. Duff6 and Farina [43] reported that studies in solution
can be useful, but extrapolation to behaviour in concrete is inadequate.
In any case, the results obtained in concrete and reported by different
authors are also inconsistent. For instance, Revert et al. [44] reported
that macrocell currents account for between 20% and 55% of total
corrosion, but these values are respectively 33% and 31% for Hansson
et al. [45] and Subramaniam et al. [46]. Conversely, Rodriguez et al.
[47] obtained much higher values (70%), whereas Valipour et al. [48]
reported that macrocells only represent between 5 and 10% total
corrosion. The marked distribution of the existing results in the litera-
ture can be justified by the different testing conditions set up by each
researcher. There are major differences in the use of: sample type,
resistence of concrete, cathode/anode surface ratios, exposure condi-
tions, environmental conditions (RH and temperature), etc. This situa-
tion does not allow the significance of macrocell currents in total rebar
corrosion to be clearly quantified.

Furthermore, the results obtained with small-sized samples cannot
generally be extrapolated easily to real structures. For this reason, and to
better understand the significance of macrocell currents in RCS, an
alternative opted by some authors is to reproduce the conditions that
real structures are in using scale-size pieces. This is the normal
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methodology in studies about the mechanical performance of structural
elements [49-52]. However, research works that have focused on the
corrosion process and macrocell phenomena in partially immersed ele-
ments using this methodology are scarce. Aguilar et al. [21] analysed
slabs measuring 51x152x457 mm that were partially immersed in
seawater, while Sagiiés et al. [18] employed columns measuring
114x305x1220 mm. In both cases, the existence of macrocell currents
was detected between immersed regions and those above the water line,
with more serious corrosion damage for those in immersed regions than
in the region near the water (evaporative or splash zone), which is
usually considered to be more aggressive exposure. Walsh et al. [53,54]
obtained similar results when they employed numerical models based on
the field assessment of pilings from marine bridges. Despite all these
works [18,21,53,54] identifying macrocell formation, none has per-
formed a quantification of the significance of macrocell currents in total
rebar corrosion.

In response to all this, the present study aimed to analyse the sig-
nificance of macrocell currents in scale-size columns in such a way these
currents roughly correspond to that expected for real structures located
in the marine environment. To do so, four reinforced concrete columns
were manufactured and partially immersed in seawater. For more than
1 year, the electrical resistance of concrete and the rebar corrosion rate
were monitored at different column heights. A chloride content analysis
and a moisture content study were performed at the end of the exposure
period because these parameters are directly linked with corrosion
processes. In addition, a visual rebar inspection was made, and mass loss
by corrosion was calculated to quantify the damage caused by macrocell
currents.

2. Experimental plan
2.1. Test specimens and exposure conditions

Four columns measuring 130x100x1200 mm were manufactured
with steel rebars B500 SD (10 mm diameter) (Fig. 3). Rebars were ar-
ranged on the two column sides (a and b) and consisted of straight bars
divided into 12 separate segments (80 mm long). The concrete cover was
20 mm and the distance between segments was 30 mm, except for the
separation between levels 9 and 10, which was 150 mm. After the curing
period, all the columns were partially immersed (water line as shown in
Fig. 4a) in seawater, which was prepared according to ASTM D1141-98

Concrete

Rebars
Dry concrete

Water evaporation
+

Water line | chloride accumulation

Water saturation
+
chloride diffusion

Fig. 1. Conditions in reinforced concrete columns partially immersed in seawater.
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(2021) [55]. This exposure condition lasted for 407 days.

In three of the four columns (columns 1, 2 and 3), the 12 rebar
segments were electrically connected to one another using wires, which
were routed to a switch box to confer the rebar electrical continuity
(Fig. 4a and b). The electric circuit was closed by ionic movement, which
was produced through concrete thanks to the existing pore solution in
the cementitious matrix. The ionic movement is conditioned by the
electrical resistance of concrete. The corrosion of each segment
(icorr.Torar) depends on local corrosion (icorrmicro), but also on mac-
rocell corrosion (icorr macro), as described in Eq. (1).

In column 4, wires remained disconnected throughout the exposure
period to avoid any electric continuity among different segments
(Fig. 4c). As no electrical interaction occurred among them in this case,
each segment’s corrosion would depend only on local corrosion
(icorr.ToTAL = iCORR MICRO)-

The nomenclature employed to designate the two column types was:
“C” (electrically connected bars; columns 1, 2 and 3); “NC” (non-elec-
trically connected bars; column 4).

2.2. Materials

The dose used to manufacture the four columns is described in
Table 1. Ordinary concrete was produced, and the water/cement (w/c)
ratio was 0.6. The employed cement was CEM II 32.5, with silica sand
size 0/4 mm and gravel size 4/7 mm.

Test specimens were moist-cured for 28 days at 20+2 °C with RH
higher than 95% before being subjected to the exposure conditions.
Along with columns, samples were manufactured for material charac-
terisation purposes. Table 2 shows the results of these tests, which were
performed on the samples at the age of 28 days.

2.3. Tests

During the exposure period (407 days), the electrical resistance of
concrete and the corrosion rate of the segments of each column were
monitored. The following process was followed to measure both
parameters:

- firstly, the current between each segment was measured by opening
switches one at a time and inserting a zero-resistance ammeter (ZRA;
model Keithley 2000 Tektronix) in columns 1, 2 and 3, where re-
inforcements remained electrically connected; C. The value was
recorded 3 min after measurements commenced to ensure that the
recorded signal was stable enough. The value obtained for each rebar
was normalised by its surface in contact with concrete (working area,

0, 0, 0O
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1,571 mm?) to obtaining the intersegment current, defined as
ICORR,MACRO-

later, the rebar corrosion intensity (icorr micro) of each segment was
measured by the linear polarisation resistance method (LPR). This
procedure is described in UNE 112072 [62]. This measurement was
taken with an Autolab PGSTAT 100 Potentiostat. The Nova 1.11
software was used for signal processing. The measurement cell
configuration was a 3-electrode one: each segment was the working
electrode. The other column segments were utilised as the counter-
electrode. The commercial MnO, electrodes embedded in the
different column zones were employed as reference electrodes.

the last analysed parameter was the electrical resistance of concrete
at each level. All the switches between segments were momentarily
opened and the conductivity (¢) between the two segments placed at
the same column levels was measured by the Crison GLP-32 con-
ductmeter model. The value was recorded 3 min after measurements
commenced to ensure that the recorded signal was stable enough.
Electrical resistance (Rg) was obtained by the inverse of conductivity
(Rg =1/0).

after taking the three measurements, the segments of columns 1, 2
and 3 were once again connected until the next measurement, while
the segments of column 4 remained electrically isolated.

Once the exposure period was ended, the four columns were split
open and the moisture content of concrete and the chloride content at
different depths were measured. In addition, rebars were removed from
columns and subjected to a cleaning process following the method
described in ASTM G1-03 [63]. A visual rebar inspection was made and
mass loss by corrosion was calculated.

3. Results and discussion
3.1. Visual inspection of reinforcements

Fig. 5 shows the rebars placed at the different levels of columns 2 and
4, which correspond to one C-type column and the NC-type column,
respectively. It can be seen a different level of damage depending on the
column type (C or NC) and the level where each rebar was located. In the
C-type columns, where segments were electrically connected, there was
no damage at levels 1 to 10, although pitting was detected on the rebars
at levels 11 and 12. Conversely, a different pattern of damage was
observed in column NC, where segments were left disconnected to avoid
any electrical continuity among them. No corrosion damage was
detected on the submerged rebars (levels 10 to 12), but early-stage
pitting was seen on the rebar located at level 9 (aereated level, just
above the water line). No damage on the other aereated levels was

0, 0
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Fig. 2. Microcell and macrocell currents in reinforced concrete structures.
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Fig. 3. Test specimen geometry and composition.

observed (levels 1 to 8) either.

3.2. Electrical resistance (Rg)

Fig. 6 shows electrical resistance (Rg) evolution at different column
levels, which was similar in all the columns because it is an intrinsic
concrete property.

Electrical resistance progressively increased at higher levels in all the
columns as a result of continued moisture loss in these regions and
gradual cement hydration from the time the curing period ended to the
end of the monitoring period. The last measurements gave values that
ranged between 3-10% and 6-10* Q, which coincides with the results of
other authors for measurements taken in dry concrete [64]. These data
also coincide with those published by other authors who analysed
electrical resistance in the aerated regions of elements partially
immersed in water according to studies conducted with laboratory
samples [18,21] and in real structures [65]. During the first half of the
exposure period, the electrical resistance evolution at level 7 in the
different columns followed the same tendency as it did at levels 1 and 4,
but obtained slightly lower values (between 2-10* and 3-10* Q). As of
200 monitoring days, this tendency changed because electrical resis-
tance slightly lowered and was much more evident at level 9 (the
aerated level, closer to the water line). In this case (level 9), this drop

started as of 150 days and the values obtained at the end of the moni-
toring period came close to those obtained for the immersed levels
(<2500 Q). This increase in conductivity of concrete was due to higher
moisture content and chlorides accumulating in this zone. The electrical
resistance of concrete in the immersed zone (level 12) remained con-
stant throughout the monitoring period with values below 1000 Q
because of the high degree of saturation [66].

3.3. Macrocell corrosion current (icorr.MAcrO)

As depicted in Section 2.1, macrocell currents only occurred in the C-
type columns (columns 1, 2 and 3) where segments were electrically
connected. In column 4 (NC-type), segments were left disconnected to
avoid any electrical continuity among them. Therefore, the macrocell
current was null. Fig. 7 shows the macrocell current intensity evolution
(icorr.Macro) in the rebars of the three C-type columns. The net macro-
cell current was computed as the difference between the macrocell
current passing through the switches below and above each segment.
This measurement method has also been applied by other authors in this
kind of studies [18,21].

The obtained results demonstrated that the segments of levels 11 and
12 were invariably net anodes in all cases, with macrocell currents
reaching between 0.5 and 2.5 pA/cm? by the end of the exposure period.
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Table 1

Concrete mixture proportions (kg/; m3).
Cement Water Sp* Sand (0/4) Gravel (4/7) w/c ratio
307 184 1.85 1438 491 0.6

*Sika®ViscoCrete®-20 HE superplastificiser.

Table 2

Concrete characterisation results.
Test (Standard) Results
Compressive strength (UNE-EN 12,390 [56]) 30.6 MPa
Porosity accessible to water (UNE-EN 83,980 [57]) 15.8%
Capillary suction (UNE-EN 83,982 [58]) 72.7 kg/m2min°‘5
Air permeability (UNE-EN 83,981 [59]) 241071 m?

5.4107 m?/s
6.9-107'! m%/s

Chloride migration, Dyssm (NT-Build 492 [60])
Chlroride diffusion, D,ss (UNE-EN 12390-11 [61])

It was at these levels where corrosion damage was detected during the
visual inspection (Fig. 5). Conversely, in most cases level 10 performed
as a cathode. Despite being an immersed segment, and given its close-
ness to the aerated zone, the oxygen concentration in water was higher
than in deeper zones [12]. This generated oxygen concentration differ-
ences, which led an electric current to flow in rebars from the zones
where this concentration was lower to those where it was higher. Pre-
vious studies by authors like Gartner et al. [67], who analysed 3-metre
long columns (150x150x3000 mm) partially immersed in seawater,
have also detected this phenomenon, although they do not quantify the
significance of macrocell currents in relation to total corrosion.

The segments of levels 8 and 9 were invariably net cathodes. The
oxygen and electrolyte availabilities due to diffusion and capillary suc-
tion, and their closeness to anodic regions, gave way to a reduction in
the oxygen in this rebar region with electrons from immersed zones. In
these segments, the icorr macro values were between —0.5 and —1.5 nA/

cm? by the end of the monitoring period (negative because of the
cathodic character and the established signs criterion). For higher levels
(1-7), a gradual drop in cathodic activity occurred with increasing
elevation. In this case, the greater electrical resistance at these levels and
the progressive increase in the distance to anodic regions (immersed
zone) favoured the scarce participation of the segments located at these
levels in macrocell processes. As of level 5, the icorrmacro Values
remained constantly below —0.1 pA/cm? throughout the monitoring
period. By way of example, Fig. 8 shows icorrmacro €volution at each
rebar level of Column 1b.

The results shown in Fig. 8 reflect the difficulty of clearly defining
the existence of anodic or cathodic regions on the first 30-40 days. At
the end of the curing process, all the segments were in the passive
condition. In this situation, the repercussion of macrocells was negli-
gible, as reported in previous works [37,42]. However, these studies
were carried out in simulated concrete pore solutions [42] or using small
test specimens [37], where macrocell currents may be different from
those in real structures. This was due to the similarity of the electro-
chemical potential of the different segments, while their initial passivity
condition remained in them all. However, this tendency drastically
varied as of 50 days. At level 12, abrupt net electron generation onset
(anodic performance) took place, which also occurred later at level 11,
but less intensely. At the same time, both levels 9 and 10, and level 8 to a
lesser extent, were clearly identified as net electron consumption regions
(cathodes). This performance can be explained by analysing the
sequence in which processes took place during the exposure period.
When partially immersing columns, upper parts began to dry and lower
parts increased the moisture content by creating a moisture concentra-
tion gradient. These conditions allowed chloride diffusion in the zones
below the water line and, albeit much more slowly, chloride accumu-
lation also occurred immediately over the water line due to a rise in
seawater because of diffusion and capillarity. Depassivation due to a
higher chloride content took place in the segments located at lower
levels (as of 50 days in this case), which produced metal oxidation and a
source of electrons to emerge for the rebars that remained under the
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Visual inspection of rebars
C-type column NC-type column

C-type column, level 12 NC -type column, level 12

Fig. 5. Visual inspection of rebars depending on column height (level) and type (C or NC).
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passive condition. As the closest zone and that with greater oxygen
availability corresponded to those of the segments located at levels 8 to
10, the cathodic reaction took place immediately above the water line,
as shown by the macrocell current corrosion in Fig. 8. This was observed
by other authors in tests performed on small slabs [21], although neither
the corrosion rate nor significance of macrocell currents were deter-
mined in this study.

Fig. 8 also shows the scarce participation in the macrocell processes
involving the rebars located at levels 1 to 7, which is observed in the
graphs of Fig. 7 as well.

3.4. Microcell corrosion current (icorr.micro)

Fig. 9 depicts the corrosion intensity evolution of each analysed
segment (icorrmicro) in the four columns. At the beginning of the
exposure period (age 0), the recorded icorr micro Value was lower than
0.1 pA/cm? in all cases. This fact denotes the initial passivity of metal
and lack of corrosion at the end of the curing process [68]. Later mea-
surements revealed a generalised drop in the local corrosion intensity in
the segments from levels 1 to 7 of all the columns regardless of C or NC
types. Reduced moisture in all these regions and lack of chlorides fav-
oured this scenario. Moreover, at levels 8-10, the icorrmicro Values
increased because chlorides were present and, in this case, differences
among columns were clearly seen. At the end of the exposure period, in
the C-type columns (columns 1, 2, 3) the segments at levels 8 and 9 still
had a negligible corrosion level with icorr micro Values below 0.1 pA/
cm?. Nonetheless, values were over 0.6 pA/cm? in the NC-type column
(column 4), which means that the passivating oxide layer that protected
rebars had been destroyed and corrosion onset had begun [68]. These
differences appeared between the C- and NC-type columns because no
depassivation had taken place in the former type (columns 1, 2, 3)
thanks to more steel protection at levels 8 and 9 as a consequence of
them participating as cathodes in macrocell processes, which the pre-
vious section indicates (Fig. 7 and Fig. 8). In other words, the contri-
bution of the electric charge from anodic regions (lower levels)
enhanced steel protection by reducing, or even inhibiting, the oxidation
process. This fact was also noticeable with the rebars located at level 10.

For the segments located at levels 11 and 12, a notable difference was
found between the C-type columns (columns 1, 2, 3) and the NC-type
column (column 4). In the NC-type column, the values for the seg-
ments placed at these levels went from 0.1 to 0.5 pA/cm? at the end of
the monitoring period, which represent a moderate corrosion level ac-
cording to Standards UNE 112072:2011 [62], RILEM TC-154-EMC [68]
and ASTM STP 1065 [69] (Fig. 10b). Nonetheless, much higher values
were obtained in the C-type columns, which went from 0.5 to 8 pA/cm?,
and denote a high corrosion level (Fig. 10a). This greater corrosion was
due to the influence of macrocell currents, which occurred only in the C-
type columns. According to what Section 3.3 states, the segments at
levels 11 and 12 acted as anodes and, therefore, conferred an electrical
charge at higher levels that led to a faster corrosion rate. All these data
coincided with the damages observed during the visual inspection of the
reinforcement at the end of the exposure period. In the C-type columns,
pitting was detected on the rebars at levels 11 and 12, but no damage
was noted at the same levels on NC-type column. Early-stage pitting was
detected at level 9 on the NC-type column, but no damage was notice-
able on the C-type column at the same level.

In the graphs in Fig. 10, differences between column types (C or NC)
also appeared for corrosion onset age. In the segments at levels 11 and
12 of the C-type columns (Fig. 10a), corrosion onset began before 35
days and the icorrmicro values were higher than 0.2 ]J_A/sz (the
threshold at which steel depassivation occurs [68]). Conversely with the
NC-type column (Fig. 10b), corrosion onset occurred later, as of 75 days.
These data reveal that macrocell processes influenced not only rebars’
kinetic activity, but also the corrosion onset period. This was because
chloride ions (negative electric charge) were attracted by metal, which

Construction and Building Materials 389 (2023) 131739

had a positive electric charge as a result of the macrocell current. Thus,
when a macrocell current was present, the chloride diffusion process
was also empowered by the migration process. This hypothesis has been
previously observed [37], nevertheless this study was performed in
small test specimens, where macrocell currents are often lower than in
real structures.

3.5. Moisture content

At the end of the exposure period, moisture content was obtained by
following the gravimetric method (weight change following 168 h at
45 °Q) of the bulk samples obtained from different column heights. This
method is described in [70,71] and some authors have used it for similar
experiments [21]. By way of example, Fig. 11 shows the results obtained
in column 1. These results reflect a high degree of saturation in the
immersed zone, while moisture content at higher levels gradually
dropped with height. At levels 1-6, moisture content was almost 10-fold
lower than in the immersed zone. As a consequence of these differences
in moisture and, therefore, in oxygen availability, plus the differences in
chloride content (see Section 3.6), rebar segments reached distinct
electrochemical potentials, which gave way to macrocell currents
appearing as long as segments were interconnected.

3.6. Chloride content

The chloride content analysis was carried out at different depths with
the drilled-out samples taken at distinct column levels at the end of the
exposure period. The chloride content measurement was taken in
accordance with the procedure described in Standard NTBuild 208 [72].
Fig. 12 contains the obtained results. This figure also shows the critical
chloride content threshold (C.) at which rebar depassivation takes
place according to the bibliography. Although discrepancies appear for
different authors [34,73-76], they tend to take C.i values between
0.6% and 1.0% per cement weight.

At levels 1-7, chloride content in all the columns was residual. These
chlorides came from the materials used to manufacture concrete. In the
closest aerated zone to the water level (level 9) and at the immersed
levels (levels 10, 11 and 12), chloride content was much higher than the
critical threshold. Level 9 was also where the chloride concentration of
the whole column tended to be the highest, probably because it was the
evaporation zone of the water from immersed zones and, therefore,
where chlorides were deposited while water outwardly migrated. Other
authors like Gartnet et al. [67] have also observed this in structures
partially immersed in seawater. Liu et al. [77] have obtained similar
results with numerical analysis models.

Fig. 12 shows that the values obtained at levels 11 and 12 for the C-
type columns were higher (average of 30%) than those for the NC-type
column. These differences can be justified by the fact that the macrocell
currents that existed in the C-type columns generated greater anodic
polarisation in active rebar zones, which favoured chloride migration
(negative electrical charge) towards the steel surface [37].

Although there is a very high chlorides concentration at levels 9-12,
the macrocell currents have conditioned the location of the areas where
corrosion has occurred. Thus, for example, in contrast to the NC-type
column, no damage was found on the rebars of the C-type columns at
level 9 because rebars’ protection increased thanks to the supply of
electrons from the bars located in immersed zones, as this region (level
9) acted as a cathode in macrocell currents (Fig. 5 and Fig. 7). Hence the
electrons loss that resulted from local corrosion diminished in accor-
dance with Eq.1 and resulted in less local corrosion.

3.7. Mass loss due to corrosion
The objective of this study was to quantify the real influence that

macrocell currents have on total rebar corrosion in structures found in
marine environments. To do so, using the data presented in Sections 3.3
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and 3.4, the total corrosion intensity (icorrroTar) Of each segment
making up the rebar of every column was calculated as set out in Eq.1. In
the C columns, where the different rebar segments were electrically
interconnected, the corrosion of each segment was the sum of local
corrosion (icorr.micro) and macrocell corrosion (icorr macro) (Fig. 13a).
In the NC column with no macrocell currents, total corrosion was that
corresponding to local corrosion (icorr micro) (Fig. 13b).

Once the total corrosion intensity evolution of each rebar segment
was known by integrating the icorr roraL-time curve, the mass loss (Am,
calc) that accumulated during the exposure period was estimated in
accordance with Faraday’s law (Eq. (2), as shown by:

t
M
Am, calc = —- /iCORRdt
nF

fo

@

where M is the steel atomic mass (55.845 g/mol), t is the time in sec-
onds, n is the number of electrons released or acquired during the
corrosion process (2 for this case) and F is Faraday’s constant (96845 C/
mol). Mass loss (Am, calc) was obtained as g/cm2 and was, thus, nor-
malised by the rebar surface (1,571 mmz).

Fig. 14 shows the average mass loss per segment value. The results
are logarithmically presented to facilitate their reading.

Fig. 14 clearly shows the significance of macrocell corrosion cur-
rents, especially in immersed regions; that is, those participating in
macrocell proceses as anodes. For example, at level 12, the average steel
loss of the rebar segments submitted to macrocell currents (column C)

11

was 236 mg (more than 400 mg in some cases) but was 30 mg for the
segments at the same level that did not participate in macrocell pro-
cesses (the NC column), which was practically 8-fold lower. A similar
situation was noted at level 11 with mass loss in the segments that
participated in the macrocell processes being 3-fold higher than for the
same segments that did not participate in such processes (129 vs. 43
mg). These records coincide with the damage observed during the visual
inspection of the reinforcement at these levels. Significant pits were
detected in the C-type column, while no damage was found at the same
levels in the NC-type column (Fig. 5). In addition, these data showed the
strong influence that macrocell currents had on icorr rorar in anodic
regions, which could multiply steel loss by between 3- and 8-fold and,
therefore, corrosion damage. These data were much higher than those
collected from works in the literature about small-sized samples, which
quantified the maximum of macrocell significance in corrosion damage
as 65-70% of total corrosion [39,40]. Unlike these works, elements
made to scale were employed, which were able to reproduce the con-
ditions that occur in RCS exposed to marine environments more closely
to reality.

In the segments at level 10, where macrocell currents were very low
(Fig. 7), no clear differences could be established among columns
because mass loss was similar in columns C and NC with 35 mg and 38
mg, respectively.

At levels 8 and 9, and unlike what happened at levels 11 and 12, the
mass loss in the bars submitted to macrocell currents (C-type columns)
was virtually null (<1 mg) and was much lower than that obtained for
the NC column rebars without macrocell currents. In the latter column



J.R. Lliso-Ferrando et al.

Moisture content

Column height (levels)

9 1 Water line |

11

0.2 04 0.6 0.8
Normalised content

12

0
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type, the average mass loss was respectively 12 mg and 85 mg at levels 8
and 9; that is to say, more than one order of magnitude for the difference
with the rebars of the C columns. As Section 3.3 informs, the rebars of
the C columns located at these levels acted as cathodes in macrocell
corrosion processes, which counteracted the electrons loss that took
place by local corrosion and led to less total corrosion. In short, these
data demonstrated that macrocell currents increased corrosion in some
structure zones, but reduced it in others. This is again in line with that
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observed during the visual inspection (Fig. 5). No damage was detected
at these levels (8 and 9) on the C-type column, but early-stage pitting
was detected at level 9 on the NC-type column.

In the rebars located at levels 1-7, mass loss was practically null in all
cases (almost the same or below 1 mg). Lack of chlorides and greater
concrete resistivity in these regions favoured no active corrosion pro-
cesses taking place in these stretches, which resulted in substantial mass
loss. No damage was detected during the visual inspection in the rebars
at these levels on both the C-type and NC-type columns.

4. Conclusions

In RCS partially immersed in seawater, both a moisture gradient and
chloride concentration occur, which give way to macrocell currents.
Four scale-size columns were used in this study in such a way that the
macrocell currents roughly corresponds to that expected for real struc-
tures located in the marine environment. The columns were partially
immersed in seawater for 407 days. The obtained results allow the
following conclusions to be reached.

1. The macrocell currents have a strong influence on the corrosion. The
corrosion rate in anodic areas increased by more than one order of
magnitude related to identical rebars that did not take part in mac-
rocell processes (0.5 to 8 uA/cm? vs. 0.1 to 0.5 pA/cm?). As a
consequence, steel mass loss by corrosion was almost 8-fold higher in
some immersed zones at the end of the testing period.

2. In the closest aerated zone to the water line, where the chloride
content and the microcell corrosion are very high, the macrocell
current also has a strong influence. This current acts by bringing
electrons from the more submerged area (which counteract the
electrons loss by microcell corrosion), with values between —0.5 and
—1.5 pA/cm? by the end of the monitoring period. As a result, the
total corrosion rate was negligible (below 0.1 pA/cm?) and the steel
mass loss by corrosion was reduced by about two orders of magni-
tude related to identical rebars that did not take part in macrocell
processes.

3. The participation of the rebars located in the aerial zone that act as
cathodes diminishes as the distance to the water surface grows owing
to resistivity of concrete. From 30 to 40 cm above the water level, the
recorded macrocell currents were lower than 0.1 pA/cm? (almost
negligible) by the end of the study period in all cases.
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4. In the columns where rebar segments are located at different heights
and are not electrically interconnected, maximum corrosion takes
place in the aerial zone closest to the water surface. However, in the
columns where electrical continuity exists in rebars (where macro-
cell currents exist), maximum corrosion occurs in immersed zones.
This latter case reproduces the real performance of RCS partially
immersed in seawater.

5. Macrocell currents lead to electron migration from anodic regions to
cathodic ones, which results in chloride ions (negative electrical
charge) being drawn by anodic regions (positive electric charge).
Consequently, when a macrocell current is present, the chloride
diffusion process is also empowered by a migration process, with a
30% higher chloride content around the bars in the anodic regions.
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