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Abstract

Carbonation of concrete is in the concrete and cement research community often assumed to lead to reinforcing steel corrosion. This mindset has long
dictated the research priorities surrounding the developments towards low-emission binders. By reviewing documented practical experience and scientific
literature, we show that this widely held view is too simplistic. There are many cases from engineering practice where carbonation of the cementitious
matrix surrounding the steel did not lead to noticeable corrosion or related damage at the level of a structure. The influencing factors that can, however,
lead to considerable corrosion damage are identified as the moisture state, the microstructure of the carbonated concrete, various species that may be
present —even in minor amounts — in the concrete pore solution, and the cover depth.

The circumstance that a reduced pH alone is not sufficient to lead to significant steel corrosion in concrete seriously challenges the established approach
of assessing the durability performance based on carbonation testing and modeling. At the same time, this circumstance offers great opportunities for
reducing the environmental impact of concrete structures with low-emission binders. To realize these opportunities, the focus in research and engineering
should shift from studying carbonation to studying corrosion of steel in carbonated concrete.

Keywords: Carbonation; Corrosion; Cracking; Durability; Sustainability

carbonation resistance due to the lower pH buffer capacity
than cements forming high amounts of Portlandite.

1 Introduction

Carbonation of concrete has received research attention
almost 100 years ago [1, 2] with a marked increase over the
last decades (Fig. 1b). This increase in scientific studies can
primarily be related to the development of a growing variety
of “modern” cementitious binders. Many of these cements
have the potential to offer environmentally-friendly (low CO,
emissions) and sustainable alternatives to traditional
cements, given that the structure for which the cement-based
material is used for is durable over its entire design service
life. However, these modern cements generally have a lower

For successful application of cementitious materials in
construction of reinforced concrete (RC), the question is not
if the concrete carbonates, but if this carbonation ultimately
leads to relevant damage of the structure. The process of
carbonation of cementitious materials may have various
beneficial and adverse effects. For instance, carbonation
removes CO, from the atmosphere [3] and can improve
mechanical properties of the concrete, at least for Portland
cement [4]. On the other hand, carbonation may negatively
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influence the freeze-thaw resistance or shrinkage behavior of
the concrete [5, 6]. One of the most frequent concerns of
carbonation is that the resulting decrease in pH presents a risk
for corrosion of the reinforcing steel.

Figure 1a summarizes the sequence of the involved, coupled
processes, starting with carbonation of the cover concrete (A)
which may — under some conditions — lead to loss of steel
passivity (B), which in turn may — under some conditions —
lead to active corrosion (C). Finally, this steel corrosion
process may —again under some conditions — lead to damage
at the structural level (D). Figure 1b illustrates that the
different involved processes have not received comparable
attention in research over the last decades. In fact, by far most
of the research addressed carbonation of the cementitious
phases and only a minor number of studies have looked into
the related corrosion processes. Even more stunning is the
fact that only a negligible number of studies have
documented practical experience of the conditions under
which carbonation of the concrete surrounding the
reinforcing steel has led to structural damage.

This lack of knowledge, in particular the lack of quantification
of corrosion rates after depassivation, has major implications
for the sustainable and cost-efficient use of low-emission
binders. Current approaches in standardization and durability
design are largely based on the strategy of “avoiding
carbonation of the concrete cover” (step Ain Figure 1a) rather
than “avoiding corrosion” (step C) or “avoiding damage” (step
D). This current concept is for instance reflected by test
methods for “carbonation resistance” used as durability

indicators in some countries. To some extent, however,
standards already implicitly consider that carbonation does
not always lead to corrosion and damage, as is apparent from
the low cover depth requirements in moderate humidity
exposure conditions (taking the European standards as
example, this corresponds to exposure class XC3, Table 1).
While this empirical approach may work for XC3, for durability
design in wet/dry exposures (XC4), on the other hand, taking
into account the corrosion propagation phase cannot be done
in an empirical manner, but needs fundamental
quantification of the relevant processes.

It is the motivation of this paper to elaborate under what
conditions carbonation of reinforced concrete leads to
corrosion and corrosion-induced damage at the structural
level. To this aim, we review documented experience from
engineering practice and rationalize these observations on
the basis of state-of-the-art scientific understanding,
identifying the underlying mechanisms and the controlling
factors.

2 Corrosion-related damage of RC structures — a
short review of possible limit states

Corrosion-related damage of RC may come into effect
through different mechanisms, as reinforcement corrosion
may impair the structural serviceability and load bearing
capacity in different manners.

a) Sequence of processes leading to carbonation-induced damage to RC structures

A B Cc D
Carbonation Depassivation Corrosion Damage
of concrete of reinforcing of reinforcing .. . . atstuctural level
cover steel steel (cracking, spalling, loss
of steel section or bond)
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fet .
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Figure 1. a) Coupled processes leading to carbonation induced damage to reinforced concrete structures; b) Research attention illustrated by a
Boolean search on ISI Web of Science, revealing that by far most of the scientific literature regards carbonation of the concrete, while only
relatively few studies addressed steel corrosion in carbonated concrete. Moreover, it should be noted that even though ,corrosion” appears in
the title of some publications, there is no guarantee that corrosion is in fact addressed in the publication.

Table 1. Exposure classes for carbonation induced corrosion and related concrete cover requirements in the European standards ([7, 8])
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Exposure Description Examples Minimum
class cover*

XC1 Dry or permanently wet Indoor with low air RH or permanently submerged 15-20 mm
XC2 Wet, rarely dry Long-term water contact (e.g. foundations) 25-30 mm
XC3 Moderate humidity Indoor with moderate or high air RH, external concrete sheltered from | 25-30 mm

rain
XC4 Cyclic wet and dry Periodic contact to water (e.g. facades, balconies) 30-35 mm

* For structural classes S4 and S5 and service life 50 years, in combination with requirements for concrete composition and compressive strength

according to EN206

2.1 Rust staining and cracking and spalling of
the concrete cover

The formation of insoluble corrosion products that precipitate
in the concrete pore system may lead to expansive stresses
and cause cracking and spalling of the concrete cover [9].
Moreover, the corrosion products may appear at the
concrete surface in the form of red-brown rust stains.

Rust staining and concrete surface cracking and spalling are
undesirable for a number of reasons. For instance, it is not
tolerable if concrete pieces spall off and fall down on areas
frequented by pedestrians or traffic. Moreover, cracking and
spalling are a degradation of the protective concrete cover
and generally impair the durability and fire-resistance of the
structure. It should be noted, however, that these
consequences of the corrosion damage, namely cracking and
spalling, are primarily serviceability issues and will generally
not immediately compromise the structural load bearing
capacity.

2.2 Loss of bond at the steel-concrete interface

Different processes resulting from rebar corrosion may affect
the bond between steel and concrete: On the one hand the
sectional loss of the corroding rebars (gradually eliminating
the ribs on the surface and widening the interspace between
steel and concrete) likely reduces the bond at the steel-
concrete interface. On the other hand, the filling of the voids
at the SCI with corrosion products may to some extent
compensate for the sectional loss effects. In this regard,
Cabrera [10] showed that the bond strength first increased
(by approx. 20%) with degree of corrosion (up to 2-3% weight
loss on 12 mm diameter bars, which corresponds to approx.
0.1 mm of corrosion attack), after which further corrosion
caused a significant reduction in bond strength. Very similar
results were also obtained by others, e.g. [11]. However, in
these studies corrosion was accelerated (chloride solution
and/or impressed current), and thus, the results should be
applied to practical conditions with caution [12, 13]. Further
data revealing similar trends can be found in [14]. In short, it
appears that substantial corrosion attack of the steel is
needed (above 0.1 mm) to lead to a reduction in bond
strength. Finally, at later stages in the corrosion propagation
stage, the bond may also be affected as the result of concrete
cracking and spalling.

2.3 Reduction of reinforcing steel sectional
area

The corrosion process leads to a loss of solid metal and thus
to a reduction of cross sectional area of the corroding steel. In

principle, a reduction in steel sectional area will impair the
stiffness and ultimately the load-bearing capacity of RC
structural members. This requires substantial corrosion rates
over prolonged time, which rarely occurs in carbonated
concrete as will be shown later in this review.

2.4 Relevant limit state in engineering practice

The sectional loss of the rebar due to carbonation-induced
corrosion (in the absence of chlorides) is generally not
considered a relevant limit state, because — as will be shown
in this review — the observed sectional losses are typically
found too small to significantly impair the load-bearing
capacity or the stiffness of the structure. Before sectional loss
becomes relevant, extensive concrete cover cracking and
spalling occur. Thus, carbonation-induced corrosion is
primarily considered a serviceability issue.

3 Review of documented cases from engineering
practice
3.1 Common practice of condition assessment

The common practice used in inspecting structures is typically
based on a first visual assessment of the structure, especially
the concrete surface. Rust stains, cracks and areas of spalling
are documented. Moreover, in the case of carbonation
exposure conditions, it is common to determine the
carbonation depth with the help of indicator solutions
(phenolphthalein or lately thymolphthalein), and to assess
the degree of corrosion attack at the reinforcing steel,
generally through local removal of the concrete cover and
visual assessment of the steel. A delamination survey (e.g.
hammer tapping) can further assist with identifying
corrosion-damaged areas that have not started to show any
signs of damage on the surface. These engineering practices
are well-documented in national and international standards
and guidelines [15-17]. The measurement of additional
parameters such as electrochemical potential, electrical
concrete resistivity, or instantaneous corrosion rates on-site
is comparatively rare for carbonated structures.

The measurement of carbonation depths further allows the
estimation of carbonation coefficients specific to the concrete
and prevailing exposure conditions. In combination with
cover depth measurements, this may then be used to predict
the remaining time until carbonation reaches the steel.

These inspection practices determine the sort of data that is
available for the present review as presented in the following.
Note that in this section, only experience from engineering
structures (ensuring practice-related materials and exposure
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conditions) is considered. Knowledge from laboratory and
theoretical studies is considered in section 4.

3.2 Depassivation and initiation of corrosion in
carbonated concrete

There are many documented cases where the carbonation
depth has approached, reached or exceeded the reinforcing
steel depth and where the reinforcing steel shows signs of
corrosion. A typical example is shown in Fig. 2a. However,
there are also cases such as the one shown in Fig. 2b where,
despite the steel being surrounded by carbonated concrete,
no signs of corrosion can be visually seen on the rebar. In both
cases, the carbonation depth had clearly exceeded the cover
depth, suggesting that by the time of inspection, the steel had
been surrounded by carbonated concrete already for a
significant time, at least several years. Figure 2a shows a mild
degree of reinforcement corrosion, with little to no
appreciable damage to the steel surface. While corrosion in
carbonated concrete is generally less aggressive and
destructive to the steel compared to chloride-induced
corrosion, it needs to be noted that carbonation-induced
corrosion can, in some cases, also result in significant damage
to the steel over time (Fig. 2c). These examples highlight that
the reduced pH in carbonated concrete alone is not sufficient
to lead to reinforcement corrosion, and that other factors
play an important role in potentially promoting corrosion-
related damage in carbonated concrete.

3.3 Corrosion rate

Since corrosion rates can vary greatly over time, we
distinguish between instantaneous corrosion rates (e.g.
measured at a single point in time) and average corrosion
rates (averaging the temporal variability over extended time
periods, such as a year) [18].

Data on instantaneous corrosion rates in carbonated
concrete are available in the database of Geocisa [19], which
contains more than 3000 independent measurements of
instantaneous corrosion rates for steel in carbonated
concrete structures. Out of these data, 80% are values below
1 um/y, and about 98% are values below 10 um/y. Only in
very rare cases were higher corrosion rates measured, with a
maximum of less than 100 pm/y. In agreement with this,
Rebolledo et al. [20] reported instantaneous corrosion rates
around 1-5 um/y in two carbonated structures in Spain, and
Revert [21], based on the inspection of a purification plant in
the southern part of Norway estimated average corrosion
rates of 1-3 um/y.

Further data are available from facades and balconies in
Finland [22, 23]. It should be mentioned, however, that the
instantaneous  corrosion rate measurements  (with
electrochemical techniques) were not performed directly on
rebars in the structures, but on installed sensors. These
sensors consisted of steel electrodes (diameter 4 mm) located
at cover depths 5, 10, and 15 mm. The surrounding concrete
was produced from Portland cement, with high w/c of 0.8,
and carbonated at 4% CO, prior to being installed on the
structures. The measurements clearly showed the impact of
the exposure conditions and yearly variations. The balcony

sidewalls that were directly exposed to wind-driven rain (XC4)
showed up to 10 times higher corrosion rates than the
bottom of the balcony slabs (sheltered, XC3). For structural
members exposed to rain, the corrosion rates varied
considerably over time, namely in the range 0.5 um/y (dry
periods) to 30 um/y (wet periods, wind-driven rain exposure).
The yearly average was between 3 and 15 um/y. It should be
noted that the cover depth was very low and the concrete
was relatively porous [22, 23] with respect to what standards
would prescribe (e.g. Table 1). Thus, the recorded peak
corrosion rates during wet phases can be considered
relatively high.

o — = -
RN AT
Figure 2. Examples of reinforcing steel visually inspected upon local
removal of concrete during the assessment of reinforced concrete
structures. a,b) Facades of storage buildings in Switzerland. In both
cases shown, the cover depth was 22 mm, the carbonation depth was
33-38 mm, and the rebar diameter was 8 mm. In a) the rebar was
slightly red/brown indicating corrosion initiation, while in b) there are
no signs of corrosion at all. (Photographs, courtesy of Ueli Angst); c)
Example of significant damage to the reinforcing steel as a result of
carbonation-induced corrosion on a bridge abutment in South Africa
(photograph courtesy of Hans Beushausen).

Finally, the observations from ancient buildings reported in
[24] should be mentioned. In this work, 20 historical artefacts
from different structures, ranging in age between 80 and
1700 years, were analyzed. The samples consisted of iron or
steel embedded in various cementitious binders. While the
youngest sample was a contemporary concrete (found to be
“at least partially carbonated”), some of the older samples
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consisted mainly of calcite and the pH of these binders was
reported to be around 8. Based on microscopic analyses of
the corrosion product layers, the average corrosion rates
were estimated at 2 um/y. While little information is available
about the damage caused to the surrounding cementitious
matrix, the study indicates that the corrosion process of steel
in carbonated binders exposed to the environment over long
times is very slow.

These empirical findings are also reflected by the (averaged
over time) corrosion rates indicated in the Duracrete
guidelines [25] that are of the order of 5 um/y for XC4
exposure class.

3.4 Damage at the structural level

Imamoto et al. [26] reported observations from 21 reinforced
concrete buildings in Japan. Figure 3 shows the results of the
visual assessment of the reinforcing steel bars. For the
purpose of the present paper, similar data from inspections
of Swiss concrete structures was collected. This data came
from >40 structures, comprising 195 local inspections. It is
important to note that Figure 3 only considers cases where
the carbonation depth had already reached the steel depth.
Despite the steel being surrounded by carbonated concrete
in all these cases, no signs of corrosion were found on the
rebars in a substantial portion (approx. 10-30%). A further
substantial portion (approx. 50-70%) of the evaluated
structures showed only slight signs of corrosion. These
typically include a few rust spots or superficial rust that does
not mean relevant damage to the engineering structure. The
most remarkable result in Fig. 3 is that only in about 10-15%
of all these structures, relevant corrosion damage was
apparent on the examined steel surfaces. There was no

systematic correlation between the age of the structure and
the degree of damage.

Figure 4 reports results from visual assessments of concrete
surface of structures in Finland. These data were collected in
a study by Lahdensivu [27], in which pre-cast concrete
element buildings constructed between 1961 and 1996 were
inspected after 15-50 years. The data are here re-analyzed for
the purpose of this review. Figure 4 details the fraction of
carbonated structures showing no, local, or widespread
damage. Similar to Figure 3, widespread damage was only
found in a minority of cases (<20%), although the reinforcing
steel had been in carbonated concrete for some time.

In analyzing these observations, the investigators of the Swiss,
Japanese, and Finnish structures came up with very similar
explanations. First, damage only occurred in situations of low
cover depth in combination with high moisture conditions.
For vertical elements such as facades or balcony side walls,
“high moisture conditions” occurred for exposure to wind-
driven rain (XC4). For the balcony soffits (sheltered from rain,
in principle XC3), the observed local damage could be
explained by the local access to water due to the water
drainage system, which consisted of a gap between the
balcony slab and the parapet. This detailing (common in the
1970s) allowed rain flowing along the surface of carbonated
concrete of the balcony slab. For the structures in Finland, it
was clearly concluded that many of the observed cases of
damage were correlated to low cover depths. According to
the Finnish building regulations the cover depth of
reinforcement should for all inspected structures have been
min. 20 mm, even in the buildings built in 1970s. However,
due to insufficient quality control, 20-40% of the cover
depths were less than 20 mm.

Switzerland Japan
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Figure 3. Observations from concrete structures, summarizing the visually apparent damage at the rebar surface upon inspection. Only cases
where the carbonation front had already reached or exceeded the rebars at the time of inspection were considered. Despite this, relevant
corrosion was only found in a minority (10-15%) of the cases. Based on 195 observations from Switzerland (so far unpublished data) and 21
observations from Japan [26], based on criteria of the Japan Concrete Institute). Age of the structures 20—100 years. Swiss data mostly based on

Portland cement, Japanese data including slag cement.
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Figure 4. Observations from Finnish concrete structures, summarizing the visually apparent damage at the concrete surface upon inspection.
Local damage = few cracks, e.g. at corners or close to water drainage gap; widespread damage = cracking and spalling. Only cases where the
carbonation front had already reached or exceeded the rebars at the time of inspection were considered. Despite this, widespread corrosion was
only found in a minority of the cases. Based on 793 inspected structures, age approx. 15-50 years, generally Portland cement [27].

A further analysis of the inspection results from the Finnish
concrete facades (Fig. 5) illustrates the importance of the
concrete cover in limiting damage. Spalling was only observed
at very shallow cover depths (<10 mm), irrespective of rebar
diameter and of the duration of corrosion propagation (tcor).

In agreement with this, Su et al. [28] reported the inspection
of a large 75 years old carbonated concrete structure. It was
concluded that corrosion-induced concrete spalling only
occurred in zones where the cover depth was below 25 mm.
Despite carbonation, areas with larger cover depths were
described as “sound”, irrespective of the exposure direction
with respect to rain and wind. Already Hamada [2] observed
that corrosion damage in carbonated concrete correlated
with exposure to rain and wind. Today, the importance of
humidity in corrosion of steel in carbonated concrete is well
acknowledged, as reflected in textbooks and reports such as
Refs. [29, 30]. The importance of moisture is also reflected in
the exposure dependent requirement in standards (Table 1).
However, as claimed in this paper, the understanding of the
role of moisture is not yet used to facilitate sustainable design
of reinforced concrete structures.

4 Mechanisms
4.1 Depassivation and initiation of corrosion in
carbonated concrete

The term “corrosion initiation” is in this review, and likely also
in many other published documents, understood as the
transition from a stable passive state to a state where active
corrosion is not only possible, but also occurs at a certain
minimum rate to lead to at least some signs of corrosion, e.g.
rust spots on the rebar (see Fig. 2a and Fig. 3). Figure 1
schematically showed the corresponding sequence of
processes occurring, i.e. from carbonation (A), over
depassivation (B), to corrosion (C).

This transition is generally explained by the loss of
thermodynamic stability of the passive film on the steel upon
a shift of the pH towards less alkaline values. Figure 6,
however, shows that at electrochemical potentials of
reinforcing steel generally observed in atmospherically

exposed structures, passivity is thermodynamically still stable
even at comparatively low pH values such as around 8. To
explain carbonation-induced corrosion, additional factors
have thus to be considered.
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Figure 5. Visual inspection of concrete facade panels in Finland (age
29-37 years). Rebar diameters spanned between 3 and 12 mm, cover
depth between 2 and 31 mm. a) tewr is the time from when the
carbonation front had reached the steel until the inspection (based
on core samples). Circles = concrete spalling; triangles = concrete
cracking. b) number of cases vs. concrete cover depth.
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A common additional influencing factor is the presence of
chlorides, even at low concentrations. It is well known that
chlorides destabilize the passive film, and it is generally
recognized that the ratio of chloride to hydroxyl ions, CI"/OH~
, plays an important role [31, 32]. A decrease of pH will
significantly raise the CI7/OH" ratio [33, 34]. This behavior is on
the one hand due to the decrease in OH™ concentration, on
the other hand due to the release of bound chlorides upon
carbonating the cementitious phases (for instance, due to the
decomposition of Friedel's salt). Figure 6b shows an example
illustrating the increase of CI/OH™ during carbonation of a
Portland cement mortar containing admixed chloride. The
threshold CI"/OH™ ~ 1, which is generally assumed sufficient
for corrosion initiation [33, 34], is at pH 12 already exceeded
by approx. 1 order of magnitude. In addition to an increase in
CI~ concentrations, elevated sulphate and bicarbonate
concentrations in the pore solution of carbonated concrete
may play a role in the destabilization of the passive layer [34,
35].
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Figure 6. a) Pourbaix diagram (valid for ferrous ion concentration of
10E-6 mol/Il, ambient temperature and pressure and the absence of
chlorides or other ions), illustrating that passivity is under these
conditions still stable at electrochemical steel potentials expected in
aerated concrete structures (exposure classes XC3, XC4) even upon
carbonation. b) change of CI"/OH" ratio (red arrow), measured with
combined pH and chloride sensors embedded in a Portland cement
based mortar exposed to carbonation under laboratory conditions
(adopted from [33]).

Thus, even at very low chloride contents in the concrete, well
below the admissible numbers stipulated in standards such as
EN 206-1 [8], the CI"/OH™ ratio will rise upon carbonation and
may easily become the cause for destabilizing the passive film
(depassivation) at pH values still above those that can be
detected with indicators such as phenolphthalein. This may
explain the observation that corrosion occasionally initiated
“ahead” of the carbonation front, as reported in the literature
[36].

Another effect promoting depassivation at pH values around
8-9 may be the formation of small galvanic cells. This is
supported by the view that corrosion of metals in meso-to-
macro-porous media is a non-uniform process at the
microscopic scale [37]. The complexity of the steel-concrete
interface [38] gives rise to local heterogeneities in water
presence at the steel surface, and may thus promote local
differences in pH and oxygenation (similar to the “Evans
drop” [39]).

Finally, the discrepancies found in the literature between the
location of the carbonation front and corrosion might — in
some cases — be explained by the variability of the
carbonation depth. In particular, spatial variation of the
carbonation depth was reported in the vicinity of the
reinforcement, giving rise to discrepancy between
carbonation in the reinforced specimens and in companion
unreinforced specimens often used for determination of
carbonation depth in laboratory investigations [40]. The
geometrical impact of embedded steel on carbonation
penetration was also observed by Kolio et al. [41], who
reported deeper carbonation depths close to the
reinforcement in in-situ exposed concrete.

Itisimportant to note that the review of practical experiences
in section 3 revealed that carbonation does not always lead
to corrosion (see Fig. 2b and Fig. 3). In the example shown in
Fig. 2b, the measured carbonation depth was so clearly
beyond the reinforcement that the explanation of local
variability of the carbonation front can be excluded. In the
cases summarized in Fig. 3, a third of the structures where the
carbonation depth had reached the steel did not show any
signs of corrosion. Thus, there must be conditions under
which, even upon carbonation (step A in Fig. 1) depassivation
does not happen (B) or no active corrosion occurs (C) so that
no rust is generated on the steel surface.

4.2 Corrosion rate
4.2.1 Fundamental processes controlling the
corrosion rate of steel in cementitious

media
Many studies have revealed the dominating role of moisture
in the electrochemical process of corrosion of steel in
carbonated concrete (Fig. 7). This knowledge has also entered
textbooks [29] and to some extent standards (Table 1). A
number of studies showed that the instantaneous corrosion
rate in carbonated concrete increases exponentially with the
relative humidity in the concrete [42-46]. This relationship
was recently explained by the dual role of the pore structure
of the cementitious medium surrounding the embedded steel
[37]. First, the pore structure governs the amount of water
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that is held in the pore system when in equilibrium with a
given exposure moisture condition. The internal concrete
moisture content controls the amount of water present at the
steel surface, which leads to the concept of the
“electrochemically active steel area”. This concept essentially
means that in dry concrete, only a minor fraction of the steel
area is in contact with liquid water and thus most of the steel
cannot corrode at significant rate, while in wet concrete, this
area fraction increases and leads to higher corrosion currents
[46]. Second, the pore structure controls the rate at which
ferrous ions, released at the rebar surface in the anodic iron
dissolution reaction in the corrosion process, can be
transported away [37]. This transport process influences the
ferrous ion concentration at the electrode and thus has a
direct impact on the electrochemistry of the system. As a
consequence of this electrochemical effect, denser media
restrict the corrosion process more than comparatively
porous systems. In summary, it is the interplay of the concrete
pore structure and the exposure moisture condition, which
governs the kinetics of the electrochemical iron dissolution in
carbonated concrete.

It might be worth mentioning that these two fundamental
influencing factors (pore structure and moisture condition)
influence the electrical resistivity of the concrete. The denser
the pore structure and the drier the concrete, the higher
becomes the electrical resistivity. Thus, an inverse relation
between the electrical resistivity and the instantaneous
corrosion rate can generally be found. This relationship,
however, is not a causal relationship.

Finally, the corrosion rate may be influenced by the chemical
composition of the electrolyte. A number of species are
known to affect the corrosion kinetics, including carbonate,
bicarbonate, nitrate, nitrite, sulfate, and sulfide ions [35, 42,
51, 52]. Studies quantifying the effect of the electrolyte
chemistry on the corrosion rate are, however, limited.

4.2.2 Conditions in structures governing the
corrosion rate

Under site conditions, the internal concrete temperature
follows the air temperature very closely, whereas the internal
RH changes more slowly upon external RH variations. This
pattern is interrupted by contact with liquid water (rain or
condensation), which —through capillary suction —can lead to
a fast increase of the moisture content in the concrete, at
least in the zones near the surface. For the corrosion process,
however, it is the moisture and temperature state at the
depth of the rebar that matter.

Daily and seasonal fluctuations of the local weather are well
known to lead to a dynamic behavior of the resulting
corrosion rate over time [23, 53-56]. An example is shown in
Fig. 8, where the instantaneous corrosion rates measured in
the Finnish fagades (at very shallow cover depths) were of the
order of 30 um/y during rain events, and dropped to below 1
um/y during the dry periods. In situations with more realistic
cover depths, the internal moisture state may likely vary less.
Assuming that during the wet periods the internal concrete
RH at the steel surface approaches values around 95-100%
RH, according to Fig. 7, the instantaneous corrosion rate may

be around 10 um/y. If, at very high moisture exposure,
capillary saturation can be reached at the rebar depth, the
instantaneous corrosion rate may be above 10 um/y, and
even, but only in extreme cases, assume values of the order
of 100 um/y. Note, however, that this can only be achieved in
cases of shallow cover depth and/or coarse pore structure of
the carbonated concrete cover, in combination with severe
exposure conditions. This reasoning is in agreement with the
practical observations reported in section 3, where relevant
corrosion damage was only found in situations of low cover
depths and pronounced wetting exposure.
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Figure 7. a) Distribution of literature values for the instantaneous
corrosion rate in carbonated concrete as a function of moisture
exposure condition (adopted from the literature review by Stefanoni
et al. [47] that is based on more than 20 publications, and including
more recent data from [46, 48-50]. The width of the blue areas
indicates the frequency of occurrence of the different values in the
reviewed literature; the crosses are estimated mean values; n is the
number of studies. b) Data from studies reporting instantaneous
corrosion rates for different moisture states (all corrosion rates were
normalized with the max rate reported in “contact with liquid
water”).
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Figure 8. Data from monitoring of a structure (balcony) in Finland over
two years, illustrating the correlation between wind driven rain and
instantaneous corrosion rates typical for XC4 exposure conditions
(corrosion rate sensors at depths 5-15 mm). Data from [23].

Itis also worth mentioning that the conditions most favorable
for carbonation are at considerably lower RH than the values
needed to promote relevant corrosion. Thus, exposure
conditions that combine dry periods (to favor carbonation)
with wet periods (to promote active corrosion in the
carbonated concrete) are needed to lead to significant
corrosion attack (exposure class XC4, Table 1). This alternating
exposure, however, means that the corrosion rates of the
order of 10 um/y, expected at shallow cover depths, only
occur during a fraction of the service life of a structure (wet
periods), and thus, the average rate of loss of steel (integrated
over the dry and wet periods) for XC4 exposure will be
considerably lower.

Apart from the exposure climate, another factor that may
play a role in concrete structures is the possible influence of
macro-cell formation. It is well known that the pronounced
cathode/anode area ratio (C/A) in chloride-induced corrosion
can significantly enhance the corrosion process through
galvanic corrosion [57, 58]. Concerning the effect of macro-
cells in carbonation-induced corrosion, fewer studies are
available. Figure 9 summarizes the results from three
laboratory studies [48, 49, 53]. These studies indicate that
macro-cell formation can raise the corrosion rate, generally
by 50 to 250% for cathode/anode ratios around 1. The impact
increases with increasing C/A ratio. It should be noted,
however, that these laboratory studies were carried out at
relatively high moisture conditions and with cathode-anode
distances of only a few centimeters. Caution should thus be
exercised when applying these findings to practical
conditions, where these two parameters may differ. The
macro-cell contribution is strongly influenced by the ohmic
cell resistance of the system. This ohmic resistance is
governed by the C-A distance and the electrical resistivity of
the concrete between C and A. Short C-A distances may in
practice occur, for instance in the situation where the first
layer of reinforcing steel is in carbonated concrete (anode)
and the second layer is still in uncarbonated concrete
(cathode). However, such a condition would only exist for a
limited time during the service life of a structure. On the long-
term it is expected that C-A distances are comparatively large

in structural members of practical dimensions. Additionally,
the electrical resistivity of the concrete in practice may be
higher than under the conditions in the studies shown in
Fig. 9. Both these factors tend to reduce the macro-cell action.
Nevertheless, the available results suggest that the corrosion
rates may be enhanced through macro-cell formation at most
by a factor of 2-3. Thus, macro-cell formation is possible, but
expected to be of minor importance compared to the effect
of moisture.
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Figure 9. Contribution of macro-cell formation to the instantaneous
corrosion rate in carbonated concrete, expressed as ratio of macro-
cell current / micro-cell current. Data from laboratory studies. Macro-
cell currents were measured as the galvanic current between anodic
steel (in carbonated concrete) and cathodic steel (in alkaline
concrete). Micro-cell currents of the steel in carbonated concrete
were measured with electrochemical techniques in [48, 49] and
estimated through gravimetric measurements in [53]. C = cathode, A
=anode.

4.3 Damage at the structural level

As became apparent from the review of practical experience
and fundamental mechanisms, the corrosion rates in
carbonated concrete are generally negligibly low, except for
periods of elevated concrete moisture conditions. Over time,
however, corrosion products may accumulate and cause
concrete cracking and spalling. This is because the
precipitation of corrosion products within the pore system of
the concrete may, under some conditions, generate
crystallization pressure and lead to macroscopic expansive
stresses. Various researches proposed models to predict the
concrete surface cracking due to reinforcing steel corrosion in
carbonated concrete. A review and critical analysis of such
models can be found in [59], where it was concluded that
there exists still no model that can reliably predict corrosion-
induced concrete cracking. This finding can be traced back to
the complexity of corrosion-induced concrete cracking and
the numerous influencing factors potentially playing a role.

Due to this lack of quantitative models, a pragmatic approach
has generally been used, namely that of a simple “threshold
of corrosion penetration that leads to concrete cover
cracking” (prit). This critical corrosion attack is expressed in
terms of accumulated loss of steel. Although the numbers
given in the literature are of generally dubious theoretical
origin, pcrit appears to be around 20-100 um [12, 41, 60-62].
Hunkeler et al. [63], based on inspections of structures and on
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laboratory data, concluded that pg is not a constant, but
depends on a number of influencing factors. Similar
conclusions were also drawn in the extensive work carried out
by Fischer [64] and Bohner [65]. Summarizing these three
reports, it was concluded that the concrete cover depth, the
rebar diameter, the corrosion rate, and properties of the
cementitious matrix surrounding the rebar (sometimes
referred to as “porous zone” accommodating the
precipitating corrosion products) are the most dominant
factors. Additionally, mechanical properties of the concrete
may play a role (as e.g. reflected by the approach proposed in
Duracrete 1998).

Figure 10 illustrates the relative importance of the different
influencing factors on the basis of a calculation example by
Bohner [65]. According to this example, the by far most
important parameter is the corrosion rate, followed by the
cover depth. Supporting evidence for the dominant role of
the corrosion rate can also be found in [13, 64]. The slower
the corrosion rate, the more time is available for corrosion
products to diffuse away from the rebar and precipitate at
more distant locations. This mechanism also means that
accelerated laboratory testing tends to lead to concrete
cracking at lower p.ir compared to generally slower corrosion
processes under site conditions [12, 13].

An investigation of carbonation-induced cracking of concrete
cover in concrete samples exposed to natural South African
environments [66] indicated that concretes with blended
cements take more time to cracking compared to plain
Portland cement concrete, especially at larger cover depths.
However, this cracking was connected to a significantly higher
pait. This was explained with a generally coarser pore
structure and increased microcracking in carbonated blended
cement concretes, compared to Portland cement concrete,
which facilitates the uptake of corrosion products without
damaging the concrete. The study also revealed the general
trends that the time required for cover cracking to occur in
carbonated concrete increases with a decrease in concrete
quality (i.e. increase in w/b ratio) and an increase in cover
depth.

Concrete cover

Porous zone

Porosity

Concrete
Young's
modulus

Concrete strength

corrosion rate

Figure 10. Relative importance of different influencing factors for the
concrete cover cracking due to carbonation-induced corrosion,
calculation example for a reinforced concrete column according to
[65].

5 Implications and research needs
5.1 Summary of relevant processes

From this review of practical experience and scientific
understanding it can be concluded that carbonation alone is
not a cause for reinforcing steel corrosion. Other factors play
important roles in triggering and promoting active corrosion
and in generating damage at the structural level. Hence, the
focus in research should shift from studying carbonation to
studying corrosion of steel in carbonated concrete (Fig. 1).

Figure 11 summarizes the corresponding processes. The most
dominant influencing factors are 1) the time-dependent
exposure climate (rain, ambient RH, temperature), 2) the
concrete cover depth, and 3) the microstructure of the
carbonated concrete. These parameters play a crucial role in
the temporospatial moisture distribution around the rebar.
Furthermore, the pore structure of the carbonated concrete
directly influences the instantaneous corrosion rate, and the
concrete cover depth is an important parameter in controlling
the damage at structural level, since higher cover depths
mechanically delay cracking and spalling.

These aspects have implications for research related to the
design of durable new materials and structures, inspection
and condition assessment as well as prevention and repair of
existing structures, as discussed in the following sections.

5.2 Design of new materials and structures
5.2.1 Need for a new conceptual approach to
service life design

Ensuring the durability of new structures is an important
challenge, because structures are increasingly being built with
emerging construction technologies and modern cement
types, that is, in the absence of long-term experience about
the durability performance under field conditions [67, 68].
The current approach in ensuring the durability of new
structures in carbonation exposure conditions essentially
consists in 1) designing for the time needed for the
carbonation front to reach the rebar depth (based on
laboratory tests for “carbonation resistance” as a material
property), and 2) possibly taking into account the corrosion
propagation stage, largely based on empirical approaches.

For concretes made from low-emission binders it is generally
more difficult to ensure that the carbonation front does not
reach the reinforcing steel within the design service life — or
at least not without largely eliminating their environmental
benefits, namely by using low w/b ratios or high cover depths.
Therefore, it is important to take the corrosion propagation
stage explicitly into account in the service life design and to
reliably keep the corrosion process in check.
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As moisture plays a fundamental role in the corrosion
propagation stage, future concepts may benefit from
explicitly considering this parameter. Essentially, this would
mean a paradigm change in durability design, namely that the
current conceptual understanding of the concrete cover as
primarily a protection against carbonation would be
expanded towards or replaced with a conceptual
understanding of the concrete cover as a protective barrier
against ingress of moisture into carbonated concrete. This
new concept ultimately would mean to design the
(carbonated) concrete cover as a protection against moisture
ingress. Without this change — that is by keeping the focus on
“avoidance of carbonation” as the primary line of defense
against carbonation-induced corrosion degradation — it will
be challenging to reduce the environmental impact of RC
structures constructed with low-emission binder types.

5.2.2 Assessing the durability performance of

different binders

The circumstance that a reduced pH alone is not sufficient to
lead to significant steel corrosion in concrete seriously
challenges the established approach of assessing the
durability performance based on carbonation testing and
modeling. Instead, the roles that changes in the
microstructure and in the pore solution chemistry upon
carbonation as well as the moisture content at the
reinforcement play in the corrosion process need to be
considered.

Alterations in microstructure are both due to phase changes
and carbonation shrinkage-induced microcracking, which
impacts the transport properties and penetrability of the

concrete [69]. In Portland cement concrete, carbonation of
Portlandite results in precipitation of CaCO; in the pore
system, which results in clogging capillary pores and produces
a denser matrix [50, 70]. In contrast, concretes with blended
cements contain significantly lower amounts of Portlandite,
which generally results in coarsening of their pore structure
during carbonation [50, 71-73]. In addition, blended cements
often contain a higher amount of AFt and AFm phases
exhibiting substantial volume decrease at carbonation [74].
Several researchers [73, 75-80] measured a significant
increase in transport properties due to carbonation in
blended cement pastes, such as diffusion and permeation
coefficients. Auroy et al. [77] studied the impact of
carbonation on unsaturated water transport in concrete. In
their results, pore clogging prevailed over micro-cracking in
Portland cement concretes, causing reduced permeability.
The opposite was observed for concretes made with blended
cements containing slag, fly ash or silica fume, which was
assigned to microcracking related to shrinkage caused by C-S-
H decalcification. Nevertheless, it should be borne in mind
that looking at changes in pore structure and transport
properties upon carbonation with respect to the state before
carbonation alone is not sufficient to assess different binders
in terms of their durability performance. Although concretes
made from blended cements may show a coarsening of their
pore structure upon carbonation, they may still be denser
than carbonated Portland cement concretes.

Apart from the pore structure and the moisture state, the
chemical composition of the pore solution may also influence
reinforcement corrosion. Data on the pore solution
composition of carbonated systems is relatively scarce in the
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literature. It is known that carbonation results in a decrease in
the hydroxyl concentration, variations in the carbon content,
a reduction of the carbonate-to-bicarbonate ratio, and a
release of detrimental ions such as chlorides and sulphates
[33, 34]. The prevalence of these mechanisms with regard to
various binder types requires further research.

According to [47, 50, 66] corrosion rates of steel in carbonated
concrete increase with an increasing level of cement clinker
replacement. Nevertheless, it remains unclear if this increase
in corrosion rate is mainly due to the differences in pore
structure or differences in pore solution chemistry of blended
systems compared to Portland cement, and to what extent
this affects the durability performance. Otieno et al. [66], for
instance, found that despite the higher corrosion rates,
concretes with blended cements consistently showed a
longer time to corrosion-induced cover cracking in
combination with greater loss in steel cross sections. Possible
reasons for these observations relate to the influence of
binder type on the microstructure of carbonated concrete.

5.2.3 Research needs

Investigating the influences of carbonation-induced changes
in the pore structure and pore solution chemistry of concrete
containing blended cements on reinforcement corrosion
should be a research priority. There is clearly a need for
further investigation to fully understand the interaction and
consequences of the various phenomena described in
literature. In this context, the concrete properties at the steel-
concrete interface are of major importance. RILEM TC 262-SCl
is currently reviewing methods to characterize the steel-
concrete interface, which is expected to give more specific
guidance for future related research.

Additionally, considering the findings of our review
(summarized in Fig. 11), scientific advances are needed to
quantitatively describe the phenomena related to moisture
transport and retention in the carbonated cementitious
matrix. Without doubt, progress was made in moisture
transport modeling in concrete [81-84]. Nevertheless, there is
a need to further develop these models, such as towards
including moisture transport upon contact of the concrete
surface with liquid water, and in particular to validate them
against experiments performed with carbonated concrete.
Finally, there are very few studies coupling modeling of
moisture and corrosion in concrete. In this regard, particular
research opportunities are seen in integrating the
fundamental understanding about the mechanism of
corrosion in carbonated concrete (section 4.2.1) and to
consider the transport and precipitation of corrosion
products in concrete with the help of reactive transport
models.

5.3 Inspection and condition assessment of
existing structures

5.3.1 The need to consider corrosion
propagation for reliable durability
prognoses

The objective of condition assessment (compare section 3 for
a brief review of common methods used) is to evaluate the

extent of current deterioration and to make a prognosis. A
situation encountered in practice is that the carbonation
depth has closely approached, reached or exceeded the cover
depth, but that the steel does not yet show significant
corrosion damage. To assess the future risk of corrosion in
these cases (prognosis), it is crucial to consider additional
factors such as the possible presence of chlorides and, in
particular, the moisture conditions. The importance of these
aspects in condition assessment is clearly apparent from this
review and has already been stated earlier in standards [16].

5.3.2 Moisture conditions at the rebar depth
However, although many methods to determine moisture in
concrete exist [85], the moisture condition at the rebar level
is difficult to quantify, especially with non-destructive
methods and methods suitable to be adopted in engineering
practice. Useful indicators may be the cover depth as well as
parameters related to the porosity of the cover concrete, as
with increasing cover depth and with denser porosity, the
moisture condition at the rebar level is less affected by the
weather conditions. Estimates for the moisture state of the
concrete may be obtained from electrical concrete resistivity
measurements, e.g. by means of surface measurements with
Wenner probes [86] or with embedded sensors [87]. A major
advantage of these measurements is that they are fast and
non-destructive. However, the interpretation of on-site
surface resistivity measurements is not straightforward and
requires expert knowledge [86], because, for instance, the
concrete resistivity is not only dependent on the moisture
content, but also on other factors, including the concrete pore
structure and the pore solution chemistry (pH). Additionally,
the concrete resistivity in structures is generally spatially
variable, which can severely complicate the interpretation of
surface resistivity measurements [88].

Thus, with the established (non-destructive) methods, it is
very difficult to quantify the moisture state at the rebar depth
during the inspection of structures. In view of the importance
of the moisture state for the development of corrosion
damage in carbonated structures, we see particular
opportunities for further research to deliver reliable methods
to quantify the moisture condition at the rebar depth.
Promising approaches may be tomographic methods, e.g.
electrical resistance tomography [89, 90].

5.3.3 On-site corrosion rate measurements

An alternative to quantifying the moisture state is the direct
determination of the corrosion rate. Given the generally low
rates of corrosion (Fig. 7), mass loss measurements are often
not feasible. Electrochemical methods [18], on the other
hand, are a powerful tool to quantify the instantaneous
corrosion rates on-site. It should be mentioned, however,
that electrochemical corrosion rate measurements deliver
instantaneous corrosion rates. Having in mind the dramatic
fluctuations over time (Fig. 8), such measurements should
thus be interpreted with caution, as a single measurement,
taken at a certain temperature and moisture condition,
cannot represent the time-dependent variation of the
corrosion activity and is limited in terms of extrapolating and
making predictions. Suggestions how to overcome this were
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made in [18, 91]. For instance, frequent measurements of the
corrosion rate over a representative period can be made to
obtain reliable average corrosion rates for the estimation of
the remaining service life. An alternative to frequent
corrosion rate measurements on-site is the use of sensors and
monitoring systems; for more details it is referred to [92].
Although techniques are available to measure and monitor
the corrosion rate in carbonated concrete, the use of these
techniques in assessing the condition of carbonated concrete
structures is not common in many countries. We are
convinced that including such techniques more in inspections
can improve the diagnosis and prognosis of the condition of
carbonated structures and thus play valuable roles in
supporting decisions for predictive maintenance.

5.4 Prevention and repair
5.4.1 Effect of surface
carbonation
The carbonation of concrete can generally be reduced by
most surface treatments, the most commonly applied
treatments including barrier coatings based on acrylics,
polyurethane or epoxy [93, 94]. These barrier coatings are
prone to deterioration, often require substantial
maintenance, and they have the limitation of changing the
aesthetic appearance of the concrete surface. Another type
of surface treatment which does not affect the appearance of
the concrete relates to hydrophobic impregnation. With
regards to carbonation, several studies in the literature
indicate that a hydrophobic surface treatment is ineffective in
significantly reducing carbonation rates [95] or may even
accelerate carbonation, which was assigned to the
circumstance that the hydrophobic treatment depresses the
concrete moisture content, thus facilitating carbonation [96].
In contrast, other studies reported a positive effect of
hydrophobic surface treatment on carbonation progression
[97, 98], while Xu et al. [99] related the potential effect of a
silane treatment to the initial porosity of the concrete,
suggesting that hydrophobic treatment may be more

effective in concrete with a dense pore structure.

5.4.2

treatments on

Effect of surface treatments on corrosion

in carbonated concrete
While the above studies [93-99] concern the effect of
hydrophobic treatments on the carbonation process, the
literature is scarce regarding the effect on reinforcement
corrosion in carbonated concrete. Even in cases where
hydrophobic treatment reduces the saturation of the
concrete pore structure to a degree that facilitates ongoing
carbonation, the reduced saturation may simultaneously
assist with reducing reinforcement corrosion rates
significantly. This effect of surface treatments was shown in
[100]. Four different coatings were studied by means of
monitoring the corrosion rate with sensors embedded at
cover depths <15 mm in carbonated concrete exposed as
fagades in Finland. The studied coatings were silicate paint
(permeable treatment for a reference), silicon resin paint,
hydrophobic primer and acrylic paint, and polymer modified
finishing mortar and acrylic paint. The average vyearly

corrosion attack was 7um, 1.5um, 1.4pum and 1.7um,
respectively.

Another preventive or repair method also based on the use of
hydrophobic agents consists in the new generation of
migrating corrosion inhibitors that are designed to penetrate
from the exterior of the element. Some of these materials
consist of a mixture between a hydrophobic agent and a
corrosion inhibitor. This type of inhibitors may either act
before corrosion is active or stop an already active corrosion
process. The immediate effect is an increase in resistivity due
to the drying provoked, in combination with the corrosion
inhibiting action on the steel surface. The efficacy of such
multifunctional inhibitors was discussed in [101]. Since the
penetration depth of migrating corrosion inhibitors is crucial,
further investigations are needed. However, in particular for
shallow cover depth, this approach may be an interesting
prevention and repair approach.

5.4.3 Research needs

The use of surface treatments, in particular hydrophobic
treatments, requires systematic future research in order to
evaluate if and how surface treatments can extend the service
life of concrete structures in carbonation exposure
conditions, taking into account both corrosion initiation and
propagation phases.

6 Conclusions

This review considered both practical experience and
scientific state-of-the-art understanding on reinforcing steel
corrosion in carbonated concrete. The following major
conclusions are drawn:

1. Theview generally held in concrete and cement research,
namely that carbonation of the concrete leads to
reinforcing steel corrosion, is too simplistic. A review of
almost 1000 cases of inspected concrete structures in
which the carbonation front had reached the
reinforcement revealed that in many cases carbonation
did not lead to noticeable corrosion or related damage.

2. The most important parameter controlling the corrosion
rate is the moisture state at the steel-concrete interface.
If capillary saturation can be reached, the instantaneous
corrosion rate can temporarily peak in the range 10—
50 um/y.

3. The influencing factors controlling whether or not
carbonation leads to corrosion damage at the structural
level are the time-variable moisture exposure conditions,
the cover depth, and the microstructure and pore
solution chemistry of the carbonated matrix at the steel-
concrete interface.

4. The circumstance that a reduced pH alone is not sufficient
to lead to significant steel corrosion in concrete seriously
challenges the established approach of assessing the
long-term durability performance based on carbonation
testing and modeling. At the same time, this circumstance
offers great opportunities for reducing the environmental
impact of concrete structures with low-emission binders.

5. Particular opportunities are seen in facilitating a paradigm
change from the current “avoidance of carbonation
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approach” to a mechanism-based “avoidance of
corrosion damage approach”. This means a new
conceptual mindset that embraces the role of the
concrete cover as a protective barrier against moisture
ingress and as mechanical resistance designed to
withstand the expansive pressures arising from corrosion,
thus delaying and limiting concrete cracking.

6. To realize these opportunities, the focus in research
should shift from studying carbonation to studying
corrosion of steel in carbonated concrete, especially for
blended cements. The fundamental understanding and
guantification of the influences listed in conclusions no. 2
and 3 above should be research priorities.
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