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Abstract 
For more than a century, the corrosion of steel in concrete has prevailed as a complex and yet poorly understood phenomenon, with many durability 
design approaches relying on phenomenological or semi-empirical service life models. The increasing societal demand to maintain aging infrastructure, 
the development of new cementitious binders and the push towards an environmentally more benign and circular concrete economy exacerbate the need 
for a more comprehensive scientific understanding of the underlying physicochemical processes, particularly in the absence of long-term empirical data. 
This manuscript retraces the history of thermodynamic modeling in cement and concrete research, examining early concepts, the barriers to adoption, 
and the pivotal role of modern Gibbs free energy minimisation solvers towards its broad level of acceptance within the scientific community. We further 
examine the current use of thermodynamic modeling techniques in corrosion science, emphasizing the limitations of classical potential-pH stability 
diagrams and addressing the widespread misconception that thermodynamics and kinetics are opposing concepts. Finally, we explore the opportunity to 
leverage the recent developments in the field of cement science and adopt thermodynamic modeling techniques in corrosion research, thereby addressing 
open questions related to the corrosion of steel in concrete.  
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 Introduction 

The corrosion of steel reinforcement in concrete remains a 
multifaceted and not yet comprehensively understood 
phenomenon. Existing predictive approaches typically 
describe the behavior of reinforced concrete structures 
through a combination of empirical relations and simplified 
representations of the underlying physicochemical processes 
[1-3]. Some of these predictive approaches may, under some 
conditions, support decision making in engineering, especially 
when calibrated against practical long-term experience. 
However, since such phenomenological approaches lack a 
detailed understanding of the fundamental processes at play, 
their applicability to modern materials, with no empirical 
track records, is associated with large uncertainties.  
The motivation to advance our understanding of steel 
corrosion in concrete is fundamentally driven by societal 
needs. In addition to the environmental burden, safety 
considerations and traffic jams, addressing infrastructure 

corrosion demands substantial financial resources [4, 5]. 
Given that the civil engineering sector is undergoing large 
transitions towards more sustainable construction practices 
[6-10], it becomes increasingly difficult to justify the 
application of empirical models to ensure the long-term 
durability. An integral part of this transition is the 
development of new construction technologies such as 3D 
printing and digital fabrication [11, 12], as well as low-carbon 
binders [13], featuring a chemical environment inherently 
different from those seen in traditional Portland cement-
based systems. These developments present a significant 
challenge in predicting the long-term performance of civil 
infrastructure, underlining the necessity for fundamental 
science-based approaches to predict the corrosion of steel in 
concrete [14].  
Over the course of the past decades, advancements in 
analytical and computational methods have opened new 
avenues for exploring the interactions of steel reinforcement 



F. E. Furcas et al., RILEM Technical Letters (2025) 10: 1-14 2 

with the surrounding concrete matrix at multiple scales [15-
17]. High-resolution chemical imaging techniques including X-
ray computed tomography (XCT) and X-ray absorption 
spectroscopy (XAS) allow for detailed observations of the 
presence of water in micropores of cementitious materials 
[18] and the morphology and composition of corrosion 
products at the metal-electrolyte interface [19, 20].  
Nanoscale surface characterization techniques such as 
FIB/TEM [21], electron energy loss spectroscopy (EELS) [22] 
and X-ray photoelectron spectroscopy (XPS) [23, 24] have 
helped develop fundamental understanding of passivity and 
chloride-induced depassivation of steel in alkaline 
environments. Simultaneously, computational modeling 
approaches enable simulations of the electrochemical 
processes that govern corrosion kinetics at the atomistic scale 
[25, 26] and corrosion-driven damage in porous media [27]. 
Among the various computational approaches, 
thermodynamic modeling has emerged as a particularly 
powerful tool for advancing our understanding of the 
chemistry of cements [28, 29]. Thermodynamic models 
predict the phase equilibria and the stability of various 
aqueous, solid or gaseous phases within the cementitious 
matrix. Coupled with transport solvers [30, 31], they can 
further compute the spatial distribution of dissolved species 
such as chlorides, carbonates and sulfates, all of which play a 
crucial role in the initiation and propagation of reinforcement 
corrosion. Alongside with the development of 
thermodynamic databases, these modeling approaches have 
become an indispensable tool to investigate the chemical 
alteration of cement-based materials, advancing our 
understanding of cement hydration [32-34], phase equilibria 
[35] and its microstructural evolution [36, 37]. 
Thermodynamic modeling has also become a necessary tool 
in the efforts to understand the effects of low-carbon binder 
systems on reinforcement corrosion as these binders can 
alter the pH buffer capacity of the cementitious systems and 
affect the cation and anion balance in the pore solution [38-
40]. 
Despite these advancements, our understanding of the 
corrosion of steel in concrete has largely remained empirical, 
particularly with regard to the prediction of corrosion 
initiation and propagation of corrosion-driven damage [41]. 
One of the contributing factors to our limited understanding 
is that existing modeling approaches are highly simplified. For 
instance, all existing models for concrete structures exposed 
to chloride environments rely on the concept of critical 
chloride threshold, a sharply defined trigger for corrosion, 
followed by a period of active corrosion. It has been shown in 
a recent paper [2] that this simplification, despite its practical 
benefits, has been detrimental in developing science-based 
predictive models. This is because the narrow focus on the 
concept of the critical chloride threshold has impeded the 
development of alternative modeling approaches to describe 
the processes related to corrosion initiation. Moreover, 
regarding later stages beyond corrosion initiation, numerous 
models have been developed with a primary focus on 
mechanical aspects, such as volume expansion of corrosion 
products and the resulting cracking of concrete, often by 

scholars with a background in mechanical modeling. 
Unfortunately, these models often fail to fully account for the 
chemical and electrochemical aspects of the underlying 
processes, a simplification that has been identified as a reason 
for the generally poor predictive power of such models [16]. 
Another example of oversimplifying corrosion lies in the 
assessment of the electrochemical stability of steel in 
concrete, which is often based on the Pourbaix diagram of 
iron in pure water. The set of chemical species that constitute 
the electrochemical passivity and corrosion regime of iron 
appear to be selected based on tradition, instead of scientific 
merit or experimental evidence. One of the major pitfalls 
associated with this approach is that the electrochemical 
stability diagram is rarely tailored to the actual exposure 
conditions and the resulting chemical environment at the 
steel-concrete interface: For instance, whilst it is well 
established that the presence of chlorides and carbonates can 
accelerate the rate of reinforcement corrosion, both the 
formation of iron-carbonate and iron-chloride complexes are 
commonly not considered in Pourbaix diagrams. In addition 
to these methodology-inherent limitations, Pourbaix 
diagrams, and thermodynamic modeling approaches in 
general, do not contain any information about the rate of 
corrosion, which is determined by the transient 
physicochemical conditions at the metal-electrolyte interface. 
Consequently, thermodynamic and kinetic modeling 
approaches are sometimes regarded as mutually exclusive. 
The authors of this document have, during scientific 
discussions in the field of corrosion science, witnessed that 
thermodynamic considerations are sometimes undervalued 
or deemed less effective compared to kinetic considerations. 
While obviously both concepts – thermodynamics and 
kinetics – have their limitations, it is the authors’ opinion that 
some of the open questions that have prevailed within the 
academic community for several decades can, in fact, be 
addressed, utilizing the very thermodynamic modeling 
approaches that have already been adapted widely and 
successfully in the field of cement and concrete research. 
This manuscript focuses on the evolution of thermodynamic 
modeling as a valuable tool in cement and concrete science 
over the past decades and its promising use for prediction of 
corrosion behavior of reinforcement. We first review the 
historical development of thermodynamic modeling 
approaches, with a particular focus on the challenges 
overcome towards their broad level of acceptance in cement 
science today. We proceed to investigate the adoption of 
thermodynamic modeling techniques in corrosion science. 
Retracing the development of electrochemical stability 
diagrams and their widespread use in corrosion education, 
we explore the actual and perceived limitations of 
thermodynamic modeling techniques to predict the corrosion 
of steel in concrete. Under consideration of recent 
advancements in material characterization, microscopy and 
other computational techniques, we demonstrate how the 
existing gaps in our phenomenological understanding can be 
bridged. Analogous to their establishment in the field of 
cement and concrete research, we seek to develop a set of 
key milestones that need to be reached to leverage the full 
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potential of thermodynamic modeling techniques, ultimately 
contributing to more reliable predictions of the corrosion 
behavior of reinforced concrete structures and the 
electrochemical degradation of metals in general. 

 Review of thermodynamic modelling for 
cement 

Thermodynamics are essential to our understanding of 
chemical reactions within hydrated cements and their 
interaction with steel bars. Thermodynamic models can 
reliably predict the composition of hydrated cements, their 
chemical compositions [35, 42] as well as their potential 
interactions with the service environment [43, 44]. Many 
studies have shown that such thermodynamic modeling 
predictions are reliable and accurate, if complete, internally 
consistent and accurate thermodynamic databases are used. 
The first rather complete compilation of thermodynamic data 
for hydrated cements was published as early as 1965 by 
Babushkin et al. [45]. In the following years, several additions 
or partial databases were published, focusing on the solubility 
of cement hydrates based on the latest experimental data 
available at that time [32, 46-51]. The two excellent datasets 
published in 1992 by Reardon [52] and by Bennet et al. [53] 
represented a first major update, followed by the Cemdata07 
database [36, 54-57] published in 2006 and the Thermoddem 
cement database published in 2010 by Blanc et al. [58, 59]. 
The Cemdata database experienced a major update in 2019 
[42]. 
Since the 1960’s research in thermodynamics applied to 
hydrated cements has gradually sped up and became an 
important tool in the last decades. As schematically illustrated 
in Figure 1, the number of scientific publications registered on 
the Scopus database under the key words “thermodynamic 
modeling AND cement” exceeds a total 5000 in the years 
from 1991 to 2024, with many articles being published in the 
wake of the most recent database updates in 2006, 2010 and 
2019. Publications yielding search results for the keywords 
“thermodynamic modeling AND cement AND corrosion” 
remain comparatively scarce. 

Figure 1. Number of scientific publications registered on the Scopus 
database from 1991 to 2024, as determined by Boolean search for the 
set of key words “thermodynamic modeling AND cement” and 
“thermodynamic modeling AND cement AND corrosion”. In 

comparison to the abundance of scientific literature concerned with 
thermodynamic modeling of cement, a small number of articles yield 
search hits for the latter key words. It is emphasized that the 
registered number of publications for the first set of key words 
experiences an incline in the years subsequent to the release of 
Cemdata07 in 2006, Thermoddem in 2010 and the Cemdata18 
database in 2019. 

Three main factors contributed to the increased use of 
thermodynamic modeling to predict the composition of 
hydrated cements. They are discussed in Subsections 2.1 to 
2.3.  

 Development of comprehensive thermo-
dynamic databases 

The development of reliable and relatively comprehensive 
thermodynamic databases for hydrated cements, e.g., [42, 
58, 59], has been fundamental for making accurate 
thermodynamic predictions. Such databases are generally 
developed based on meticulous measurements of the 
solubility of well characterised phases in under- and 
oversaturation experiments at different temperatures [60-
63], combined with careful observation for newly formed 
phases during equilibration. In some cases, solubility 
measurements were also combined with the fitting of 
missing, unknown thermodynamic properties versus known 
fields of stability, as e.g., done for databases for hydrothermal 
systems [58, 64]. The rigorous validation of thermodynamic 
modeling techniques has resulted in successively better 
matches between model predictions and experimental 
observations. This demonstrated utility has, in turn, fostered 
growing confidence within the scientific community. 

 Advancements in computational tools 

Another key factor that contributes to the broad adoption of 
thermodynamic modeling techniques is the development and 
availability of well tested computational tools, such as the 
geochemical modeling package PHREEQC [65] or the GEM-
Selektor code [66, 67]. The Reaktoro framework [68] offers 
further integration with on-demand machine learning 
(ODML) to accelerate chemical reaction calculations. Other 
tools including the electrochemical modeling package PourPy 
[69] are designed to complement existing frameworks, 
providing calculation routines to construct particular types of 
thermodynamic stability diagrams, e.g., the stability of 
chemical elements and compounds as a function of the 
electrochemical potential and the pH. These computational 
tools can primarily be distinguished in terms of their 
calculation methodology, underlying databases and the scope 
of processes they can model. Amongst the calculation 
methodologies used to compute the equilibrium composition 
of the model system, computational tools generally revert to 
law of mass-action (LMA) approaches or minimize the Gibbs 
free energy of the system. LMA calculations, including 
reaction-path approach employed by the PHREEQC modelling 
package, require the explicit formulation of all reactions that 
can alter the chemical composition of the modeling system. 
Under the assumption that these reactions proceed equally 
rapid both in forward and backward direction, the 
corresponding equilibrium constant can be formulated as the 
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product of the activities (or concentrations) of all chemical 
species involved, raised to the power of their respective 
stoichiometric coefficients. In combination with a mass 
balance constraint, these LMA equations form a set of non-
linear algebraic equations that can be solved iteratively. The 
LMA approaches are particularly efficient for systems with 
relatively few reactions that primarily involve the formation 
of aqueous species. Gibbs free energy minimization 
approaches, as implemented in GEMS and Reaktoro, on the 
other hand do not require the explicit formulation of all 
chemical reactions taking place. They use numerical 
optimization algorithms to minimize the total Gibbs free 
energy of the chemical system as a function of its composition 
and other thermodynamic state variables (e.g., pressure, 
temperature and volume). Though computationally more 
expensive that LMA approaches, they can handle complex 
multi-component, multi-phase and heterogeneous systems 
and are thus particularly suited to predict the chemical 
composition of hydrated cements. In addition to these 
methodology inherent differences, various modeling tools 
available vary in terms of their in-built activity coefficient 
models, their capability to perform temperature corrections, 
account for non-ideal interactions (e.g., solid-solution 
modelling), handle vapor-liquid interactions and their ability 
to simulate auxiliary multiphysics processes, such as mass 
transport. Table 1 summarizes the calculations methodology 
and modeling capabilities of selected computational tools 
discussed and used within this paper. 
Although differing in user-friendliness, all geochemical 
modeling approaches will essentially give identical solutions 
using the same input data and same thermodynamic data 
sets. Both GEMS (2012) and PHREEQC (1995) and their 
respective general thermodynamic databases are freely 
available and relatively easy to use, which allows not only 
dedicated specialists, but also interested cement chemist and 
engineers to use thermodynamic modeling efficiently [70, 
71]. In 2021, the development of the web application 
CemGems [72] has further facilitated the accessibility and 
ease of use of thermodynamic models. Based on the 
composition of the starting material, provided by the user, 
phase changes upon hydration or interactions with the 
environment can be obtained using predefined processes.  

 International collaboration 

The success story in the field of cement and concrete research 
can, to some extent, also be attributed to ongoing 
international collaborations between modelers, 
experimentalists and users. Their joint efforts to disseminate 
knowledge within the scientific community beyond the 
publication of peer-reviewed research, e.g., through the 
organization of conferences and workshops, has played a 
crucial role in the widespread acceptance of thermodynamic 
modeling techniques to date.   

 Ongoing thermodynamic modelling work 
in cement and concrete research 

The continuing effort of different groups to measure the 
solubility of additional hydrates and to generate missing 
thermodynamic data supported the rapid development and 
increased use of blended and alternative cement. Recent 
updates allowed to better predict the hydrates formed in 
alkali activated systems [73, 74], hydrated magnesium 
carbonates [75], magnesium phosphates [62, 76], magnesium 
silicates [77] and under hydrothermal conditions [64]. Also, 
updates in the description of alkali [78-80] and chloride 
binding by C-S-H [81, 82] as well as the potential formation of 
zeolites [83-85] is fundamental to predict the pH and the 
Cl/OH- ratio in the pore solution of hydrated cements more 
precisely, one of the main factors affecting corrosion kinetics 
[86].  
Although the available thermodynamic data allow to 
adequately describe most hydrated cement systems, new 
development and increased use of alternative cements lead 
to the necessity to measure and include data for additional 
hydrates such as hydrous carbonate-containing brucite (HCB) 
[75, 87], the binding phase in some magnesium carbonate 
cements, aluminum and iron-containing LDH phases [63, 88, 
89], alkali silica reaction products [90, 91] or the alumina silica 
gel formed during carbonation of hydrated cements [92, 93], 
for which thermodynamic data are partially missing. Not only 
solid phases, but also the aqueous speciation greatly 
influences the hydrates formed; in particular reliable data for 
ternary silicon, iron(II) and iron(III) complexes or complexes 
with organic molecules at high pH values are missing or under 
debate [94-96].  
One of the major problems in the application of 
thermodynamic models to cementitious systems is related to 
kinetic hindrance and the slow formation of some phases. 
Well known examples are quartz and crystalline calcium 
silicates, that form under hydrothermal but not at ambient 
conditions, although they are thermodynamically more stable 
than amorphous SiO2 or C-S-H [58, 64, 87]. In the absence of 
additional kinetic treatment, thermodynamic modelling 
would thus predict the exclusive formation of the 
energetically more stable phases, rather than their 
experimentally observed amorphous or semi-crystalline 
counterparts. Siliceous hydrogarnet, which can incorporate 
aluminium and iron, is thermodynamically stable in hydrated 
Portland cements [97] and is expected to destabilise AFm 
phases in the long-term, but the formation of Al-rich siliceous 
hydrogarnet is slow, such that it can take several decades 
before AFm phases are replaced by Al-rich siliceous 
hydrogarnet [98]. The knowledge of dissolution and 
precipitation kinetics and their rate constants are 
fundamental for the prediction of transport within hydrated 
cements. 
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Table 1. Summary of the calculation methodology and additional modelling capabilities of selected thermodynamic modelling packages discussed 
and used within this paper. 

Modeling 
package 

Calculation 
methodology 

Additional 
capabilities 

Databases Solid 
solution 
modelling 

Electrochemical  
stability 

Activity 
coefficient 
models 

Temperature 
correction 

VLE3 

PHREEQC   LMA1, 
reaction 
path 

Transport Pre-
defined, 
user 
extensible  

Basic (ideal 
behavior) 

Redox-
equilibria 

Various, 
Debye-
Hückel, 
Pitzer, SIT 

Basic, in-
built in 
database 

Limited 

GEMS GEM2 Transport Support 
for 
various, 
user 
extensible 

Advanced 
(non-ideal), 
user-
defined 
interaction 
parameters 

Redox-
equilibria as 
part of GEM 

Various, 
Debye-
Hückel, 
Pitzer, SIT 

Advanced, 
including 
high 
temperature 
applications 

Advanced 

Reaktoro GEM2 Transport, 
ODML4 

Support 
for 
various, 
user 
extensible 

Advanced 
(non-ideal), 
user-
defined 
interaction 
parameters 

Redox-
equilibria as 
part of GEM 

Various, 
Debye-
Hückel, 
Pitzer, SIT  

Advanced, 
including 
high 
temperature 
applications 

Advanced 

PourPy LMA1, focus 
on Pourbaix 
diagrams 

None Custom, 
user 
extensible 

No Redox equilibria 
with Nernst 
equation 

No No No 

1Law of mass action 
2Gibbs free energy minimization 
3Vapor-liquid equilibrium 
4On-demand machine learning 

 

 State-of-the-art of thermodynamics for 
corrosion 

In the early days of corrosion science, Marcel Pourbaix was a 
pioneer in applying thermodynamic principles to understand 
the electrochemical stability of materials. His work led to the 
development of the Pourbaix Atlas [99], a collection of 
potential-pH, or so-called Pourbaix diagrams, illustrating the 
stability of a total of 43 chemical elements, including their 
regions of immunity, passivity as well as those areas in which 
corrosion is favorable. This connection between 
thermodynamic principles and electrochemical processes 
was a major departure from the empirical methods 
commonly used in corrosion science at the time. Perhaps due 
to their intuitive simplicity, these visual representations have 
become an indispensable tool to teach thermodynamic 
concepts in corrosion education and, to some extent, in 
corrosion engineering.  
With regard to the corrosion of steel in concrete, the 
development of geochemical solvers enables modeling 
calculations, including the phase assemblage of multi-
component systems, significantly more complex than those 
originally considered. Simultaneously, the underlying 
thermodynamic data of iron and the list of chemical species 
that may form has been overhauled significantly throughout 
the past decades [100-102]. In comparison to those species 
investigated by Pourbaix [99], recent works, including the 
extensive compilations of Lemire et al. [100, 101], Brown and 
Ekberg [103] and other application-specific reviews such as 
the PSI/Nagra Chemical Thermodynamic Database [104, 105], 
account for the formation of far more solid iron bearing 
compounds and aqueous complexes. Some most notable 

additions of particular relevance to the corrosion of steel in 
concrete are the formation of: 
- soluble iron-chloride  

(FeCl!, FeCl"!, FeCl#(aq), FeCl$
%), 

- carbonate (FeCO#(aq), Fe(CO#)""%, Fe(CO#)##%) and 

- sulfate (FeSO$
!, FeSO$(aq), Fe(SO$)"%),  

complexes, as well as the amorphous, highly soluble corrosion 
products 2- and 6-line ferrihydrite $2l− Fe(OH)#(s), 6l−
Fe(OH)#(s)(.  
In addition to the overhauled set of chemical species 
considered, recent thermodynamic compilations are based 
on a precisely defined reference state and make use of 
internally consistent auxiliary data [106] for chemical species 
that are involved in the transformation pathways of iron 
aquatic systems. Consequentially, assessments of the 
electrochemical stability of steel in concrete based on the 
traditional Pourbaix diagram do not capture the influence of 
various complexating ligands on the solubility of iron in the 
aqueous phase.  
The following sections review the state-of-the-art of 
thermodynamic modeling techniques, highlighting their 
added value with respect to the concepts emerging in the 
early days of the discipline and emphasizing some of the 
major pitfalls currently preventing their broader adoption for 
the corrosion of steel in concrete.  

 The equilibrium solubility and speciation of 
iron 

As previously highlighted in Section 2, the equilibrium 
composition predicted by thermodynamic modeling 
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approaches is inherently dependent on the accuracy and 
completeness of the underlying thermodynamic database – 
compounds that are not included cannot be predicted to 
form. Regarding the phase assemblage of solid iron 
compounds and the speciation of iron in the aqueous phase, 
the number of species involved far exceed those commonly 
used to ascertain whether the corrosion of steel in concrete is 
thermodynamically feasible. 
Depending on the electrolyte composition and pH, the 
solubility and speciation of iron can be governed by the 
formation of 15 solid iron oxides, oxide hydroxides and 
hydroxidesa, as well as over 45 aqueous iron complexes [100, 
101, 107, 108]. Their formation is generally controlled by the 
local degree of supersaturation and pH, the temperature, 
pressure and the presence of other co-reacting species. Solid 
iron (hydr)oxide phases are further grouped according to the 
oxidation state of iron in the octahedral position (Fe2+, Fe3+) 
and their thermodynamic stability, as indicated by their 
equilibrium constant of formation log&'𝛽

∘ . Within this 
thermodynamic stability hierarchy, the formation of the well-
ordered compounds goethite (𝛼 − FeOOH(s)) and hematite 
(𝛼 − Fe"O#(𝑠)) is favored over the formation of amorphous 
ferrihydrites [107]. The speciation of iron on the other hand is 
primarily controlled by the solution pH [109]. In the Fe(II)−
H"O system, iron is present in the form of Fe"!  and the 
Fe(II)  hydrolysis products FeOH! , Fe(OH)"(aq)  and 
Fe(OH)#% depending on the pH. In the Fe(III)− H"O on the 
other hand, the solubility of iron is determined by Fe#!, the 
Fe(III) hydrolysis products FeOH"!, Fe(OH)"!, Fe(OH)#(aq), 
Fe(OH)$%  and the polymeric iron species Fe"(OH)"$!  and 
Fe#(OH)$)! . Whilst the ferrous (Fe"! ) and the ferric (Fe#! ) 
cation are the most dominant aqueous iron complexes at 
acidic pH, the solubility of iron is controlled by the formation 
of Fe(OH)#%  and Fe(OH)$%  in alkaline conditions. For a 
detailed account of the pH-dependent solubility and 
speciation of the Fe− H"O system, the reader is referred to 
Furcas [107]. In addition to these hydrolysis products, both 
the ferrous and ferric cation can complexate with a broad 
range of anionic species that are commonly present in the 
pore solution of hardened concrete. Aqueous Fe(II)  and 
Fe(III)  chloride complexes are preferentially stabilized at 
acidic conditions [100, 101, 109, 110], e.g., such that may be 
achieved in the absence of a local cathodic reaction in 
corrosion pits [111, 112]. Their contribution to the solubility 
of iron at the pH characteristic to the pore solution of 
concrete is negligible [107, 109].  
It has recently been demonstrated that the solubility of Fe(II) 
is dominated by the formation of aqueous iron carbonate 
complexes in circumneutral (pH = 9.0) to alkaline (pH = 12.5) 
conditions. These complexes, including FeCO#(aq)  and 
Fe(CO#)"

"% , compete with the formation of the hydrolysis 
products FeOH!  and Fe(OH)"(aq) , accounting for more 
than 80% of the total dissolved Fe(II)  at carbonate 

 

a Hereafter collectively referred to as iron (hydr)oxides. 

concentrations approaching 1 × 10%& M [107]. Apart from 
hitherto characterized iron chloride and carbonate 
complexes, a number of publications further suggest that the 
solubility of Fe(III) is elevated in the presence of dissolved 
silicates and carbonates at highly alkaline pH [109, 113, 114]. 
The presence of Si can further lead to the formation of solid 
iron silicates, competing with the precipitation of iron 
(hydr)oxide phases at 𝑇 = 50	℃ on the surface of corroding 
iron and in the aqueous medium in the vicinity of the metal-
electrolyte interface [115, 116]. In the light of these 
competing chemical interactions and their pivotal influence 
on the dissolution kinetics, the speciation of iron in the 
aqueous phase and the formation of corrosion products, it is 
essential to consider their collective influence when 
evaluating the electrochemical stability of steel in concrete.  
One of the key assumptions made to construct the potential- 
and pH-dependent phase transitions visualized in the classical 
Pourbaix diagram is that the concentration of iron in the 
electrolyte is fixed to a constant value, e.g., [Fe] = 10%) M 
to [Fe] = 1  M [99], for all dissolved iron complexes, 
irrespective of their pH-dependent predominance or 
oxidation state. Whilst it is indeed thermodynamically 
possible for some corrosion products to be in equilibrium with 
such high aqueous iron concentrations, their total solubility is 
heavily influenced by the pH. In the Fe(II)− H"O system, 
the solubility of iron, as controlled by the formation of 
Fe(OH)"(s) varies from approx. [Fe] = 10%& M at pH = 7.0 
to [Fe] = 10%* M at pH = 11.2 [109]. The total solubility of 
Fe(III)-complexes on the other hand approaches [Fe] =
10%&  M at pH = 2.0 in equilibrium with the amorphous 
corrosion product 2-line ferrihydrite and can decrease to 
values as low as [Fe] = 10%&"  M at pH = 8.0, considering 
the formation of the crystalline corrosion product goethite 
[107, 109]. In the light of these ample deviations in the 
concentration of iron across different oxidation states as well 
as the aforementioned pH-dependent speciation of Fe(II)- 
and Fe(III)-complexes, it can be concluded that the general 
assumption of a constant iron concentration is inadequate.   

 The electrochemical stability of iron 
revised – using modern thermodynamic 
modeling techniques 

Under consideration of the broad range of aqueous and solid 
iron-bearing species commonly formed in the conditions 
characteristic to the pore solution of cementitious media, the 
electrochemical stability of iron can be evaluated using state-
of-the-art Gibbs free energy minimization techniques. Figure 
2 compares the resultant electrochemical stability regions of 
various compounds, as computed using the modeling 
package Reaktoro (Figure 2a) to those obtained from 
traditional LMA and Nernst Equation calculations [99].  
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Figure 2. The electrochemical stability of iron-bearing compounds at 𝑇 = 298.15 K as a function of the potential 𝐸 in V vs. SHE and the pH, as 
computed using the thermodynamic modeling solver Reaktoro [68] (Figure 2a) and via the software package PourPy [69] (Figure 2b). All 
simulations assumed a total iron and carbonate content of [Fe] = 1 × 10!" M and [C] = 1 × 10!# M, respectively. Modeling calculations 
were performed, considering the formation of the solid iron compounds Fe(OH)#(s), Fe$O%(s), γ-Fe#O$(s)  and aqueous complexes Fe#& , 
FeOH&, Fe(OH)#(aq), Fe(OH)$!,  Fe$&, FeOH#&, Fe(OH)#&, Fe(OH)$(aq), Fe(OH)%!, Fe#(OH)#%&, 	Fe$(OH)%'&, FeCO$(aq), and Fe(CO$)##!, 
using the thermodynamic data published in Furcas et al. [109] and Furcas et al. [118] . 

 
Simulations were performed on an equally spaced 20 × 100 
potential-pH grid, ranging from pH = 0 to 15 and 𝐸 = −1.0 
to 1.5 V vs. the standard hydrogen electrode (SHE).  The 
modeling system was adjusted to contain a total elemental 
concentration of [Fe] = 1 × 10%+  M, [C] = 1 × 10%"  M, 
i.e. matching the approximate dissolved aqueous carbonate 
concentration in the pore solution of cementitious systems 
[117] as well as [NaCl] = 1 × 10%" M to ensure simulation 
stability.  
It can be recognized that the corrosion regime of iron, i.e. the 
combined potential-pH space in which aqueous iron species 
(Fe"! , Fe#! ) are predominant, as predicted by Gibbs free 
energy minimization approaches (Figure 2a), stretches to far 
higher pH values than the stability regime bound by 
traditional law of mass action and Nernst equation-type lines 
(Figure 2b). In addition, it is found that the Fe(III) hydrolysis 
product Fe(OH)$%  exhibits significant electrochemical 
stability, rivalling the formation of all solid iron oxides 
considered at pH > 13.6 . The obtained differences in the 
size of the passivity regime can be traced back directly to the 
calculation methodology and underlying model assumptions 
of both approaches. Whilst the electrochemical stability 
diagram constructed using rigid thermodynamic modelling 
techniques (Figure 2a) accounts for the pH-dependent 
solubility of iron-bearing compounds, the classical Pourbaix 
diagram (Figure 2b) assumes a constant, pH-independent 
concentration of iron in the electrolyte. The classical Pourbaix 
diagram is hence unable to capture the ample reduction in 
the total concentration of iron in solution towards 
circumneutral pH. This crucial simplification provides a 
prospective explanation as to why the onset of steel passivity 
at potentials characteristic to aerated concrete [119], 
estimated using classical Pourbaix diagram [99], does not 
align with field observations. In addition to the pH-dependent 
formation of solid iron-bearing phases, the assumption of a 
constant aqueous iron concentration bears the risk of 
misestimating other competing reactive transport processes, 
including the kinetics of the anodic dissolution of iron or its 
subsequent uptake by cementitious phases. As both of the 
latter depend on the local concentration of the divalent and 
trivalent Fe cation, it can be concluded that Gibbs free energy 

minimization techniques are far more adept at capturing the 
complex chemical interactions relevant for corrosion and 
corrosion-related damage in reinforced concrete structures.  
The power of state-of-the-art thermodynamic modeling 
techniques, as well as their advantages over Nernst equation-
based approaches, is further demonstrated by the breadth of 
information they can provide. Whilst the classical Pourbaix 
diagram visualizes the potential-pH stability regime of only 
those species that are thermodynamically predominant, 
Gibbs free energy minimization approaches provide detailed 
insights into the potential- and pH-dependent concentrations 
of all species considered. Figure 3 illustrates the molar 
fractions of various predominant compounds (Figure 3a) an 
aqueous iron-bearing complexes (Figure 3b), computed 
across a parametrized line scan from pH 0 to 15, at a constant 
potential of 𝐸 = −0.1 V vs. SHE (compare Figure 2a, blue, 
dashed line). It can be recognized that the transition between 
the corrosion and passivation regime, as visualized by a sharp 
border in classical Pourbaix diagrams, entails an entire set of 
aqueous iron complexes that are otherwise hidden within the 
stability domain of Fe"! and Fe#O$(s) (Figure 3a). Though 
not thermodynamically predominant, some of these 
complexes, including Fe(OH)"!, Fe(OH)#(aq)  and 
Fe(OH)$% , contribute significantly to the pH-dependent 
equilibrium composition of iron in the Fe− H"O  system 
(Figure 3b). It is further evident that the transition of one iron-
bearing compound to another, e.g., from of Fe"!  to 
Fe#O$(s) , proceeds significantly smoother than visually 
conveyed in the thermodynamic predominance diagrams 
displayed in Figure 2. Approaching their transition point at pH 
7.5, the total molar fraction of Fe#O$(s) gradually increases 
(Figure 3a, red line) at the expense of the amount of soluble 
Fe"! (Figure 3a, black line). Whilst the ferric cation ceases to 
be thermodynamically predominant at pH > 7.5, it remains 
stable within the predominance region of Fe#O$(s) up to pH 
9.0. Likewise, as the total solubility of Fe increases towards 
highly alkaline conditions [109], the total molar fraction of the 
Fe(III) hydrolysis product Fe(OH)$%  gradually increases 
(Figure 3a, grey line), whilst the relative contribution of the 
corrosion product γ-Fe"O#(s)  experiences a smooth 
decrease (Figure 3a, blue line).  
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The additional consideration of dissolved carbonates in 
quantities characteristic to cementitious media further 
exemplifies the power of modern thermodynamic modeling 
techniques to simulate compositional changes due to 
environmental variations. It is demonstrated that the 
solubility of iron is influenced by the formation of FeCO#(aq) 
and Fe(CO#)""% (Figure 3b, red and blue lines). Despite their 
significant contributions to the aqueous molar fraction of 
iron, neither of the Fe(II) carbonate complexes is 
thermodynamically predominant in comparison to Fe"! , 
Fe(OH)$% or any of the solid iron-bearing phases considered 
(Figure 3a). Consequently, both FeCO#(aq) and Fe(CO#)""% 
do not appear on the classical Pourbaix diagram of iron. 
Nevertheless, under the continual carbonation of hardened 
concrete, it is anticipated that these complexes stabilize in the 
chemical near-field of the steel concrete interface. 
Consequentially, their formation could impact both the 
dissolution of steel in carbonated concrete [107] as well as 
subsequent reaction pathways that lead to the precipitation 
of corrosion products and the uptake of iron into 
cementitious phases [14].  

 
Figure 3. The mol fraction of all thermodynamically predominant 
species across a line scan performed over the entire pH space at 𝐸 =
−0.1 V vs. SHE (compare Figure 2), w.r.t the total iron concentration. 
Figure 3a displays the mol fraction of all predominant compounds 
whilst Figure 3b shows all thermodynamically stable aqueous species 
across the same potential and pH space.  

 Thermodynamics and kinetics – opposing 
approaches? 

While thermodynamic models can determine whether 
corrosion is possible, they also operate under the assumption 
that the system will eventually reach equilibrium. 
Consequentially, they do not provide any information on the 
time-dependent availability of reactants at the metal-
electrolyte interface or the rate at which equilibrium is 
approached. 

Kinetic modeling approaches on the other hand ascertain the 
rate at which the electrochemical degradation occurs. These 
models incorporate reaction kinetics, transport phenomena, 
i.e. the diffusion or migration of reactants and products, and 
other surface phenomena including the adsorption and 
desorption of species onto the electrode surface. Accounting 
for the time-dependent availability of chemical species, 
kinetic models are crucial for understanding how quickly 
corrosion progresses in real-world conditions where a system 
is often far from equilibrium.  
Although both techniques are widely recognized as crucial 
components of the modeling toolbox used to investigate 
corrosion of metals, they are regarded as distinct. Their 
apparent opposition arises from the fact that a material may 
be thermodynamically prone to corrosion, but kinetic 
barriers, e.g., diffusion limitations or the formation of a 
passive film, may attenuate the rate of material degradation 
within a relevant operational timeframe. Despite this 
perceived contradiction, it is important to clarify that these 
techniques are not opposing, but rather complementary. 
Thermodynamics determines whether a reaction can happen 
at all or not, while kinetic determines the speed at which 
possible reactions can happen. Consider the Arrhenius-type 
relationship between the current density 𝑖  and the 
electrode overpotential 𝜂, as described by the Butler-Volmer 
Equation 

														𝑖 = 𝑖' /exp 0,(-./
01

1 −  exp 0%,)-./
01

12,        (1)  

where 𝑖2  is the exchange current density, 𝛼3  and 𝛼4  are 
the anodic and cathodic charge transfer coefficients, 𝑛 is the 
number of electrons exchanged, 𝑇  represents the 
temperature in degree Kelvin and 𝑅 and 𝐹 are the ideal gas 
and Faraday constant. The overpotential 

𝜂 = 𝐸 − 𝐸'  (2) 

is a measure of the deviation from the thermodynamically 
defined equilibrium potential 𝐸', driving the electrochemical 
reaction forward, towards the oxidation of the metal (𝜂 > 0), 
or favouring the reduction of metal cations in the immediate 
vicinity of the electrode (𝜂 < 0). In either scenario, the Gibbs 
free energy change of the reaction Δ𝐺5 , the cell potential 
𝐸 = %67!

-.
, and consequentially the current density 𝑖 depend 

on the activity of all chemical species taking part in the 
reaction. The thermodynamic principles defining the driving 
force for corrosion to occur are thus hard coded into the 
mathematical description of electrochemical kinetics. 

 Opportunities and research perspectives  

In the light of the most recent analytical and computational 
advancements, several challenges remain to be addressed to 
fully harness the potential of thermodynamic modeling 
techniques for the corrosion of steel in concrete, many of 
which originate from the competition between 
thermodynamically and kinetically controlled processes 
occurring at the steel-concrete interface. The steel-concrete 
interface is a complex domain with interacting microscopic 
features (e.g., pores, mill scale, pre-existing rust layers, cracks, 
crevices) and chemical states (e.g., varying degrees of 
saturation, phases and microstructure different from bulk 
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concrete, varying ionic compositions) [120]. One of the key 
challenges involved is the accurate modeling of various 
thermodynamic and kinetic factors affecting the distribution 
of Fe(II) and Fe(III), both in the aqueous and solid phase. 
Corrosion of steel in concrete proceeds via the anodic 
dissolution of Fe and the simultaneous cathodic reaction, 
often involving the generation of OH-. Depending on the pH 
and the activity of anions in the pore solution, the released 
Fe2+ may form complexes, oxidize to Fe(III) over time, diffuse 
away from the steel interface or precipitate as Fe(II) solids 
[121]. The Fe(III) species formed may also form complexes 
with anions in the pore solution [109], diffuse away from the 
steel interface, and precipitate as solid Fe(III) (hydr)oxides, 
which can further transform into thermodynamically more 
stable phases [122]. Despite the importance of these kinetic 
phenomena, experimental investigation of processes near 
the steel-concrete interface is rather challenging and requires 
innovative approaches and computational techniques.  
Reactive-transport modeling of the steel-concrete interface 
provides such an opportunity to overcome experimental 
limitations. Reactive transport models, though few, studying 
the evolution of corrosion in cementitious materials do exist 
in the literature. Some of these models also couple 
thermodynamic modeling algorithms (e.g., Gibbs free energy 
minimization or LMA) with numerical solution algorithms for 
solving the governing equations for transport [30, 31]. 
However, most of these models do not currently consider all 
the relevant thermodynamic data for aqueous and solid Fe 
phases. Considering the importance of accurate and 
internally consistent thermodynamic data as outlined in 
Section 2, it is crucial to complete the existing data set of iron 
by adding and characterizing various ferrous and ferric 
carbonate and silicon complexes that are hypothesized to 
stabilize at alkaline pH [109, 113]. When combined with 
recent efforts in characterizing the microstructural domains 
near the steel-interface [123] to create representative 
domains for reactive-transport simulations, the foundations 
for the next generation of service life prediction tools for 
reinforced concrete structures can be established. Figure 4 
illustrates the set of key milestones towards the development 
of these next-generation prediction tools.  

 
Figure 4. The set of key milestones required for the development of 
next-generation service-life prediction tools, leveraging the full 
potential of kinetic, thermodynamic and coupled reactive transport 
modeling techniques, ultimately contributing to more reliable 
assessment of the corrosion state of steel in reinforced concrete 
structures.  

In addition to the microstructure, it has been shown that the 
fate of Fe in corroding steel-reinforced concrete is strongly 
influenced by the oxidation rate of Fe(II) to Fe(III). The 
oxidation of Fe(II) to Fe(III) entails multiple concurrent 
oxidation reactions involving different Fe(II) and Fe(III) 
species, each with a different kinetic rate constant [124, 125]. 
The rate of each oxidation reaction is influenced by variables 
such as pH, dissolved oxygen concentration, and pore 
solution composition [126-128]. Thermodynamic modeling 
can help in deciphering the speciation of aqueous Fe(II) and 
Fe(III) and allow us to numerically estimate the effective rate 
of each of the underlying oxidation reactions. However, these 
estimates often vary by a few orders of magnitude due to lack 
of consistent experimentally derived kinetic rate constants. In 
the absence of an internally consistent description of the 
concurrent oxidation reactions, model predictions could lead 
to significant discrepancies in the concentration of dissolved 
Fe(II) and Fe(III) complexes either overpredicting the amount 
of ferrous species formed and underestimating the Fe(III) 
activity, or the other way round. This misrepresentation of the 
prevailing chemical environment would in turn affect the 
kinetics of Fe2+ dissolution at the SCI (compare Section 3.3.) as 
well as the rate of corrosion product formation under partial 
equilibrium [122, 129]. 
Another factor that influences the rate of Fe(0) dissolution is 
the degree of pore water saturation in the vicinity of the SCI. 
Moisture plays a critical role in the degradation of steel 
reinforcement, acting both as a medium for the flow of 
current between anode and cathode as well as the transport 
of corrosive species to the dissolution site. It is well known 
that the corrosion rates of steel in a broad range of 
cementitious binders exposed to high relative humidity (90 to 
100% RH) or immersed in water can surge by 1 to 2 orders of 
magnitude compared to systems in moderately dry 
environments (30 to 50 % RH)  [130-134]. Apart from the 
thermodynamic and kinetic considerations related to 
(electro)chemical reactions, next generation service life 
prediction tools are required account for the dynamic 
influence of the prevailing degree of pore saturation on the 
rate of steel dissolution, thereby affecting other competing 
reactive transport phenomena discussed in this section.  
There is also a need for new ways of studying the kinetic 
processes near the steel-electrolyte interface. Traditional in-
situ electrochemical techniques [135] do not allow to study 
the location of formation and type of solid reaction products 
in the electrolyte. Ex-situ surface characterization techniques 
of corrosion products (e.g., Raman spectroscopy or X-ray 
photoelectron spectroscopy) focus on the changes on the 
metal surface, but do not work well to study precipitates and 
their undisturbed transformations over time in the region 
near the metal-electrolyte interface. Therefore, there is a dire 
need for new techniques that can provide in-situ kinetic 
information on the long-term processes near the steel-
electrolyte interface. A recent study by Albert et al. [136] 
presented such a new experimental approach which is based 
on a glass capillary, in which precipitation of corrosion 
products in the aqueous phase adjacent to the steel surface 
can be monitored over time with optical microscopy and 
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chemically and microscopic synchrotron-based techniques. 
Moreover, quantification of precipitates through X-ray 
transmission measurements provides in-situ corrosion rates. 
Another opportunity to develop fundamental understanding 
on kinetic processes is provided by the recent advances in 
utilizing atomistic modeling techniques. For instance, 
reactive-force field molecular dynamics and density 
functional theory have been shown to be highly beneficial in 
developing fundamental understanding of corrosion 
processes near metal-electrolyte interface to fundamentally 
explain concepts such as passivation, chloride-induced 
breakdown of passive films, speciation of iron in electrolytes, 
and the role of ionic state on reaction kinetics [25, 26, 137].  
Applying thermodynamic modeling principles to develop 
fundamental understanding for corrosion of steel 
reinforcement in concrete has practical importance, as 
demonstrated by Küter [138]. By accounting for the 
formation of soluble complexes, e.g., those that play a role in 
the propagation of chloride-induced corrosion [138, 139], the 
devised approach aims to thermodynamically describe the 
diverse corrosion states of steel in concrete. Küter [138] 
showed that it is possible to assess available countermeasures 
to mitigate reinforcement corrosion, and further, to develop 
theoretical concepts for new effective and cost-efficient 
countermeasures for both new and existing structures. 
Examples of how thermodynamic principles could be used to 
mitigate reinforcement corrosion include tailored surface 
modification of the steel reinforcement and development of 
new concepts for sacrificial anodes to be used in cathodic 
protection systems.  
In conclusion, thermodynamic modeling is expected to play a 
significant role in the low-carbon vision of the concrete 
industry which promotes the use of low-clinker binders with 
high limestone replacement, extensive use of traditional and 
alternative supplementary cementitious materials (SMS), and 
non-clinker based alternative cements or alkali activated 
binders. These low-clinker systems have significant 
implications on steel corrosion in concrete. First, these 
systems typically have a low pH buffer capacity due to 
reduced or eliminated Ca(OH)2 in the cementitious matrix. 
Second, cementitious reactions or externally-induced 
chemical reactions (e.g., carbonation) in these systems can 
result in pore solution chemistries that can destabilize 
passivity of steel and increase corrosion rates. Third, the 
ability of these mixtures to bind aggressive species such as 
chlorides could be considerably different from the 
conventional concrete. Finally, physical binding of anions and 
cations from the pore solution by the hardened cementitious 
phases (e.g., C-S-H, C-A-S-H, etc.) of these low-clinker 
mixtures could lead to unexpected outcomes with respect to 
key aspects of pore solution composition related to 
reinforcement corrosion such as pH, Cl-/OH- ratio, alkali 
content, and electrical resistivity. Fortunately, 
thermodynamic modeling provides an unmatched 
opportunity to address these uncertainties as it provides a 
generic framework for quantifying solid and aqueous phases, 
indifferent to the type of cementitious materials used.       
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