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Steel corrosion in concrete – Achilles' heel for sustainable concrete? 
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A B S T R A C T   

The reduction of greenhouse gas emissions from concrete production leads to decreased alkalinity of the con-
crete. This is generally perceived as a durability problem, because the prevailing doctrine assumes that reduced 
alkalinity leads to corrosion of the reinforcing steel. It is exactly this paradigm that presents a barrier preventing 
the potential of low-emission concretes from being fully exploited. Practical experience, however, shows that the 
loss of alkalinity does not necessarily lead to significant steel corrosion. This knowledge presents an opportunity 
for a new paradigm that allows controlling corrosion while tolerating reduced alkalinity. However, this change 
can hardly be successfully achieved on the basis of empirical experience. Instead, science-based models are 
needed to predict the corrosion performance of new concretes. This contribution showcases advances related to 
the fundamental understanding of steel corrosion and coupled processes occurring in the cementitious matrix. 
Opportunities for integrating these findings in next-generation corrosion models are discussed.   

1. Introduction 

Achilles, the legendary hero of the Greek myths, was known for his 
extraordinary strength and endurance, being invulnerable except for his 
heel. Similarly, reinforced concrete is known for its high strength and 
generally very good durability. Corrosion of the reinforcing steel, 
however, is the by far most common cause for degradation [1], which 
may lead to catastrophic failures. Thus, one may consider steel corrosion 
being Achilles' heel for concrete. In the coming decades, this potential 
weakness of reinforced concrete will increasingly demand attention in 
science and engineering, namely because of the modifications that 
concrete will continue to undergo in response of the cement and con-
crete industry to global warming. These modifications lead to the loss of 
an important protection layer against corrosion – the high alkalinity of 
traditional concrete. For concrete structures to be sustainable, not only 
the environmental footprint of the materials used for construction are 
relevant, but also the long-term durability over the anticipated service 
life. 

Climate change, without doubt a major global challenge, is driven by 
the emission of greenhouse gases (GHG), including carbon dioxide 
(CO2). It is well known that the cement industry causes significant CO2 
emissions, with concrete production accounting for up to 8 % of total 
global anthropogenic CO2 emissions [2]. The primary source of CO2 
emissions from the cement industry is the decomposition of calcium 
carbonate (limestone) that takes place during the production of the 
cement clinker at high temperature in a kiln [3]. The use of alternative 

or supplementary cementitious materials (ACMs, SCMs), together with 
other measures such as the implementation of energy-efficient produc-
tion processes, can reduce GHG emissions from the cement industry 
[3,4]. This is illustrated in Fig. 1 that shows a compilation of literature 
data where the global warming potential (GWP) of different concretes 
was calculated [5–8]. The concretes shown in this figure were produced 
from binary and ternary binders including fly ash, limestone, calcined 
clay, and ground granulated blast slag in range of different combina-
tions. The figure clearly shows the reduction in GWP with increasing 
clinker substitution, irrespective of the type of SCM. 

In addition to clinker substitution, carbon sequestration technologies 
can also play a role in reducing the environmental footprint of cement 
and concrete. Such carbon sequestration technologies include the reac-
tion of concrete with environmental CO2, the so-called carbonation 
process later addressed in more detail in this contribution, which is a 
process that naturally occurs over the life of a concrete structure. 
Reducing GHG emissions from concrete productions is important, not 
only because of the significant emissions caused today, but also 
considering the increasing demand for construction materials over the 
coming years, driven by factors such as population growth, urbaniza-
tion, and economic development. In this context, the cement industry's 
climate target, namely to deliver carbon-neutral cement by the year 
2050 in order achieve the UN Sustainable Development Goals [9], ap-
pears ambitious. 

The goal is particularly ambitious when considering that the current 
paradigm in engineering presents a barrier against fully exploiting the 
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potential of alternative cementitious materials (ACMs). This is because 
ACMs lead to decreased alkalinity of the pore solution within concrete. 
This reduced alkalinity is generally perceived as a durability problem, 
especially with respect to corrosion of reinforcing steel in concrete. This 
perception raises a goal conflict, also known as “the carbonation 
dilemma”. Section 2 briefly discusses this goal conflict, considering 
traditional and recent development in the field of cementitious binders 
with reduced GHG emissions. Section 3 reviews scientific progress made 
related to the corrosion of steel in concrete, with a particular focus on 
research needs. Scientific progress is needed to implement engineering 
approaches that allow controlling corrosion while tolerating reduced 
alkalinity. 

2. The carbonation dilemma 

2.1. Laws of nature cannot be overruled 

In the context of concrete, the term “carbonation” describes the 
multi-step process in which CO2 gas enters into the concrete (transport), 
where it dissolves in the alkaline electrolyte held in the concrete pores, 

yielding bicarbonate (HCO3
− ) and carbonate (CO3

2− ) ions, which react 
with different cementitious phases [10,11]. Generally, the bicarbonate 
and carbonate ions react with calcium ions present in the concrete to 
form thermodynamically stable calcium carbonate. 

Calcium ions originate from various calcium-containing cementi-
tious phases. In particular, cement pastes produced from clinker- 
containing binders contain calcium hydroxide (Ca(OH)2), which is a 
phase buffering the pH in the electrolyte in the concrete around 12.6. In 
this case, calcium hydroxide reacts with ingressing CO2. Once the pH 
buffering effect of calcium hydroxide is exhausted or kinetically hin-
dered, the pH of the pore liquid decreases. The carbonation process and 
its effect on the pH can be visualized for instance with the help of 
thermodynamic modelling [12,13] or by means of pH monitoring with 
embedded sensors [14,15]. Examples are shown in Fig. 2. These data 
illustrate the stepwise decrease of pH associated with the carbonation of 
different phases. In zone I, the pH remains around 12.5 as long as Ca 
(OH)2 is present. The pH then decreases to a lower level along with the 
decalcification of C-S-H, reaching an equilibrium in the zone II. 
Decomposition of further phases (monocarboaluminate, ettringite) lead 
to a fully carbonated system with even lower pH [13]. Fig. 2b addi-
tionally shows that the pH may initially be higher than 12.5, which is 
generally ascribed to the presence of hydroxyl ions balanced by sodium 
and potassium ions. The initial pH decrease apparent in Fig. 2b can be 
explained by carbonation of these additional alkalis. 

The carbonation process is a reactive transport process. Carbonation 
first occurs at the zone directly exposed to the atmosphere and then 
progressively occurs deeper within the concrete (Fig. 2b). The pene-
tration of the carbonation front slows down with time as the diffusion of 
CO2 into the concrete is becoming increasingly difficult with increasing 
diffusion length. Furthermore, the carbonation process becomes limited 
by the formation of calcite layers that may shield Ca(OH)2 crystals from 
reacting with the ingressing bicarbonate and carbonate ions. The 
penetration of the carbonation front (xc) is generally described empiri-
cally by square root of time (t) laws, that is, xc = k

̅̅
t

√
, where k can be 

considered as the carbonation coefficient, depending on the pore 
structure, chemistry and phase assemblage of the concrete. For some 
exposure conditions, the exponent was found to deviate from 0.5 and 
thus from square root law [16], but for the reasons given above, the 
general trend, namely a deceleration of the penetration of the carbon-
ation front with time, still applies. 

Moreover, the basic fact that the pH is buffered for a certain period of 
time, depending on the phases present, holds true. In particular, the 
duration of buffering at pH 12.6 (zone I in Fig. 2) depends significantly 

Fig. 1. Reduction of global warming potential (GWP) of concrete mixes with 
various degrees of clinker replacements with respect to reference concrete 
produced from ordinary Portland cement (OPC). 
Data compiled from the literature [5–8]. 

Fig. 2. a) pH of the electrolyte held in the pore system of a model cement paste, obtained from thermodynamic modelling (adapted from [13]), b) pH measured with 
sensors embedded at two different depths in Portland cement paste samples exposed to accelerated carbonation (adapted from [15]). See text for description of zones 
I and II. 
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on the quantity of Ca(OH)2 present in the system. This relationship 
directly affects the rate at which carbonation occurs, which can be seen 
from measured carbonation coefficients k as a function of clinker 
replacement (Fig. 3). In this figure, carbonation coefficients k, deter-
mined from various methods (including accelerated and natural 
carbonation testing), were related to the carbonation coefficient for OPC 
determined under the same conditions. It can clearly be seen that with 
increasing level of clinker replacement, the carbonation coefficient in-
creases. Thus, whenever Portland cement clinker is replaced with ACMs 
for the sake of reducing the GWP (Fig. 1), the inevitable consequence is a 
lower resistance against carbonation (Fig. 3). 

If Figs. 1 and 3 are merged, the schematic relationship displayed in 
Fig. 4 is obtained. This fundamental relationship, dictated by nature, 
cannot be overruled. This is an important fact to recognize. In other 
words: Attempts to reduce the GWP of cement while maintaining a high 
carbonation resistance of the final concrete, are deemed to fail. 

2.2. Goal conflict 

Unfortunately, being faced with reduced carbonation resistance 
(Fig. 3) when reducing the GWP of concrete (Fig. 1) presents a ubiqui-
tous dilemma in science and engineering. The reason for this is that a 
reduction in alkalinity is generally perceived as a durability problem, 
because the prevailing doctrine assumes that reduced alkalinity leads to 
corrosion of the embedded reinforcing steel. This doctrine is deeply 
rooted in text books, lectures, codes and design rules, standardized test 
methods, durability indicators, etc. [24–26]. Educational materials 
generally include the basic information that steel in alkaline environ-
ments is passive, and that passivity may get lost upon carbonation of the 
concrete. While this is correct, it does not necessarily mean that tech-
nically relevant steel corrosion occurs upon loss of passivity. In fact, a 
large number of cases have been documented where corrosion of steel in 
carbonated concrete was negligible [27]. 

Nevertheless, this underlying and highly conservative paradigm, 
namely that alkalinity lower than what can be found in uncarbonated, 
traditional Portland cement concrete leads to corrosion, dominates sci-
ence and engineering. This paradigm widely serves as motivation for 
research proposals in the area of studying the carbonation behavior of 
cementitious materials. 

International durability design codes [26,28] are generally 
conceived such that the carbonation depth does not reach the rein-
forcement during the planned service life (or only in a very late stage). 
The concept of avoiding corrosion damage consists of an interplay be-
tween ensuring sufficient reinforcement cover and ensuring sufficient 
resistance of the cover concrete against carbonation. As previously 
mentioned, this presents a goal conflict between ensuring durability 
(with the current paradigm) and reducing GHG emissions. Currently, the 
dominance of the paradigm that may be summarized as “carbonation =
corrosion” leads to an unequal treatment of cements, with modern low- 
emission cements being disadvantaged compared to Portland cement. 

This can be illustrated by various country-specific examples. In the 
national annexes of the European standards, for instance, which 
generally follow a prescriptive design approach, different countries 
impose stricter requirements for low-clinker binders compared to 
traditional systems. UK, Spain, and Portugal stipulate requirements for 
higher cover depth and/or lower w/b ratios for binders with lower 
clinker content than for traditional systems. Germany even excludes 
specific low-clinker binders DIN 1045-2. For performance-based design 

Fig. 3. b) Effect of clinker replacement on the resistance against carbonation. Data from [11,17–23]. 
OPC = ordinary Portland cement. 

Fig. 4. Relationship between global warming potential (GWP) and carbonation 
coefficient, based on the information displayed in Figs. 1 and 3. 
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approaches, such as for instance in the Swiss standard, threshold values 
for the “carbonation resistance” (Annex I of the Swiss standard SIA 262/ 
1) are defined, which are often difficult to satisfy with low-carbon 
binders. It is exactly the above-mentioned prevailing paradigm that 
here presents a barrier preventing the potential of low-emission cements 
and concretes from being fully exploited. 

This goal conflict can only be overcome, if the current view of 
considering durability merely as a question of carbonation resistance, is 
expanded to towards an approach that also considers the stage in the 
service life of a structure after carbonation reaches the steel. For this, 
corrosion processes have to be considered. 

3. Scientific progress to overcome the conflict of goals 

3.1. The importance of studying corrosion – concrete's Achilles' heel 

At high pH, steel is passive [29]. The alkalinity of traditional con-
crete thus is an important reason for protection steel against corrosion in 
concrete, and for reinforced concrete being a generally very durable 
construction material [30]. Thus, the loss of alkalinity means the loss of 
one layer of protection against corrosion. Nevertheless, it is well docu-
mented from practical experience that the reduction of alkalinity due to 
carbonation down to pH values shown in Fig. 2 does not necessarily lead 
to significant corrosion of the steel in concrete [27]. Empirical obser-
vations and anecdotal evidence [31] as well as scientific literature 
[32–38] suggested that the moisture of the concrete is a major influ-
encing factor controlling corrosion in carbonated concrete. More spe-
cifically, various authors reported that carbonated reinforced concrete 
and mortar specimens conditioned at different moisture states showed 
increasing corrosion rates of the embedded steel with increasing mois-
ture condition [32,35,38]. In a recent study [39], the penetration of 
capillary water uptake in a carbonated mortar sample was monitored by 
means of neutron radiography, while the corrosion state of an embedded 
steel electrode was simultaneously monitored with electrochemical 
techniques. The results confirmed that the instantaneous rate of corro-
sion of the (depassivated) steel dramatically rose from 0.16 um/y, which 
can be considered negligible, in the initially dry state to over 30 um/y 
exactly in the moment when the water front reached the steel. In sum-
mary, based on the state-of-the-art, the circumstance that carbonation 
alone does not lead to corrosion, but that a certain moisture content 
must be achieved, can be considered well-established. This knowledge, 
especially the “proof of concept” from the documented cases in practice 
[27], clearly presents an opportunity to escape the “carbonation 
dilemma”. The author's vision is to establish a new engineering 
approach that tolerates reduced alkalinity (thus facilitating increasing 
levels of clinker substitution (Fig. 3)), while controlling corrosion. 

However, this vision cannot be realized merely on the basis of 
qualitative relationships and empirical evidence. Instead, rigorous sci-
entific understanding is needed to devise mechanism-based models to 
forecast the performance of low-emission-reinforced-concrete struc-
tures. The next sections review progress in this area, especially related to 
the fundamental understanding of steel corrosion and the coupled pro-
cesses occurring in the cementitious matrix surrounding the steel. 

3.2. Steel corrosion mechanism 

A considerable portion of the scientific literature on steel corrosion in 
concrete has pursued a phenomenological approach. This means that 
authors attempted to establish relationships between different parame-
ters – such as cement type, concrete mix proportions (w/b ratio), con-
crete moisture content, or exposure conditions – and a parameter 
reflecting the corrosion state or corrosion-related damage of the con-
crete. The latter parameters generally are steel weight loss measure-
ments or electrochemical data, such as potential or corrosion rate 
measurements, or observations of when concrete surface cracking due to 
internal steel corrosion occurs. As is apparent from the literature [37] 

the focus of many studies traditionally was on the effect of different 
ACMs on the corrosion rate, where often electrochemical techniques 
were used. Such studies, without doubt, provided valuable knowledge 
about various relationships and gave insight into the controlling factors. 
“Macroscopic” or “bulk” properties such as the concrete electrical re-
sistivity [38,40–43], the concrete moisture content [32,43,44], the pore 
solution pH [42], or the concrete's oxygen permeability [45] have been 
hypothesized to play major roles (or negligible roles). 

In recent years, scientific techniques became available that allowed 
tackling the problem from a more fundamental perspective. Relevant 
examples of advances in such areas will be discussed below. This will be 
done using a framework that illustrates the complexity and multidisci-
plinary nature of the processes occurring at the steel-concrete interface 
(SCI), which ultimately lead to what is known as “corrosion”. Fig. 5 
shows a schematic illustration of the SCI (generally assumed to be of the 
order of 10-100 micrometers) and the relevant processes within the SCI 
and in the adjacent porous bulk matrix. Release of ferrous ions in the 
electrochemical iron dissolution step (a) is inherently coupled to reac-
tive mass-transfer in the electrolyte, present within the porous cemen-
titious medium. This reactive mass-transfer includes the transport of 
species (diffusion, advection, migration, (b)) as well as chemical and 
electrochemical reactions (c) and potentially physical interaction (d) 
with the cementitious phases. Finally, moisture transport and retention 
in the cementitious pore system (e) is an important process, as this 
governs the amount and location of electrolyte present, that is, the phase 
in which the processes mentioned above can occur. 

3.2.1. Electrochemical iron dissolution 
While electrochemical theory and corrosion kinetics have been well 

established for decades for metals in bulk electrolytes, the situation of 
steel in a porous medium requires additional considerations. A concept 
has recently been proposed [35,36], taking into account the influences 
related to the presence of the porous medium on the electrochemical 
iron dissolution kinetics. The key idea is that the presence of the porous 
medium has a twofold influence. First, it controls the area fraction of the 
metal which can potentially be “electrochemically active”. Portions of 
the metal surface in contact with solid phases (shielded) or in contact 
with gas phase (in unsaturated concrete) are considered to not signifi-
cantly take part in the electrochemical processes. Instead, all relevant 
metal dissolution occurs at the “electrochemically active area” fraction. 
This fraction depends on both the pore size distribution of the solid 
matrix and the moisture condition [35]. Second, the pore structure and 
moisture condition affect the reactive mass transfer (see next section) in 
the solid matrix. The extent to which these reactive transport processes 
are feasible, in combination with the rate of iron ions release, impacts 
the ferrous ion concentration at the metal surface [46]. This concen-
tration in turn controls the kinetics of the anodic iron dissolution reac-
tion [35,36]. Thus, to fundamentally understand corrosion of steel in 
carbonated concrete, the reactive mass-transfer processes need to be 
considered in detail. 

3.2.2. Reactive mass-transfer 
As mentioned above, reactive mass-transfer includes the diffusion, 

migration, and possibly advection of species and considers (electro-) 
chemical reactions as well as physical interaction with the cementitious 
phases. While the governing transport processes – diffusion and migra-
tion – have been well covered in the literature [47,48], taking into ac-
count the “reaction part” of reactive mass-transfer still presents a 
challenge. Various authors have presented numerical implementations 
of coupled transport and chemical reaction modelling schemes [49–52]. 
However, several aspects have not been fully covered so far. This will be 
briefly discussed below. 

First of all, generally thermodynamic equilibria are assumed to 
establish simultaneously to the transport process [49–52]. However, 
since the transport processes are in kinetic competition with the re-
actions, reaction processes may in reality not fully develop, while this is 

U.M. Angst                                                                                                                                                                                                                                       



Cement and Concrete Research 172 (2023) 107239

5

assumed to happen within a time step of the operator splitting ap-
proaches generally implemented in numerical simulations. This aspect is 
of particular relevance when considering reactive transport of iron 
species, where considerable complexity arises. As described by Furcas 
et al. [53], the ferrous species can potentially undergo a wide range of 
reactions, including the oxidation to ferric species and different hydra-
tion reactions, potentially leading to the precipitation of solid phases, 
which, later on, may undergo transformations over long time scales until 
the thermodynamically stable phase is finally reached. While data on the 
thermodynamics, that is, solubility and speciation, of iron in aqueous 
solutions representative for cementitious systems is available (and has 
recently been compiled in [54]), less is known about the kinetics of 
various of these reactions. Mundra et al. recently shed light on the 
oxidation kinetics of ferrous to ferric species in cementitious environ-
ments [55, 56], but further research is needed to provide the data 
needed to consider these reactions adequately in reactive mass-transfer 
modelling. 

Finally, it should be mentioned that iron species can interact with 
cementitious phases. Recent work has provided insight in to the sorption 
of Fe(II) [57] and Fe(III) [58] into calcium silicate hydrates. From these 
studies, it became apparent that sorption effects are not negligible and 
should thus be taken into account. 

3.2.3. Moisture in concrete 
As mentioned above, the presence of moisture at the SCI is among the 

most important parameters for controlling corrosion of steel in 
carbonated concrete. Therefore, reliable methods and models to mea-
sure and predict the amount as well as the distribution of water in 
concrete are absolutely indispensable for ensuring the durability of 
reinforced concrete, especially for the cases in which the level of alka-
linity is lower than in traditional Portland cement based. Despite the 
critical role of moisture in concrete, however, research has paid only 
moderate attention to this area in recent decades. 

The relationship between moisture and concrete is complex and still 
not fully understood, because of i) the fact that cementitious phases are 
not inert towards water, ii) the complex pore structure of concrete, and 
iii) the numerous interrelated mechanisms playing a role, including 

diffusion, capillary transport, adsorption/desorption, evaporation and 
condensation. Especially for long-term predictions, the anomalous na-
ture [59] of water transport in concrete presents a major challenge. This 
particular aspect has received increasing attention over the last years, 
also thanks to the rise of investigative techniques such as Nuclear 
Magnetic Resonance (NMR) techniques [60–66]. Such studies have 
revealed changes in pore size distribution of cementitious phases upon 
wetting and drying [63–66], vividly described as “collapse of C–S–H 
interlayer pore spaces” during drying a “expansion of C–S–H gel” 
during contact with water in Ref. [64]. Other characterization tech-
niques, including XRD, TG-DTA and water vapor sorption isotherms, led 
so similar observations [67]. Such changes in pore structure, however, 
do not occur instantaneously, but have been reported to show an 
exponential decay type of behavior [65,66], likely slow with respect to 
the capillary transport of water. This feature has recently been imple-
mented in moisture transport modelling for concrete [68,69], which 
appeared as a promising approach to enhance the predictive power of 
the models. Other aspects, hypothesized to contribute to the anomalous 
moisture transport properties of cementitious materials, have also been 
integrated in numerical models. For instance, the complex pore struc-
ture of cementitious media, with features ranging from the nm to the 
mm scale, may play a role, namely that the transport in different ranges 
of pore sizes may happen on different time scales. Accordingly, the 
introduction of concepts such dual porosity [70] or dual permeability 
[69] has revealed a potential for the improvement of moisture transport 
models. 

Finally, different authors have drawn the attention to the importance 
of the moisture exposure conditions for the prediction of moisture in 
concrete, and illustrated the significance of knowledge of the moisture 
exposure conditions, e.g. time-resolved heterological information [71], 
or the boundary conditions implemented in a numerical model [72]. 

3.2.4. Microstructural characterization at the SCI 
As has been discussed above, the microstructure, especially the pore 

structure, of the cementitious matrix surrounding the steel is highly 
relevant for various aspects related to the steel corrosion process. These 
aspects include the quantification of the amount of electrolyte being 

Fig. 5. Schematic illustration of the fundamental processes occurring at the steel-concrete interface (SCI), ultimately relevant for corrosion and corrosion-related 
damage of the concrete. 

U.M. Angst                                                                                                                                                                                                                                       



Cement and Concrete Research 172 (2023) 107239

6

available at the SCI and mass transport processes. A recent RILEM 
technical committee report presented a review of experimental tech-
niques to study the micro- and pore structure at the SCI [73]. Techniques 
that have increasingly been used for the characterization of the micro-
structure at the SCI are X-ray computed micro- (and to a lesser extent 
nano-) tomography [74–77]. More recently, neutron has been explored 
as a complementary imaging modality, for combined X-ray and neutron 
imaging techniques [78,79]. Such studies, gave insight into micro-
structural features (pores, voids), but also the distribution of corrosion 
products in the cementitious matrix. Another promising technique that 
has recently been applied to obtain information on the SCI the pore scale 
is focused ion beam - scanning electron microscopy (fib-sem) [73]. 

3.3. Next generation models for corrosion of steel in carbonated concrete 

In engineering, what ultimately matters is whether or not corrosion 
of steel in carbonated concrete leads to appreciable and relevant damage 
at the level of the structure. Thus, to assess to what extent related 
possible limit states (cracking of the concrete cover, loss of bond steel- 
concrete, loss of steel sectional area) may be exceeded within the 
design service life, reliable models to forecast these processes are 
needed. In recognition of this, numerous models have been proposed to 
predict concrete cover cracking resulting from internal corrosion. A 
literature review [80] about such models, however, revealed the limited 
predictive power, which can be traced back to the general empirical 
nature of such models. 

For reliable and generic predictive models to describe the corrosion- 
related processes that lead to damage at the level of a structure, all the 
aspects described in Section 3.2 need to be considered. Such funda-
mental and mechanism-based models, implementing the processes 
shown in Fig. 4, would allow describing the rate at which corrosion 
occurs as well as the precipitation of corrosion products within the pore 
space. Finally, such models need to be coupled with mechanical models 
to forecast the cracking of the concrete due to precipitation of corrosion 
products in the pore system. An example of a recent concept in this re-
gard was presented in [81], where a poro-mechanical, multi-scale 
approach has been implemented, considering aspects such as release of 
ferrous ions at the steel, ion transport, chemical and electrochemical 
reactions (including kinetic laws for the Fe(II) to Fe(III) oxidation), poro- 
mechanical aspects taking into account the wide range of pore sizes 
encountered in concrete, and cracking of the concrete. It is believed that 
such approaches will form the basis for next generation models to 
forecast the corrosion performance of carbonated reinforced concrete. 

4. Conclusions and research needs 

A review of literature data on both the global warming potential 
(GWP) and the carbonation coefficient of various types of concrete 
confirmed what is expected from theoretical considerations: The most 
efficient approach to reduce the GWP of concrete, that is, the replace-
ment of the clinker with alternative cementitious materials, inevitably 
reduces the resistance against carbonation. 

The related loss of alkalinity means the removal of a protection layer 
that effectively guards against the corrosion of steel in concrete. While 
this increases the risk for corrosion, both practical experience and sci-
entific knowledge show that it is still possible to keep corrosion in check. 
This knowledge presents an opportunity, perhaps the only one, to escape 
from the “carbonation dilemma”. 

To achieve this, substantial progress is needed in terms of the sci-
entific understanding of all the coupled processes relevant for corrosion 
and corrosion-related damage. A framework considering the relevant 
processes has been outlined in this contribution, which may lay the 
ground for developing next-generation models to forecast the corrosion 
performance. Areas where particular efforts are needed include:  

- reliable methods and models to measure and predict the amount as 
well as the distribution of water in concrete.  

- quantitative data and fundamental understanding about the 
competitive, coupled chemical, electrochemical, and physical pro-
cesses for iron species in environments representative for (carbon-
ated) cementitious systems; relevant aspects include iron speciation, 
phase transformations, chemical reactions, electrochemical re-
actions, and sorption by cementitious phases.  

- information on the microstructure, pore structure, and phase 
assemblage at the steel-concrete interface in carbonated cementi-
tious systems. 

Progress in these areas will allow devising the tools needed in en-
gineering (test methods, models, etc.) and facilitate a paradigm change 
towards a paradigm that resolves the current goal conflict faced when 
attempting to simultaneously ensure durability and environmental- 
friendliness. This paradigm change will not only enable broader adop-
tion of low-emission binders, resulting in more eco-friendly and long- 
term sustainable construction practices, but also create opportunities 
to activate the carbon sequestration potential of existing concrete 
structures and concrete demolition waste. Future carbon capture stra-
tegies may include innovative approaches such as bio-inspired processes 
to enhance carbon-storage in cementitious media, e.g. the enzymatic 
approach presented at ICCC 2023 by Chen et al. [82]. 
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