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Executive Summary 

The interface between carbon steel and cementitious materials is a key issue in the concepts of disposal 

cell for vitrified high-level waste (HLW) in argillaceous sedimentary formations for the Belgium, Dutch 

and French national programs. The first two programs rely upon supercontainers containing the HLW 

encased in prefabricated cylindrical concrete buffer material. The concrete is made from CEM I cement 

and limestone aggregates. The pH has to be kept at high values during the thermal phase, and much 

longer beyond, in order to keep the carbon steel overpack passivated, to limit corrosion and ultimately 

radionuclide release. In the French concept, the annular gap between a carbon steel sleeve and the 

host rock is filled with a bentonite/cement grout that imposes corrosion-limiting environmental condition 

during the thermal phase only. The alkalinity of the grout is moderate (pH ~ 11) and should have been 

neutralized readily afterwards to prevent the dissolution of the nuclear glass and radionuclide release 

under alkaline pH values. The different national concepts of disposal cell for intermediate level waste 

(ILW) present a wider diversity of configurations and materials compared to the HLW disposal concepts. 

However, in most concepts carbon steel is used for the containers of the ILW packages that are the 

immobilized in a concrete or steel container with a cement-based material. 

The subtask 2.2 of the ACED WP is dedicated to identify and model the main reactive processes at the 

cement/steel interface and their consequences in terms of transfers and microstructures evolutions. All 

data (from modelling and experiments) have to describe geochemical behaviors in function to the 

environmental constraints, representative of conditions planned to be encountered in geological 

facilities.    

The thermodynamics of Fe-containing cement phases represents the first main input of this report, 

based on a broad bibliographical review and first results. A second major issue is to investigate the 

kinetics of the steel/cement interactions in the geologic disposal, from a literature review and first results 

obtained in the BACUCE project. A last and third objective is to gather the chemical and physical 

properties of all the materials considered in Task 2.2 and to model their initial states.  

The first part provides an overview on the thermodynamics of Fe-containing cement phases, corrosion 

products, and iron pore solution speciation. The use of non-ideal solid-solutions to model some of the 

cement hydrate phases is detailed, together with preliminary results on the iron uptake in C-S-H. These 

are essential for assessing the fate of iron that results from corrosion and serve as inputs and constraints 

for improving the reactive transport modelling at the interface and waste package level. CEMDATA18 

database for cement phases was improved from Cemdata07 mainly with the extension of aluminum and 

iron containing phases as well as the changes in the C-S-H models concerning the volume and the alkali 

uptake. These changes can lead to considerably different modeling results between the two database 

versions. Thermoddem database contains data for modelling cement phases, iron corrosion products 

such as iron carbonates, oxyhydroxides, silicates and sulfides, these can be supplemented with data for 

iron corrosion products or clayey phases can be selected from ThermoChimie.  

Fe-siliceous hydrogarnet is the most stable iron bearing cement hydrate phase from ambient to elevated 

temperatures. This is replaced by ferrihydrite in low pH cements. Generally, Fe(III)-bearing cement 

phases, Fe oxides and hydroxides have low solubility. Their stability increases with temperature 

increasing and this keeps the iron present in the pore solution at low concentrations. This and the uptake 

of iron in C-S-H, a main cement phase, will result in the retention of iron near the cement/metal interface. 

The most stable corrosion products in highly alkaline conditions (pH>11), maintained by the cement 

system, is magnetite and goethite under anoxic and oxic conditions, respectively. The formation of the 

stable iron oxides/hydroxides can be inhibited, depending on kinetics, temperature and local 

composition, resulting in the formation of different intermediate metastable phases such as amorphous 

oxide/hydroxide phases, hydroxychloride phases, green rust GR1(Cl-). These phases are more soluble, 

and their presence will enhance the mobility of iron. Because of the high pH, iron in the pore solution 

will be in its hydrolyzed form. The presence of chloride ions and other ligands could lead to an increased 

amount of dissolved iron and the stabilization soluble iron phases for instance green rust GR1(Cl-).  
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Some of the Fe containing cement phases like the (Al, Fe)-monosulfate and (Al, Fe)-ettringite are 

modeled as non-ideal solid solutions. For simplification in reactive transport codes, they can be treated 

ideal solid solutions. This simplification should produce results for the solid and aqueous composition 

within the experimental uncertainity and will be further investigated. In the case of C-S-H, a non-ideal 

mixing model is necessary to accurately describe the experimental data on the uptake of iron and other 

elements. Preliminary results show that the model can be successfully parameterized against 

experimental data for iron uptake in C-S-H. After additional estimates necessary for the iron in aluminum 

bearing C-S-H, the model will be used to investigate the impact on the iron at the cement/steel interface. 

For codes that do not use complex solid solution models, we investigate the possibility of using a smart 

discretization procedure, for producing the optimal number of discrete phases that satisfactorily 

approximate the non-ideal solid solution model. 

In terms of material composition, low carbon or weakly alloyed steels are mostly made of metallic iron. 

They are never in equilibrium with water even under anoxic conditions and will be subjected to several 

types of corrosion processes, such as generalized (uniform) corrosion or localized corrosion (e.g. pitting 

corrosion). The present report will focus on the generalized corrosion of iron under anoxic and fully water 

saturated conditions: The effect of temperature, of water chemistry and pH (from neutral pH to highly 

alkaline pH) and of the configuration (steel in contact with aqueous solutions vs. close contact between 

solid materials). At 80°C and neutral pH in argillaceous media, the corrosion rate ranges from a few 

µm/y in synthetic clayey solution up to 30 µm/y when steel is embedded in the argillaceous rock. The 

corrosion decreases exponentially with time over one year approximately. Layered zonation of corrosion 

products (oxyhydroxide, chukanovite and siderite, iron silicates) generally takes place in an embedded 

configuration. At 80°C and high-pH conditions, the long-term corrosion rates (beyond one year) is 0.1 

µm/y or lower due to passivation by the formation of compact magnetite film or layer uniformly over the 

whole surface of iron. The passivation of the steel by magnetite may become inactive when the alkaline 

pH decreases below 10.5. However, the corrosion rates under moderately alkaline pH (10.5 – 11.5) are 

not well characterized yet, and will be a major input of the Subtask 2.2. The very few papers indicate 

that corrosion rates one order of magnitude higher than in classical cement environment. The activation 

energy is commonly low for all the pH range and temperature increase slightly enhance corrosion in 

most cases. 

The modeling of experiments in the Subtask 2.2 will be performed with reactive transport modeling 

(RTM), in particular HYTEC. The main mathematical features of RTM are presented with as special 

emphasis on temperature dependency for thermodynamics as well as kinetics and diffusion (Arrhenius-

type laws). The possibility of chemical feedback on porosity and diffusion could be important for 

modeling the time evolution of the steel/ cement interface. HYTEC is interfaced with the Thermoddem 

database and will benefit from the development of the thermodynamics of iron-cement phase performed 

in Subtask 2.2. The kinetics of the formation of the corrosion products is also introduced in the report. 

The BACUCE experiments are taking place in the IRSN underground research laboratory located in an 

argillaceous formation of Toarcian argillite at Tournemire (France). The in-situ experimental set-up aims 

to characterize the interface between carbon steel and two cementitious buffers (a bentonite/cement 

grout and a CEM I paste) until three years of interaction at the ambient temperature of 15°C and at 80°C 

with a heating system. One specificity is to study the influence of imperfect contacts or voids that are 

filled with grout porewater solution mixed with the argillite one. Experiments at the laboratory are also 

conducted in support of the in situ experiments at 20°C. The first lab experiment concerns the porewater 

chemistry of the bentonite/cement grout. The second experiment assesses of the efficiency of the 

slightly alkaline conditions to protect the steel against corrosion. Complementary experiments at 80°C 

are under progress in Subtask 2.2. The third lab experiments are planned to assess the effect of mill 

scale on the corrosion rate of low carbon steel in similar conditions as the BACUCE experiments. These 

experiments will also allow to evaluate the synthetic porewater evolution in contact with the two buffer 

materials (CEM I/MREA) at 80°C, as well as the cement and steel corrosion products evolution. 

The geochemical, mineralogical and transport parameters of all materials (CEM I paste, grout, argillite) 

have been compiled and adapted as HYTEC input files. The initial chemistry and mineral assembly have 
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been modeled, first at ambient temperature, and after a temperature increase up to 80°C. In hydrated 

CEM I cement pastes, temperature affects the balance between AFT/AFm phases, decreases pH (but 

the hydroxide content remains high) and rises the sulfate dissolved concentration. Compared to CEM I, 

the bentonite/cement grout is still poorly known. Modeling has been done on batch tests with hydrated 

grout and water at 20°C. The model has then been extrapolated to the porewater and mineralogy of the 

hydrated grout at 20°C and 80°C. Two sets of thermodynamic data have been tested, improving the 

description of the C-A-S-H phases. The implementation of a kinetic approach for the hydrations of slag 

and silica fume, especially at 20°C, will be done as an improvement of this preliminary model. Eventually, 

the modeling of steel corrosion is on-going (corrosion products and intrinsic rate constant).  

An alternative set of lab experiments are also in progress in Subtask 2.2 to gain information on corrosion 

intensity at the interfaces between carbon steel and a CEM II/B -based concrete. A temperature of 80°C 

is also considered for the sake of consistency and comparison with the other experiments of Subtask 

2.2. Synthetic groundwater of the Boda claystone is used for hydrating the cement and as boundary 

conditions. The physical and chemical properties of the concrete and the Boda water chemistry have 

been compiled to further define the initial states of the reactive transport model.  

The report ends with a series of planned continuations and improvements. Subtask 2.2 will also pass 

information from its relatively isolated small-scale processes investigated on interface scale to more 

complex systems at waste package scale (task 3) and disposal scale (task 4). 
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1. Introduction and context 

MINES ParisTech and PSI 

 

1.1 Context, steel/cement interface in HLW and ILW disposal cells 

Understanding the evolution of the interface between steel and cement-based materials is essential for 

the integrity of the repository barrier system. Cement-based materials are used in many deep geological 

repository concepts and come in contact with various metallic materials that are part of the waste or that 

are part of the barrier system (i.e. containers). 

The concepts of disposal cell for vitrified high-level waste (HLW) embedded in an argillaceous 

sedimentary formation for the Belgium, Dutch and French national programs as schematically shown in 

Figure 1 (Andra, 2016a; Weetjens et al., 2012; Neeft et al., 2019). The first two programs share the 

same concept of the so-called supercontainer. In both concepts, the steel overpack encapsulates the 

waste canisters that contain the vitrified waste (Andra, 2016a; Deissmann et al., 2016). 

The supercontainer diameter is about 2 m, and consists in a carbon steel overpack (7.5 cm thick) 

containing the HLW is encased in prefabricated cylindrical concrete buffer material.  The concrete is 

made from ordinary Portland Cement (OPC or CEM I type) and limestone aggregates. The pH has to 

be kept at high values (pH around 12.5, i.e. buffered by portlandite) in order to keep the carbon steel 

overpack passivated, to limit corrosion and ultimately to minimize radionuclide release from the vitrified 

wastes. The lifetime of the overpack have to be at minimum longer than the thermal phase (the thermal 

phase corresponds to the decay of the larger part of the radionuclides). The temperature at the steel 

overpack decreases from 80°C to 40°C in less than 200 years for most nuclear glasses and in 1 000 

years for the warmest wastes (Neeft et al., 2019). Afterwards, the temperature continues to decrease to 

the natural background temperature (about 25°C) but more slowly.  

The French concept (Andra, 2016a) significantly differs from the supercontainer concept by considering 

a 25 mm thick sleeve made of low-carbon steel in an indurated clay formation. The annular gap between 

the sleeve and the host rock is filled with a bentonite/cement grout that imposes corrosion-limiting 

environmental condition during the thermal phase only. The injection of the cement-bentonite grout is 

considered to counter the acidic pH transient (pH ~ 4.5) resulting from the host rock oxidation which 

may lead to high corrosion rates. The grout also passivates metallic surfaces. It also strongly reduces 

the diffusion of atmospheric O2 to the steel due to its water saturated state and low effective diffusion 

coefficient. The alkalinity of the grout will be readily neutralized afterwards to prevent the dissolution of 

the nuclear glass under high pH values. Neutralization is driven by the interaction with the surrounding 

host rock, including hydrolysis and carbonation. 

In both HLW concepts, the chemical evolution at the interface between the carbon steel and a 

cementitious material is critical issue to minimize steel corrosion. The effect of thermal phase from 80°C 

to 25°C on steel corrosion, both from a thermodynamic and kinetic points of view, is also an important 

common question. To better understand and quantify of the interaction between cement and steel at 

high temperature is the objective of the present subtask 2.2. 

The different national concepts of disposal cell for intermediate level waste (ILW) present a wider 

diversity of configurations and materials (Neeft et al., 2019) compared to the HLW disposal concepts. 

Figure 2 shows the schematic configuration of a disposal cell for intermediate level waste (ILW) of 

reference the ACED work package. However, in most concepts carbon steel is used for the containers 

of the ILW packages that are the immobilized in a concrete or steel container with a cement-based 

material. The Dutch concept may also rely upon the supercontainer concept of Figure 1, except that the 

waste inside the stainless canister is metallic waste instead of glass. The maximum temperature is lower 

for ILW than HLW, usually below 40 – 50°C. 
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Figure 1 – Cross-section of the HLW disposal cell in a clay host rock for the Belgian/Dutch 

supercontainer concept (top, Craeye et al. (2009) and the French sleeve concept (bottom, Andra, 

2016a). 
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Figure 2 – Representative ILW disposal cell (ACED work package). 

 

 

1.2 Aims and structure of this deliverable 

Subtask 2.2 of the ACED work package of EURAD relies upon a combined modeling-experimental 

approach that can provide key information to geochemical and coupled reactive transport models for 

assessing chemical evolution at steel/cement material interfaces. This combined approach will provide 

the bases of the up-scaling to waste package (Task 3) and disposal cell (Task 4) modelling.  

Iron is released due to the steel corrosion and diffuses into the cement leading to the formation of various 

solids and can also be incorporated in existing phases. The evolution of important chemical (redox, pH, 

ionic strength) and other variables (e.g., mineralogy, porosity) at the steel-cement interface is influenced 

by the mineralogical phases that form and their stability under the evolving conditions. Many of these 

phases are not pure but are present as a mixture of two or more components which must be modelled 

as solid solutions, or as discrete phases compositions. One such phase is C-S-H (calcium-silicate-

hydrate), the main component of hydrated cement that has been shown to retain significantly more iron 

when compared to aluminum (Mancini et al., 2020a). Chapter 2 provides details on the thermodynamics 

of iron in cement phases and steel corrosion products as well as preliminary results on modeling the 

uptake of Fe(III) in C-S-H a major cement hydrate phase. 

However, the metallic iron that forms the main component of low carbon or weakly alloyed steels is 

never under equilibrium in contact with aqueous solutions, both under oxic and anoxic redox conditions. 

It will be subjected to several types of corrosion processes, such as generalized (uniform) corrosion or 

localized corrosion (e.g. pitting corrosion). Steel corrosion in a low-pH environment is still poorly know. 

Chapter 3 gives a literature overview of steel generalized corrosion rates under the environment of low-

pH and high-pH cementitious materials.  

Reactive transport models (RTMs), by definition, can simulate the transport and chemical reactions of 

multiple solutes (and gases) and their chemical interaction within the multi-barrier system over various 

time and spatial scales (Bildstein et al., 2019). Reactive transport models have, therefore, become an 

invaluable component in assessing the potential performance of a repository, which requires an 

understanding how the various barriers evolve through space and time (De Windt and Spycher, 2019; 

Idiart et al., 2020). Reactive transport modeling is also capable of great generality and flexibility and can 
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be applied to a wide range of natural processes, as well as to engineering issues such as metal corrosion 

or bentonite alteration. Chapter 4 provides for the main features of the HYTEC code (van der Lee et al., 

2003).  

The in situ BACUCE project (led by IRSN) aim at studying the steel/cement interface under the most 

representative disposal conditions as possible, including carbon steel plus high-pH and low-pH cement 

materials embedded in a clayey host rock at low (15°C) and high (80°C) temperatures. It is one of the 

outstanding experiments of Task 2. The BACUCE experiments consists of (i)  on-going in situ 

experiments with a steel-cement interface at 20°C, (ii) a number of existing data from  laboratory 

experiments at 20°C on cement/bentonite grout and (iii) a new set of in situ and lab experiments on the 

steel/cement interface performed at 80°C with the grout as well as with a hydrated CEM I paste. The 

bentonite/cement grout is a new type of engineering material of which chemistry and hydration products 

are not well defined yet both at ambient and high temperatures. The in situ experiment takes place in a 

borehole drilled in the Toarcian argillite of the Tournemire underground research laboratory (URL). 

Chapter 5 presents in details the geometrical configuration of the experimental setups as well as the 

geochemical, mineralogical and diffusion properties of the cementitious and clayey materials. 

Preliminary geochemical modeling is then developed to define the initial state of the numerical HYTEC 

models that will be at the later stage of the ACED project compared with the measurements from the 

experiments. 

Chapter 6 deals with the laboratory experiments (led by MTA) are also performed to gain information on 

the corrosion intensity of the S235JR carbon steel inserted in CEM IIB concrete (hydrated by synthetic 

water of the Boda claystone, materials that are presently considered in the Hungarian disposal concept. 

The temperature of reference is 80°C for the sake of consistency and comparison with the other 

experiments of Subtask 2.2. 

Eventually, Chapter 7 examines the possible improvements and simplifications for modeling of 

processes at the cement/steel interface and relevant knowledge gaps and missing processes. 
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2. Thermodynamics of Fe-containing cement phases 

PSI 

This chapter provides a summary of relevant aspects related to the formation of iron bearing cement 

hydrates and corrosion products as well as preliminary results for modelling iron uptake by C-S-H. First, 

a summary on the recent development concerning thermodynamic databases for modelling 

cementitious systems (CEMDATA18, PSI/Nagra, Thermoddem and Thermochimie) is presented. 

Details on the iron bearing cement phases, corrosion products and pore solution aqueous species are 

provided, with a focus on their relative stability and their prevalence due to possible changes in chemistry 

and redox conditions. Aspects on the non-ideal solid-solution modeling are then presented and its use 

for describing Fe-AFm (monosulfate), Fe-AFt (trisulfate), and Fe C-S-H phases. For modeling codes 

that cannot use non-ideal solid solutions the method of discretizing a solid solution model into discrete 

pure phases composition is proposed as an alternative. Finally, preliminary results on extending the 

newly developed C-S-H model accounting for the uptake of Fe(III) are shown.  

All these points are essential for assessing the fate of iron that results from corrosion, which diffuses at 

the steel/cement interface into the cement material, and serve as inputs and constraints for improving 

the reactive transport modelling at the interface and waste package level.  

 

2.1 Thermodynamic database evolutions for cement phases 

 CEMDATA18 database 

CEMDATA18 (Lothenbach et al., 2019) (https://www.empa.ch/cemdata) contains thermodynamic data 

for common cement hydrates such as C-S-H, AFm and AFt phases, hydrogarnet, hydrotalcite, zeolites, 

and M-S-H that are valid over temperatures ranging from 0 to at least 100°C and is currently available 

for GEM-Selektor (Kulik et al., 2012) and PHREEQC (Parkhurst and Appelo, 2013) modeling tools. The 

database also contains several ferric iron bearing AFm and AFt phases, hydrogarnet, and hydrotalcite 

phases. From the critical review of all available experimental data the solubility constants were 

calculated. Additional experiments were made for obtaining data for critical phases or to verify existing 

data (Lothenbach et al., 2019).  

When compared to Cemdata07 (published in 2008) the most significant differences are related to 

the improvements in the aluminum and iron containing phases, as well as the changes in the C-

S-H models concerning the volume and the alkali uptake. These changes can lead to 

considerably different modeling results between the two database versions.  

The stability constants for the cement phases were obtained by recalculating the experimental data 

using the PSI/Nagra 12/07 (Hummel et al., 2002; Thoenen et al., 2014) as a source for the aqueous 

species, gas and other solid components participating in the reactions. This makes CEMDATA18 fully 

compatible with the PSI/Nagra 12/07 chemical thermodynamic database. For the GEM-Selektor 

geochemical modeling software, which uses the Gibbs energy of all species in phases to calculate 

equilibrium, the Gibbs energy of formation for all CEMDATA18 components were calculated based on 

their reported logK’s (Lothenbach et al., 2019) and reactants from the PSI/Nagra 12/07. Some additional 

data for solid phases (e.g. carbonates, Al hydroxides, Fe oxides, hydroxides, sulfides, etc.) relevant for 

cementitious systems, distributed with CEMDATA18, are also from the the PSI/Nagra 12/07. Solid 

solution models (a solid solution is a solid phase that can be described as a mixture of two or more solid 

species (constituents, endmembers).) for AFm, AFt, C-S-H, and M-S-H are also included in the 

CEMDATA18 database GEM-Selektor [3] version. For C-S-H, several alternative solid solution models 

are available. Non-ideal binary Redlich-Kister (Guggenheim) (Glynn, 2019) solid solution models are 

used for: (Al, Fe)-ettringite, (Al, Fe)-monosulfate, (SO4, OH)-monosulfate, and (SO4, OH)-ettringite. (Al, 

Fe)-siliceous hydrogarnet, C-S-H, M-S-H, hydrotalcite-pyroaurite, (Mg, Al)-hydrotalcite, straetlingite and 

ettringite (for different water content) are treated as ideal solid solutions. 

https://www.empa.ch/cemdata
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CEMDATA18 is also available in LMA (Law of Mass Action) setup that requires thermodynamic data in 

the form of log K values for both aqueous complexes and solids. The database has been recasted into 

PHREEQC “dat” format (Miron et al., 2018a). The PHREEQC version of the database contains all the 

reactions for the cementitious components and the related subset of general thermodynamic data 

(mainly aqueous species) from PSI-Nagra TDB need for the reactions. The PHREEQC version of the 

CEMDATA18 can also be used at elevated temperatures, 0 - 100 ℃. The coefficients for the logK = f(T) 

were calculated from the available data on the entropy and heat capacity effect of the reactions. To use 

solid solutions in PHREEQC, these must be defined by the user in the input script calculation file using 

the endmember names from the database. 

When using the CEMDATA18 database for equilibrium calculations, based on their thermodynamic data 

alone, some phases are more stable than others, but they might not form during the timescale of the 

modeled process. For example, the Fe-containing AFm and AFt hydrates have a limited stability field 

due to the high stability of goethite (FeOOH) and hematite (Fe2O3). The latter should to be suppressed 

when doing calculations at ambient conditions in favor of: microcrystalline FeOOH (or microcrystalline 

or amorphous Fe(OH)3), but should be allowed to form at elevated temperatures (> 50°C) or when 

considering very long time scales. Similarly, the formation of gibbsite (Al(OH)3) and quartz (SiO2) should 

be suppressed in favor of microcrystalline or amorphous Al(OH)3, and amorphous SiO2. 

 

 PSI/Nagra database  

The PSI/Nagra thermodynamic database contains data to support modeling geochemical processes 

related to low- and intermediate-level and to high-level radioactive waste (conditions in Switzerland). 

The initial database was issued in 1992 (Pearson et al., 1992; Pearson and Berner, 1991) and was later 

followed by two major updates, Nagra/PSI Chemical Thermodynamic Data Base 01/01 (TDB 01/01) 

(Hummel et al., 2002) and PSI/Nagra Chemical Thermodynamic Data Base 12/07 (TDB 12/07) 

(Thoenen et al., 2014). The data selection is based on detailed in-house reviews and on the OECD 

NEA’s book series on “Chemical Thermodynamics”. The current version of the PSI/Nagra Chemical 

Thermodynamic Data Base is 12/07 (TDB 12/07) (Thoenen et al., 2014). A new version of the database 

(PSI Chemical Thermodynamic Database 2020) with updated thermodynamic data is under 

development. The critically selected data is classified into core data, based on the CODATA key values 

(Cox et al., 1989), recommended application data, with well-characterized aqueous species, minerals, 

and gases, and supplemental data, with less well-characterized uncertain data suitable for scoping and 

qualitative calculations (for cases where omission of data even if uncertain would lead to unacceptable 

results).  

The PSI/Nagra database is available both in GEM-Selektor (Kulik et al., 2013) and in PHREEQC 

(Parkhurst and Appelo, 2013) format. The PHREEQC version of the database contains data for 

reference temperature (25°C) and pressure (1 bar). In the GEM-Selektor version the data for aqueous 

species was augmented with parameters for the HKF (Helgeson-Kirkham-Flowers) equation of state 

(Tanger and Helgeson, 1988) taken from the SUPCRT slop98 database (Johnson et al., 1992). These 

allow the extrapolation of their properties at different temperatures and pressures. For solid phases 

additional data on the heat capacity temperature function is provided with coefficients collected from 

Robie and Hemingway (1995) and Helgeson et al. (1978). Some of the components are defined using 

reaction data, as reaction dependent components. In this case, depending on the available data on the 

entropy and heat capacity effects of reaction, the three-term, two-term or constant logK, extrapolation 

methods are used for calculating the logK values as a function of temperature.  

The thermodynamic data for iron in the PSI/Nagra Chemical Thermodynamic Data Base 12/07 (TDB 

12/07) were accepted from the section of Hummel et al. (2002), Nagra/PSI Chemical Thermodynamic 

Data Base 01/01 (TDB 01/01). Most of the iron data come from the original selection by Pearson, in the 

Nagra Thermochemical Data Base 05/92 (TDB 05/92). Pearson selected data from Wagman (1982) 

(properties of formation of the master species Fe2+) and from Nordstrom et al. (1990) and Baes and 
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Mesmer (1977) (inorganic complexes of iron and iron solids). The database was further enhanced with 

the addition of data for hematite, magnetite, pyrite, and troilite by Hummel et al. (2002).  

A major revision on the data for iron is in progress (PSI Chemical Thermodynamic Database 2020). This 

revision concerns most of the iron aqueous species and iron bearing solid phases in the PSI/Nagra 

database. The new data selection is based mainly on the recent OECD NEA’s volume on the 

thermodynamics of iron by Lemire et al. (Lemire et al., 2013). 

 

 Other databases (Thermoddem and Thermochimie)  

Thermoddem is a database for the thermodynamic properties of interest for hazardous and radioactive 

wastes, as well as the geochemistry of natural environments (Blanc et al., 2012). The database is 

developed by the French geological survey (https://thermoddem.brgm.fr). The last qualified version of 

Thermoddem (V1.10, 2017) is formatted for several reactive transport models including CRUNCH, 

HYTEC, PHREEQC or THOUGHREACT. An update version (V1.10, 2019) is under progress.  

Thermoddem is applicable to the full pH range, including the high-pH alkaline domain, from 0 to 100°C. 

The database includes a large set of zeolites and cementitious phases with a broad composition range 

with respect to concrete formulae such as CEM I and low-pH cements. The C-A-S-H, C-S-H and M-S-

H phases are introduced as discrete elements. A few iron-bearing cement phases are present such Fe-

AFm and Fe-AFt. Thermoddem is also suitable for modelling iron corrosion products such as iron 

carbonates, oxyhydroxides, silicates and sulfides.  

Additional data for iron corrosion products or clay phases can be selected from ThermoChimie, which 

is the thermodynamic database developed by ANDRA, ONDRAF and RWM for the performance 

assessment of the geologic disposal of radioactive waste (Giffaut et al., 2014, 

https://www.thermochimie-tdb.com). ThermoChimie provides formation constants (at temperatures  

80°C) for a wide range of radionuclides and the mineral component of multi-barrier systems, including 

host-rock solid phases, bentonites, cements, steel, and their evolving secondary phases. The database 

is formatted for several reactive transport models including HYTEC. 

 

2.2 Fe-containing phases and pore solution  

 Fe-containing cement phases 

The main hydrated phases of ordinary Portland cement are portlandite, calcium silicate hydrates (C-S-

H), AFt, e.g. ettringite (calcium-alumina hydroxide trisulfate) and/or AFm phases, e.g. calcium-alumina 

hydroxide monosulfate/monocarbonate  (Lothenbach and Winnefeld, 2006). Several iron bearing 

cement phases have been reported (depending on the amount of calcium, sulfate or carbonate): Fe-

ettringite, Fe-monosulphate, Fe-hemicarbonate, and Fe-monocarbonate (Dilnesa et al., 2012, 2011; 

Möschner et al., 2008, 2009), other Fe-containing phases are Al-Fe hydrotalcite and hydrogarnet 

(Dilnesa et al., 2014b, 2014a; Vespa et al., 2015). In the presence of silica Al- and Fe-containing 

siliceous hydrogarnets forms as a stable phase while Fe-hydroxides form in the absence of silica 

(Dilnesa et al., 2014b). Because of their similarity to the Al-containing analogues (overlapping signals), 

Fe-containing phases are difficult to analyze with standard techniques such as XRD, TGA, SEM. 

Synchrotron-based X-ray absorption spectroscopy (XAS) is a well suited powerful technique for studying 

Fe speciation in cementitious systems (Dilnesa et al., 2014b; Vespa et al., 2015).  

Initial iron in ordinary Portland cement comes from the ferrite clinker phase C2(A,F). In contact with 

water, ferrite and the other clicker phases dissolve and lead to the formation of hydrated cement phases. 

Experimental studies and thermodynamic modeling show that the most stable Fe-bearing hydrated 

cement phase is the Fe-siliceous hydrogarnet (mixed Fe-Al solid solution). The Fe bearing siliceous 

hydrogarnet is ~7 log units more stable than its Al counterpart suggesting that in the presence of Fe this 

https://www.thermochimie-tdb.com/
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phase is always preferred (Dilnesa et al., 2014a). By contrast, other Fe-containing hydrates (AFm, AFt) 

have very similar stabilities as compared to their Al-containing analogues, being only slightly more stable 

(Lothenbach et al., 2019). The presence of Fe-siliceous hydrogarnet was identified in cement paste 

hydrated for 10 and 50 years (Dilnesa et al., 2014b; Vespa et al., 2015) using XRD, SEM/EDX, XAS 

and EXAFS, and in different cement compositions like ordinary Portland cement (OPC) (Dilnesa et al., 

2014b), ferrite-rich cement (Elakneswaran et al., 2019), and sulfate resistant cement (HS) (Dilnesa et 

al., 2014b). 

Ferric iron is substituting structural Al from the Al-bearing AFt, AFm, hydrotalcite, and hydrogarnet. 

Experimental studies have identified the formation of solid solutions forming in the case of ettringite, 

siliceous hydrogarnet, monosulfate, hydrotalcite and Friedel’s salt (Lothenbach et al., 2019) (see section 

2.3.2). No solid solution has been identified for the Fe/Al monocarbonate pair (Lothenbach et al., 2019). 

In the absence of silica and calcite Fe/Al monosulfate (ettringite) will dominate, with the addition of calcite 

Al-ettringite, Al-monocarbonate and Fe-monocarbonate are expected to be stable (Fe-ettringite is stable 

only at high SO3/(Al,Fe)2O3 ratios) (Dilnesa et al., 2012, 2011). If silica is present the Fe strongly prefers 

the Al/Fe siliceous hydrogarnet, while in case of the AFm and AFt phases, their Al-bearing analogues 

are preferred. 

The Fe hydrates are more stable than the Al hydrates with Fe-monocarbonate, Fe-monosulfate, Fe-

Friedel’s salt and Fe-siliceous hydrogarnet readily but slowly forming at 20℃ (Dilnesa, 2012).Fe-

containing AFm and AFt hydrates are destabilized with increasing temperature and are replaced by 

goethite (FeOOH) and hematite (Fe2O3) within days at 80 ℃ and within months at 50°C (Lothenbach et 

al., 2019). The iron-containing Friedel’s salt (C4FC12H10) is only stable up to 50℃, while Fe-siliceous 

hydrogarnet was identified also at higher temperatures (110 ℃ (Dilnesa et al., 2014a)). The values of 

the stability constant for the Fe-containing hydrates do not vary significantly with temperature (20 - 80℃). 

At ambient temperatures, the presence of Fe stabilizes the Fe-siliceous hydrogarnet that readily forms 

at these conditions as poorly crystallized phase (Lothenbach et al., 2019). Crystalline siliceous 

hydrogarnet was only identified at elevated temperatures or in hydrated cement samples older than 20 

years (Dilnesa et al., 2014a).  

Iron containing phases such as Fe-ettringite and ferrihydrite form only in the early stages of hydration.  

Fe-ettringite is later replaced by the more stable Al-ettringite (Elakneswaran et al., 2019; Lothenbach et 

al., 2008) while ferrihydrite becomes undersaturated as the pH of the pore solution increases above 13 

and Fe-siliceous hydrogarnet forms instead (Dilnesa et al., 2014b). This suggests that in a low pH 

cement the hydrogarnet will be replaced by ferrihydrite as the most stable iron phase. Depending on the 

pH and with the decrease in Eh ferrihydrite can transform into goethite, hematite and magnetite 

(Cudennec and Lecerf, 2006; Aeppli et al., 2019).  

In the presence of Mg (e.g. addition of granulated blast furnace slag) layered double hydroxides (LDH) 

hydrotalcite phases can form (Kayali et al., 2012; Mäder et al., 2017) with Al being exchanged by Fe in 

the hydrotalcite-pyroaurite solid solution (Rozov et al., 2011). These phases can bind anions such as 

chloride due to their anion exchange property. The presence of chloride in solution will be reduced by 

the possible formation of Friedel’s salt and the uptake by hydrotalcite which can act as a protection 

against chloride induced corrosion (Kayali et al., 2012). 

The uptake of iron in C-S-H has been previously considered (Faucon et al., 1996; Labhasetwar et al., 

1991). First experimental data, recently available, shows that ferric iron bonds strongly to C-S-H 

(Mancini et al., 2020a). This has an important effect on the iron mobility and signifies that the iron which 

results from corrosion can be retarded by the cement and will be retained close to the cement/metal 

interface. A competition for the incorporation into C-S-H between iron and other cations in solution such 

as radionuclides will exist (Mancini et al., 2020a).  

To support accurate modeling of Fe-containing phases and porewater composition in hydrated 

(blended) cementitious materials, the thermodynamic properties on the stability of these phases are 

necessary. Phase stability data were retrieved from synthesis, spectroscopy, thermogravimetric and 

solubility experiments (all papers) and are available in the CEMDATA18 database (Lothenbach et al., 
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2019). There is no thermodynamic data available for the iron uptake in C-S-H or the effect of ferrous 

iron on cement phases. Information on ferrous iron-containing phases is available for corrosion products 

(see section 2.2.2). New available experimental data (Mancini et al., 2020 a/b) will be used to 

parametrize a solid-solution model for the incorporation of iron in C-S-H (see section 2.4.1).  

Take away: 

Fe(III)-bearing cement phases generally have low solubility with Fe-siliceous hydrogarnet being the most 

stable hydrate from ambient to elevated temperatures (Figure 3), while in low pH cements ferrihydrite 

will be stable and based on Eh can transform into goethite, hematite and magnetite. The low solubility 

of the iron-containing cement phases, Fe oxides and hydroxides and the uptake of it in C-S-H can lead 

to the containment of iron close to the cement/metal interface. The stability of Fe oxides and hydroxides 

phases increases with temperature leading to lower iron concentrations in the aqueous solution. 

(A)

 

(B)

 

(C)

 

(D)

 

Figure 3 – Volume of cement phases in equilibrium, per 100 g of completely hydrated CEM-I as a 
function of temperature (A), addition of Fe2O3 (C) and of Fe3O4 (D). Elemental concentration in the 
aqueous pore solution (B). Calculations done in GEM-Selektor using the CEMDATA18 database using 
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the CEM I 52.5 N – Val d’Azergues composition (w/c 0.42). The CASHNK+ solid solution model used 
here does not yet contain the iron uptake. 

 Fe-corrosion products 

Overall, the redox conditions in the waste repositories will evolve from oxidizing to very reducing 

conditions (Diomidis, 2014; Duro et al., 2014; Diomidis et al., 2016). In some parts due to clogging during 

the operational period the atmosphere could stay rich in oxygen for a longer period due to the absence 

of resaturation and connections to other parts of the system. Metals such as stainless and carbon steel 

will undergo corrosion processes. In the first short phase aerobic corrosion will occur in a deep 

geological repository, characterized by the formation of Fe(III) rich corrosion products. For most of the 

repository lifetime anaerobic metal corrosion will prevail, leading to the formation of Fe(II,III) bearing 

corrosion products (e.g. magnetite) and the reduction of Fe(III) rich phases from the previous phase.  

Under oxic conditions, the common steel corrosion products identified are Fe(III) oxyhydroxides and 

oxides such as lepidocrocite (γ-FeOOH), goethite (α-FeOOH). These two can later crystallize to 

maghemite (γ-Fe2O3) and hematite (α-Fe2O3)), also present are ferrihydrite (Fe2O3•0.5H2O) and 

Fe(III)/Fe(II)-containing magnetite (Fe3O4) (Poursaee, 2016; Saheb et al., 2014; Zhao and Jin, 2016).  

In chloride-bearing environments akaganeite (β-FeO(OH,Cl)) and hibbingite (γ-Fe2(OH)3Cl) were 

identified (Réguer et al., 2015; Rémazeilles and Refait, 2007; Saheb et al., 2008). Other intermediary 

products (complex mixture of different crystalline and amorphous phases of the oxides and hydroxides) 

can form as a function of the solution composition, water saturation, and kinetics (Landolt, 2007). If the 

pore water contains chloride, sulfate, and carbonate ions, phases such as green rusts (GR1-Cl-, GR2-

SO4
-2) can form (Chaves, 2005; Nemer et al., 2011; Refait et al., 2003; Sagoe-Crentsil and Glasser, 

1993; Smart, 2009). Overall, with increasing exposure time, relevant for the long periods of waste 

disposal systems, the most stable phases are goethite, hematite (oxidizing) and magnetite (oxidizing 

and reduced conditions) (Zhao and Jin, 2016).  

Under anoxic conditions relevant for the waste disposal the most predominant corrosion product is 

magnetite (Fe3O4) (Diomidis, 2014). Initially, Fe(III) from phases formed during oxic corrosion is  

electrochemically reduced to Fe(II), while Fe(0) is oxidized to Fe(II) 

2 FeOOH + Fe + 2H2O → 3 Fe(OH)2 (2-1) 

Fe(0) from the steel is oxidized leading to the formation of Fe(II)-bearing corrosion products mainly 

magnetite and ferrous hydroxide (Fe(OH)2). Ferrous hydroxide is then transformed into magnetite via 

the “Schikorr reaction”: 

3 Fe(OH)2 → Fe3O4 + 2H2O + H2(g) (2-2) 

The Schikorr reaction is favored by increasing temperature (magnetite is more stable) and by the 

presence of some impurities (e.g. nickel, copper, cobalt) (Smart et al., 2004), while others can inhibit it 

(e.g. magnesium) (Kursten et al., 2004). In more recent experimental studies done in conditions relevant 

to deep geological repositories, magnetite was identified as the sole corrosion product in neutral and 

alkaline systems under anoxic conditions and ambient temperatures (Diomidis, 2014; Smart, 2009; 

Smart et al., 2017, 2006, 2004). 

An important characteristic of the cement that influences the corrosion process is that it maintains a high 

pH chemical system (10.5 to 13.5) (Diomidis, 2014; Kosakowski et al., 2014; Kursten et al., 2004). The 

pH of the pore solution is controlled by the cement constituents. Initially very alkaline pH (~13.5) is set 

by the presence of dissolved NaOH and KOH. With the ingress of external fluids, the pH control by the 

alkalis will be reduced and the pH will decrease to 12.5 set by equilibrium with portlandite. When all the 

portlandite is dissolved, C-S-H phases start dissolving. The non-stoichiometric dissolution of C-S-H, the 

main cement constituent, controls the pH in the range below 12.5. The final product of this degradation 
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process are C-S-H phases with a low Ca:Si ratio, which will keep the pH ~11. Simulations have shown 

that a pH > 12 is expected to last more than 100,000 years, while a drop below 10.5 should not happen 

before 1-5 million years, depending on groundwater ingress from the host rock (Kursten et al., 2004). 

Relevant simulations and experimental studies on steel corrosion and cement steel interface are the 

ones done in alkaline solutions at pH >=11 (mainly in anoxic conditions expected for most of the 

repository lifetime).  

The nature of the corrosion products is also influenced by the presence of other elements in solution. 

For example, carbon and sulfur, can lead to the formation of iron carbonates and iron sulfides. Iron 

carbonates such as FeCO3, and Fe2(OH)2CO3 and Fe6(OH)12CO3, or the ferrous hydroxysalt 

chukanovite Fe2(OH)2CO3 have been reported (King, 2008; Odorowski et al., 2017; Papillon et al., 2003; 

Saheb et al., 2014; Taniguchi et al., 2010). 

Carbon/carbonate originate from the degradation of the organic matter or can come from the dissolution 

of the main carbon-containing minerals (e.g. calcite) and cement hydrates (monocarbonates and 

hemicarbonates). Sulfur is present in the AFt (e.g. ettringite) and monosulfate hydrate cement phases 

in its oxidized sulfate form, and can come from oxidation of sulfide phases in the host rock. Under 

alkaline and reducing conditions hydrogen sulfide (HS-) is the stable sulfur species, but the reduction of 

sulfate to sulfide is extremely slow at <150 ℃ and will not proceed unless it is mediated by microbial 

activity (Truche et al., 2009). Sulfate reducing bacteria have been identified in the host rocks of the deep 

geological repositories (Bagnoud et al., 2016; Boylan et al., 2019; Leupin et al., 2017). Experimental 

investigations of Fe(0)-containing slag cement showed the presence of reduced aqueous S species in 

the pore solution, e.g. sulfite (SO3
2-), thiosulphate (S2O3

2-) and sulfide (HS-) (S(-II)) from the slag reaction 

in addition to SO4
2- (S(VI)) from Portland cement (Gruskovniak et al., 2008; Lothenbach et al., 2007). 

This suggest that strongly reducing conditions prevail in Fe(0)-containing slag cements, which results in 

the abiotic reduction of sulfur and precipitation of iron as iron sulfide. 

There is no data available on possible microbial activity developing in the near field around the cement 

surrounding the canisters. Most of the activity is expected to be close to the host rock, for example 

around the emplacement tunnel lining that can be made from reinforced concrete. Common iron sulfides 

that can form under repository conditions are FeS-mackinawite and FeS2 -pyrite. Troilite (FeS), 

pyrrhotite (Fe1-xS) and marcasite (FeS2) are more common at increasing temperatures (Cloet et al., 

2017). Experiments have shown that in the presence of H2(g) (corrosion product), pyrite is reduced to 

pyrrhotite (Betelu et al., 2012; Truche et al., 2013, 2010). This reaction is favored by increasing 

temperature, alkalinity, and hydrogen partial pressure. The highly alkaline conditions of the cement pore 

water make this reaction possible at ambient temperature (Truche et al., 2013). 

In the presence of Cl- in the pore solution hydroxychloride phases can form on the metal surface. The 

ferric hydroxide β-FeO(OH,Cl) akageneite forms under oxic conditions while hibbingite, γ-Fe2(OH)3Cl, 

ferrous compound forms under anoxic conditions (Nemer et al., 2011; Refait et al., 2003; Réguer et al., 

2015; Rémazeilles and Refait, 2007). The formation of hibbingite from ferrous hydroxide in the presence 

of chloride require metastable intermediates (GRs) and is a slow process and Fe(OH)2 is favored with 

increasing pH, while the hydroxychloride phases form in neutral to slightly alkaline environments (Nemer 

et al., 2011; Rémazeilles and Refait, 2007). On long time scales, Fe2(OH)3Cl transforms into magnetite 

(Réguer et al., 2015). 

Important intermediate phases that form during partial oxidation of Fe(II) or partial reduction of Fe(III) 

are green rusts (GR, mixed valence layered iron(II)-iron(III)-hydroxides) (Shabalin et al., 2019). 

Depending on the degree of oxidation and composition of the GR, in oxidizing environment they are 

converted into maghemite, goethite, lepidocrocite, ferrihydrite, and akageneite, while in reducing 

conditions the final products are mainly magnetite, ferrous hydroxide (“white rust”) (Erbs, 2004). GRs 

generally form in anoxic, neutral to slightly alkaline systems in the presence of anions such as carbonate, 

sulfate, or chloride (Sagoe-Crentsil and Glasser, 1993). Cement phases keep ligands such as carbonate 

and sulfate generally low in solution (e.g. carbonate would react with portlandite to form calcite) and the 

high pH of the pore water decreases the stability of GRs. Sagoe-Crentsil and Glasser (1993) have shown 
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that in the presence of high chloride concentrations in solution the stability field of the chloride green 

rust GR1(Cl-) extends at higher pH values (12 and above). Chloride ions can be bound in Friedel’s salt 

or can be incorporated into hydrotalcite phases and thus reducing their concentration and possibly 

decreasing the stability field of GR1(Cl-). 

In the presence of oxygen the ferrous corrosion products will be destabilized and depending on the 

solution properties GRs will be intermediate products before being transformed into stable oxide 

(magnetite) or oxyhydroxide (goethite, akageneite, lepidocrocite) phases (Réguer et al., 2015). 

Take away 

In the long run, under anoxic, alkaline (pH >11) conditions, at the cement/steel interface the most 

common and stable corrosion product is magnetite, while under oxic conditions these are goethite and 

magnetite. Depending on kinetics, temperature and local composition different intermediate phases can 

form (e.g. amorphous oxide/hydroxide phases, hydroxychloride phases, GR1(Cl-)) and the formation of 

the stable iron oxides/hydroxides can be inhibited. 

 

 Fe speciation in cement pore solution 

The cement pores solution is characterized by a high pH. Depending on the stable phases a pH >11 

exists. Under these conditions the concentrations of Fe2+ and Fe+3 ions (depending on the redox 

conditions) are very low with most of the iron is hydrolyzed in the form of Fe(OH)3
- and FeO2

- (or 

represented as Fe(OH)4
-) species, respectively. The amount of iron dissolved in the pore solution is 

fixed by the solubility of the Fe-bearing phases. The most stable being the Fe-siliceous hydrogarnet 

keeps the iron <10-8 mol/kg, the next most stable being the microcrystalline ferrihydrite, the Fe-

monocarbonate, -monosulfate, and hemicarbonate (dissolved iron <10-5 mol/kg), with amorphous 

ferrihydrite being the most soluble. The presence of different ligands such as chloride, sulfate or 

carbonate could lead to the formation of complexes with iron, depending on their aqueous 

concentrations. Iron chloride species can have an important role during the GR1(Cl-) formation, 

enhancing the solubility and transport of iron (Sagoe-Crentsil and Glasser, 1993). In addition, iron could 

make complexes with silicate (e.g. FeHSiO3
2+). Due to the relatively low solubility of the iron phases, the 

competition with the other cations for ligands (e.g. formation of NaCl(aq), CaCl-, CaSiO3(aq), CaSO4(aq), 

CaCO3(aq)) and the high pH, it is expected that the iron hydrolysis complexes dominate the pore solution.  

Take away: 

In the high pH of the cement pore water iron hydrolysis complexes will dominate the pore solution. The 

presence of chloride ions could enhance the solubility and transport of iron. 

 

2.3 Non-ideal solid solution model 

 Multisite solid-solution model for cation uptake in C-S-H 

Calcium silicate hydrate (C-S-H) of variable composition is a major constituent of hydrated cements and 

concretes, determining their most relevant properties and durability. Furthermore, it is a main sorbent of 

cations and anions. C-S-H can incorporate Na, K, Al cations, Zn, as well as some actinides/analogs An 

(Th(IV), U(VI) [3]; Cm(III), Eu(III)) and fission products FP (Sr, Ba, Ra) relevant to radioactive waste 

disposal (Kulik and Kersten, 2001; Lothenbach and Nonat, 2015; Missana et al., 2018; Tits et al., 2014, 

2003). Several C-S-H models have been developed mostly as simple ideal solid solution models (Bullard 

et al., 2016; Kulik, 2011; Myers et al., 2014). These simplified models describe the uptake of a few major 

cations, while they do not account properly for cations binding onto different specific structural sites, 

they are not incremental (i.e. adding new end-member(s) lead to re-parameterization of the whole 

model) and they do not describe accurately the uptake isotherms measured at different Ca/Si ratios 

(Kulik, 2011). 
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A new rigorous sublattice non-ideal solid solution model for C-S-H is being developed (CNKASH+), 

taking advantage of recent structural and atomistic views of C-S-H (Kunhi Mohamed et al., 2020, 2018). 

This model allows for accurate modeling of equilibrium solid- and pore-water composition in hydrated 

(blended) cement materials. The model is structurally consistent as it reproduces the impact of Ca/Si 

and alkali uptake on MCL (mean silicate chain length).  

The model is based on a defect-tobermorite structure with 4 sublattice sites defined in the crystal 

structure: BT – bridging tetrahedral; IC – interlayer cation; IW – interlayer water; DU – dimeric unit / 

tobermorite). Based on the current knowledge on the C-S-H structure (Kunhi Mohamed et al., 2020, 

2018) simultaneous substitutions of ion moieties (chemical species) or vacancies are allowed in the IC 

and BT sites. This makes it possible to describe the variable C-S-H composition and the uptake of 

different elements. The model is composed from several endmembers (charge neutral). Each end 

member contains one DU (fixed), IW (fixed), BT (exchange site) and IC (exchange site). The 

endmembers are constructed by considering possible combinations of elements being exchanged in the 

BT, and IC sites (with DU, and IW always having the same composition). For example, for the base C-

S-H model (system Ca-Si-O-H) we allow Ca, Si and vacancy to be exchanged in the BT site and Ca and 

vacancy to be exchanged in the IC site. Considering all possible exchange combinations 6 endmembers 

can be constructed. For example, (CaSiO3)2H2O]0:{SiO2OH-}: {CaH(OH)2
+}: {H2O} (DU:BT:IC:IW - 

template) is one of the five endmembers that has Si (represented by {SiO2OH-}, species with negative 

charge) in the BT site and Ca (represented by {CaH(OH)2
+}, species with positive charge) in the IC site. 

The composition (chemical formula) of the chemical species (moieties) is chosen such to yield a realistic 

non-gel water content at various Ca/Si ratios.  

After generating all possible endmembers, initial thermodynamic properties are estimated from reactions 

with previous solid solution endmembers by assuming zero effect of reaction. The resulted initial 

estimates are in the range of ±50 kJ/mol from the final values. The relative stability of different 

endmembers at given conditions (i.e. temperature, pressure, composition) defines the bulk properties 

of the modelled C-S-H phase. Besides the stability of each endmember the model takes into account 

possible non-ideal intra site interactions using the approach for non-ideal interactions of Berman 

(Berman, 1990; Berman and Brown, 1984). Regular binary interaction parameters can be set for each 

pair of elements substituting on one site. For example, an interaction parameter is set for Ca and Si 

substituting on the BT site. If this parameter has a large negative value (J/mol), this means that 

depending on the composition the presence of mixed endmembers with Ca and Si on the BT site in the 

C-S-H phase is more favorable than just based on their standard stability constants. Considering all 

possible interactions for all pairs of exchanging elements on each site, we get 4 possible interaction 

parameters for the base C-S-H model.  

After constructing the model, the next step is the optimization of the endmember stabilities and the 

interaction parameters against critically selected experimental datasets covering wide range of system 

chemical composition. This is done using the GEMSFITS multi-parameter multi-property optimization 

tool (Miron et al., 2015). The parameters are generally optimized against reported aqueous and solid 

measured compositions. For the base C-S-H model, the reported mean silicate chain length (structural 

data) was also used. The model was subsequentially extended with endmembers and interaction 

parameters for Na, K and Al. Based on spectroscopic and atomistic data, the model was extended such 

that alkalis can only substitute on the IC site, while Al can only be present on the BT site. The model 

can reproduce very well the experimental data for the uptake of alkalis and aluminum at different Ca/Si 

ratios and shows promising results for modeling the uptake of actinides and fission products (Kulik et 

al., 2018; Miron et al., 2018b).  

The extension of the model can be done incrementally. The previous fitted parameters do not need to 

be reoptimized but can be taken as such from the previous step. The incrementality of the model paves 

the way for the efficient use of available sorption isotherms for further extensions of the CNKASH+ 

model to cover disposal-relevant applications of thermodynamic modelling of waste-cement interactions. 

One model will be able to describe the uptake of many cations and anions in a comparable manner with 

other complex phase solutions (e.g. aqueous phase).  
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The uptake of ferric iron was recently studied by Mancini et al. (2020a) using wet chemistry and 

spectroscopic techniques. Measured at different Ca/Si ratios of C-S-H and pH the uptake of iron showed 

a linear trend with no significant differences within the experimental scatter. Based on the spectroscopic 

data, at Ca/Si ratios of 1.2 and 1.5, iron was found to replace Ca in the interlayer of the C-S-H phase, 

while at Ca/Si ratio of 0.8 a secondary phase on the surface of C-S-H was assumed to be forming.  

Compared with the uptake of Al(III) at the same metal concentrations the uptake of Fe(III) is shown to 

be significantly stronger (~0.9 log units). In the scope of this project, the C-S-H model will be extended 

for the uptake of Fe(III) and Fe(II), using newly acquired experimental data at PSI (Mancini et al., 

2020a/b). 

To be able to use the newly developed CNKASH+ model in geochemical calculations, the modeling 

software needs to be able to handle multisite solid-solution models with Berman type regular non-ideal 

interaction parameters. Currently, the model works and is only available through the GEM-Selektor 

geochemical modeling suite (Kulik et al., 2013; Wagner et al., 2012). Simplifications such as model 

discretization should be investigated for using it in other codes (see section 2.3.3). 

 Fe containing AFm (monosulfate) and AFt (trisulfate) solid solutions 

In the absence of silica, Ca-Al-Fe-OH system, depending on the presence of sulfate and/or carbonate, 

the ferrite (C2(A,F)) clinker phase will react to form Fe(III)-containing ettringite, monosulfate or 

monocarbonate. Experimental data have shown that solid-solutions where Al(III) is substituted by Fe(III) 

are forming for ettringite, monosulfate, and hemicarbonate (Dilnesa, 2012; Dilnesa et al., 2012, 2011; 

Möschner et al., 2009, 2008). In the case of Al/Fe-monosulfate and Al/Fe-trisulfate (ettringite) solid 

solutions miscibility gaps were observed, with two phases coexisting depending on the Al/Fe 

composition. To have a description of the miscibility gap and an accurate representation of the solid and 

aqueous composition, the solid solutions can be treated as non-ideal binary mixtures using the Redlich-

Kister (Guggenheim) mixing model (Glynn, 2019): 

𝐺𝑒𝑥 = 𝑅𝑇 ∑ 𝑋𝑖ln𝛾𝑖

𝑖

= 𝑅𝑇(𝑋1ln𝛾1 + 𝑋2ln𝛾2) 
(2-3) 

with ln𝛾1 = 𝑋2
2(𝑎0 + 𝑎1(4𝑋1 − 1))   and   ln𝛾2 = 𝑋1

2(𝑎0 − 𝑎1(4𝑋2 − 1)). 

The term 𝐺𝑒𝑥 is the excess Gibbs energy, 𝑋𝑖 is the mole fraction and 𝛾 is the activity coefficient of 

endmember 𝑖, 𝑅 is the universal gas constant, 𝑇 is the temperature and 𝑎0 and 𝑎1 are the dimensionless 

Guggenheim parameters. 

The solid-solution between Al- and Fe-ettringite was experimentally investigated by Möschner et al. 

(2009). They synthesized samples from 0 to 1 Al/(Al + Fe) molar ratio and analysed the solid-solution 

as well as the aqueous composition. Additional calcite and iron hydroxide phases were formed during 

the experiments. The XRD analysis showed the existence of a miscibility gap between 0.3 and 0.6 molar 

ratio. This was finally modelled assuming a nonideal solid solution with a miscibility gap (𝑎0 = 2.10 and 

𝑎1 = -0.169).  

The Al/Fe-monosulfate solid solution was experimentally studied by Dilnesa et al. (2012). Samples were 

synthesized by varying the Al/(Al + Fe) ratio from 0 to 1. From 0 to 0.45 a single solid-solution phase 

was observed while for 0.45 to 0.95 the presence of two (Al,Fe)-monosulfate solid solution phases was 

detected. Their experimental data could be modelled assuming a nonideal solid solution with a miscibility 

gap (𝑎0 = 1.26 and 𝑎1 = 1.57). In all experiments portlandite and iron-hydroxide were identified. Fe-

monosulfate was found to be stable up to 80 ℃ after which it destabilizes with respect to portlandite and 

Fe-oxide/hydroxide. In the presence of gypsum Fe-ettringite was identified to be more stable than Fe-

monosulfate, up to 40 ℃, while above 40 ℃ in the presence of gypsum Fe-monosulfate was identified 

to be more stable.  

Although miscibility gaps were clearly identified by XRD analysis, considering the scatter in the 

measured solubility of (Al, Fe)-monosulfate and -ettringite solid solutions the use of ideal solid solutions 
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for simplification of the modelling process seems reasonable and well within the experimental 

uncertainty. The impact of using ideal or non-ideal solid solutions on the modelled aqueous and solid 

composition will be further investigated.  

 Discretization of Fe solid solution data for reactive transport model 

Incorporation of complex non-ideal solid solutions in reactive transport modeling is not very wide spread, 

in part due to the lack of implemented solid solution models in the coupled chemical equilibrium 

calculation codes, the numerical stability and robustness of the calculations and the increase in the 

computational time. Rather than having the actual solid solution model implementation and the full 

spectrum of the continuously variable composition, a discrete set of stoichiometric solids over a selected 

compositional space can be used instead. The solids will form depending on the system composition as 

discrete pure phases. The number of discrete phases determines how accurate are the properties of 

the solid solution approximated and should depend on the degree of change in the properties with the 

change in composition. Lichtner and Carey (Lichtner and Carey, 2006) propose a methodology of 

discretizing solid solution for being incorporated into reactive transport models. This is applied as an 

example by Carey and Lichtner (2007) who discretized the C-S-H solid solution into 100 (arbitrary) 

discrete phases. In other cases, only a small number of discrete compositions were used. Walker et al. 

(2016) derive a discrete solid phase (DSP) C-S-H model from a binary non-ideal solid solution model. 

The discrete phases were generated by Ca/Si ratio increments of 0.05 from 0.55 to 1.65, having a total 

of 12 C-S-H phases and their stability constants were derived from the binary non ideal solid solution 

model. The DSP model can satisfactorily describe the experimental data (system Ca-Si-H2O), with a 

stepped appearance (depends on the discretization increments) but does not account for the uptake of 

other elements.  

A new structurally consistent multisite non-ideal solid solution model has been proposed that is 

incrementally extended to considered the uptake of different cations (e.g. alkalis, aluminum, iron, etc.) 

(Kulik et al., 2018; Miron et al., 2018b) (see section 2.3.1). This model could be used to derive a discrete 

phase C-S-H model starting from the same structural and compositional considerations that were used 

in the non-ideal solid solution model. Discrete phases can be derived by considering intermediate 

composition from the existing endmembers of the solid-solution model. The model contains 4 sites (DU 

– dimeric unit, BT – bridging tetrahedral, IC – interlayer cation, IW – interlayer water) and it is assumed 

that the exchange of elements can happen only in the BT and IC sites. The stoichiometric factor for each 

site is constrained to 1. Considering changes in the stoichiometry of a moiety in each site from 0 to 1, 

the discrete phases of intermediate composition can be generated as shown in  

Table 1. 

 

Table 1 – C-S-H model sites with their respective moieties (species), [mole amount], and constraints for 
generating discrete phases. 

DU : T (CaSiO3)2H2O = 1 (fixed)  

IW: h H2O = 1 (fixed)  

BT: IC: 

S (SiO2OH-) = [0,1] C (CaH(OH)2
+) = [0,1] 

C (CaOOH-) = [0,1] N (NaH(OH)+) = [0,1]  

A (Al(OH)4
-) = [0,1] K (KH(OH)+) = [0,1] 

… (other elements) F (Fe(OH)2
+) = [0,1] 

 … (other elements) 

constraints 

v (OH-) = 1-C-S-A- … v (H+) = 1-C-N-K-F … 
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0 ≤ S+C+A+… ≤ 1 0 ≤ C+N+K+F… ≤ 1 

Formulas in parenthesis represent moieties (species) that can be exchanged in the given sites, and the 

square brackets defines the interval (mole) for generating the intermediate composition for the discrete 

phases. For each new discrete phase, we can calculate the stability constant from the chemical potential 

of the of the non-ideal solid solution phases with the same composition. 

For example, in the system Ca-Si-OH, we allow C, S, and vacancy (v) to be exchanged in the BT site 

and C, and vacancy (v) to be exchanged in the IC site. Taking into account changes in the amount of 

C, S, and v from 0 to 1 (in IC, and BT) with a chosen step size of 0.25, 75 discrete compositions are 

generated, while for a step size of 0.5 only 18 discrete phases are necessary having a composition as 

follows (in bold font are the original endmembers) in Table 2. 

 

Table 2 – Example of discretized simple C-S-H solid solution into 18 discreet phases using a 0.5 
compositional step size for Ca I, Si (S) and vacancy (v). 

T:v1:v.1:h 

T:v1:C0.5, v0.5:h 

T:v1:C1:h 

T:C0.5, v0.5:v1:h 

T:C0.5, v0.5:C0.5, v0.5:h 

T:C0.5, v0.5:C1:h 

T:C1:v1:h 

T:C1:C0.5, v0.5:h 

T:C1:C1:h 

T:S0.5, v0.5:v1:h 

T:S0.5, v0.5:C0.5, v0.5:h 

T:S0.5, v0.5:C1:h 

T:S0.5, C0.5:v1:h 

T:S0.5, C0.5:C0.5, v0.5:h 

T:S0.5, C0.5:C1:h 

T:S1:v1:h 

T:S1:C0.5, v0.5:h 

T:S1:C1:h 

 

Adding additional elements and having a small step size will dramatically increase the number of 

discrete compositions. It is expected that the step size does not have to be the same for all elements 

and for all composition intervals. A smart discretization procedure is necessary for producing the optimal 

number of discrete phases that satisfactorily approximate the non-ideal solid solution model. 

2.4 First results and discussion 

 Parameterization of Fe uptake in C-S-H 

The new C-S-H non-ideal solid solution model (CNKASH+) is currently being extended for the uptake 

of ferric iron. Here, we present preliminary results on the parametrization of the model against the 

experimental data of Mancini et al. (2020a). Synchrotron-based investigations presented in Mancini et 
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al. (2020a) suggest that the preferred structural position of iron in C-S-H is the interlayer for the high 

C/S ratio while at low C/S ratio a separate phase is considered. We extend the CNK(A)SH+ model by 

assuming that iron can only be exchanged in the IC sites. Three iron bearing endmembers are defined 

using the Fe(OH)2
+ (F) moiety (species) in the IC site, as detailed in Table 3. 

 

Table 3 – Iron bearing endmembers for Fe uptake in C-S-H. 

 endmember code chemical formula 

 DU: BT: IC: IW  

1 T: S: F: h (CaSiO3)2H2O:SiO2OH-:Fe(OH)2
+:H2O 

2 T: C: F: h (CaSiO3)2H2O:CaOOH-:Fe(OH)2
+:H2O 

3 T: v: F: h (CaSiO3)2H2O:OH-:Fe(OH)2
+:H2O 

4 T: A: F: h (CaSiO3)2H2O:Al(OH)4
-:Fe(OH)2

+:H2O 

 

Initial estimates for the stabilities (Gibss energy of formation) of these endmembers are computed from 

reactions with existing C-S-H endmembers of the base CSH model by replacing vacancy with iron in the 

IC site. For example, initial estimates for TSFh are calculated from: 

TSvh + goethite (FeOOH) = TSFh, assuming that all the reaction effects are zero. The resulted estimate 

should be around ± 50 kJ from the final value.  

In addition to the defined endmembers, the model considerers 4 interaction parameters. These are for 

the possible non ideal interactions on the interlayer site between Fe and Ca, Fe and vacancy, Fe and 

Na, and between Fe and K.  

The stabilities of endmembers and the interaction parameters are then optimized against the measured 

equilibrium iron composition of the aqueous and solid C-S-H phase reported by Mancini et al. (2020a). 

Because the experiments were done in the system Ca-Si-Na-OH-Fe (no aluminum), only the properties 

of the first three endmembers and the first three interaction parameters can be retrieved.  

Preliminary fits to the experimental data show that the model can describe very well the experimental 

data (Figure 4) at different C/S and pH (different NaOH solution concentration). The model can 

incorporate the uptake of iron both at low and at high C/S ratios, without the need to define a separate 

phase.  
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Figure 4 – Uptake on Fe in C-S-H at different C/S ratios in C-S-H and pH values. Circles, experimental 
data from Mancini et al. (2020a) and lines, calculated values using the optimized properties of 
endmembers and values for the interaction parameters. 

For the model to be complete one additional endmember (in the presence of aluminum) and the value 

for the interaction parameter between Fe and K are necessary. From previous experience when fitting 

the alkali uptake, the values of Na and K interacting with other elements in the IC site are remarkably 

similar. Therefore, we can assume that the value for interaction parameter between Fe and K is equal 

to that of the interaction parameter between Fe and Na. 

For the additional endmember when aluminum is exchanged in the BT site and iron is being exchanged 

in the IC site (TAFh), experimental data for the uptake of iron in the presence of aluminum would be 

needed. Ways of estimating the stability of endmembers to avoid the need of additional experiments are 

being investigated.  

 

  



EURAD Deliverable D2.8 – Thermodynamic database and model of steel-cement interfaces, 1st results 

EURAD (Deliverable n° 2.8) 
Dissemination level: PU 
Date of issue of this report: 18/02/2021   

Page  30  

3. Literature data on the kinetic rates of steel corrosion 

MINES ParisTech, IRSN and Subatech 

The second chapter has provided an overview of relevant aspects related to the thermodynamics of 

formation of iron bearing cement as well as the nature of the corrosion products under disposal 

conditions, with an emphasis on cementitious materials. However, the metallic iron in low carbon or 

weakly alloyed steels is never under equilibrium in contact with aqueous solutions, both under oxic and 

anoxic redox conditions. It will be subjected to several types of corrosion processes, such as generalized 

(uniform) corrosion or localized corrosion (e.g. pitting corrosion). Therefore, the correct modeling of 

generalized iron corrosion requires to implement a kinetic control on corrosion. The experimental 

characterization of such steel corrosion rates for the binary iron/cement system is a main objective of 

the Subtask 2.2.  

The objective of this chapter is to give an overview of steel generalized corrosion rate under conditions 

of interest for the experiments performed in Subtask 2.2. That is to say in the environment of low-pH 

and high-pH cementitious materials. The corrosion in clay media is also given in a first section for 

comparison and since it may be applicable to some extent to the in situ experiment of cement/bentonite 

grout in the Tournemire claystone (e.g. Fe-silicates precipitates). 

3.1 Main (electro)chemical processes 

The present report will focus on the generalized corrosion of iron under anoxic and fully water saturated 

conditions. The process usually corresponds to the development of a dense product corrosion layer, 

resulting into a passive corrosion stage in which the dissolution rate of this dense layer is equal to the 

corrosion rate. Such corrosion can be influenced by a number of factors as temperature, saturation and 

radiation gradients, presence of corrosion-aggressive species (chloride, sulphate, thiosulphate), and 

presence of microbes. 

Metallic iron is never in equilibrium with water under anoxic conditions. The anodic reaction writes as: 

𝐹𝑒(𝑠) →  𝐹𝑒 
2+ +  2 𝑒 

− (3-1) 

whereas several cathodic reactions can co-exist: 

2 𝐻2𝑂 +  2 𝑒 
− →  2 𝑂𝐻 

− + 𝐻2 (3-2a) 

2 𝐻+ +  2 𝑒 
− → 𝐻2 (3-2b) 

2 𝐻𝐶𝑂3
− +  2 𝑒 

− →  2 𝐶𝑂3
− + 𝐻2 (3-2c) 

These reactions lead to the flowing mass balance equations: 

𝐹𝑒(𝑠) +  2 𝐻2𝑂 →  𝐹𝑒 
2+ +  2 𝑂𝐻 

− + 𝐻2 (3-3a) 

𝐹𝑒(𝑠) +  2𝐻𝐶𝑂3
− →  𝐹𝑒 

2+ +  2 𝐶𝑂3
− + 𝐻2 (3-3b) 

that are both controlled by kinetics. 

 

3.2 Fe-corrosion rate laws in neutral pH argillaceous media 

Using published data and data generated by CEA and EDF in representative repository conditions, two 

empirical rate laws have been determined for the iron corrosion under anoxic conditions with respect to 

the temperature (Féron et al., 2008). The first relation is representative for the rather short time (as found 

in the BACUCE experiment) between 0.5 and 15 years (T in K): 
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Figure 5 – Evolution of average generalized corrosion rate of carbon steels as a function of time in fairly 

reducing conditions in different types of clayey water chemistry at 80°C (Féron et al., 2008). 

 

𝑟𝑎𝑡𝑒 (𝑚𝑚. 𝑦−1)  =  0.364 𝑒−1300 𝑇⁄  (3-4a) 

whereas the second law accounts for the time frames beyond 10 years:  

𝑟𝑎𝑡𝑒 (𝑚𝑚. 𝑦−1)  =  0.162 𝑒−1300 𝑇⁄  (3-4b) 

At 80°C, the temperature of reference for Subtask 2.2, these two rates are 9 µm/y and 4 µm/y, 

respectively. Such rate values are in good agreement with another compilation of data reported in Féron 

et al. (2008) on the evolution of average generalized corrosion rate of carbon steels as a function of time 

in fairly reducing conditions in different types of clayey water chemistry at 80°C (Figure 5). One notes 

on Figure 5 the exponential type decrease over the first years. 

 

After 400 days at 60°C Chautard (2013) found a rate of 1 µm/y for iron in contact with the synthetic water 

of the Toarcian argillite from the Tournemire URL and 10 – 15 µm/y when the iron material was 

embedded in the argillite. As shown in Figure 6, there was a layered zonation of corrosion products 

around the metallic iron rod embedded in the argillite with Fe-carbonate corrosion products (chukanovite 

and siderite). Iron silicate corrosion products (as greenalite) were also identified but in a low content, 

whereas iron-sulfide (mackinawite) only after inoculation of bacteria in the system. Preliminary HYTEC 

modeling showed the coupled effects of OH- source due to Fe corrosion close to the iron rod and 

carbonate diffusion from the argillite. The location and thicknesses of the corrosion product layers were 

strongly dependent on the value assigned to the effective diffusion coefficient De inside these corroded 

layers. The domain of relative stability of theses secondary products are reported in the Pourbaix 

diagrams of Figure 7. Magnetite can exist over a rather wide range of pH, contrarily to siderite than is 

more localized (at least under the Toarcian argillite geochemical conditions). The left-hand side of the 

diagrams corresponds to the corrosion domain where Fe(II) and Fe(III) are soluble, magnetite typically 

corresponds the passivation domain, whereas immunity is gained at very low reducing conditions (which 

are, however, below the water stability limit; i.e. iron is not stable in water).  

At 90°C, de Combarieu et al. (2007, 2011) found a similar tendency with the Callovo-Oxfordian claystone 

leading to a corrosion rate of 1.5 µm/y in batch and 15 – 30 µm/y in an integrated experiment (where 

the iron foil was in close contact with the claystone). The occurrence of slightly higher rates at 90°C than 

70°C is in agreement with an activation energy of iron corrosion that is relatively low, about 15 kJ.mol-1 

(Ferron et al., 2008). 
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Necib et al. (2016) performed an in situ experiment of steel corrosion under anoxic conditions at 85°C 

in the Bure URL. In a test chamber drilled in the Callovo-Oxfordian clayey rock, carbon steel samples 

were exposed to the clayey porewater. Two different regimes of corrosion were measured, an active 

behavior (200 µm/y) and passive behavior (< 30 µm/y). The higher rate could be explained by the 

presence of an acidic pH transient (pH ~ 4.5) that lasted for 200 days. The transient state led to the 

precipitation of Fe-hydroxychloride at the interface with the metal, which prevented any efficient 

passivation. The experiment of Necib et al. (2016) is worth to be mentioned in the context of the ACED 

task 2 since the French HLW repository concept had been modified by adding a cement-bentonite based 

grout between the host rock and steel liner. This is expected to neutralize the potential acidity and bring 

the C-steel surface to the passivity domain. 

 

Figure 6 – Layered zonation of corrosion products around a metallic iron rod embedded in the Toarcian 

argillite of Tournemire after 400 days at 60°C (Chautard et al., 2013). 

(a) (b) 

  

Figure 7 – Speciation of iron corrosion products calculated with the Thermoddem database at 60°C for 

(a) iron oxyhydroxides and carbonates and (b) iron oxyhydroxides and sulfides; Fe conc. = 10-5 M, act. 

HCO3
- = 10-3, SO4 conc. = 10-4 M, excluding hematite; the dotted lines correspond to the stability limits 

of water. 
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3.3 Fe-corrosion rate laws under high-pH alkaline conditions 

In a cement-based geological disposal concept, the followed strategy is usually to demonstrate that 

localized corrosion phenomena cannot occur in highly alkaline disposal conditions (Deissmann et al., 

2020). The corrosion rates of low carbon steel under high pH value found in CEM I chemical and anoxic 

environment are very low (about 0.1 µm/y) due to passivation by the formation of compact magnetite 

film or layer uniformly over the whole surface of iron (Yu et al., 2012; Kursten et al., 2015; Swanton et 

al., 2015; Smart et al., 2017b). This protective nature of the passive state is associated to a marked 

decrease in the ionic conduction in the film (ion barrier) from a electrochemical point of view. 

The report of Deissmann et al. (2020) provides for a compilation of uniform corrosion rate of low alloyed 

steels in anoxic, highly alkaline and chloride-free solutions. That is to say relevant conditions for most 

of the materials experimentally studied in Subtask 2.2. The corrosion rate increases weakly to 

moderately as temperature increases according to the Arrhenius relationship. At high pH values, this 

temperature dependency is clearly relevant for the initial corrosion rate of carbon steel (Figure 8), but it 

seems to be inoperative for the long-term corrosion rates (Figure 9). 

Figure 10 shows a decreasing tendency of the corrosion rate with increasing time of exposure towards 

a constant and very low value. Long-term corrosion rates (beyond one year) in the range of 0.1 µm/y or 

lower have been reported for temperatures up to 80°C. 

The passive state is maintained in reinforced concrete structures for a very long time, but may be lost 

when chloride ions reach the steel. Chloride-induced depassivation has been associated with a change 

of the oxidation state of the inner part of the passive film leading to breakdown of the film (Angst et al., 

2017). 

The report of Neeft et al., (2020) also points out that negatively charged dissolved iron under high pH 

conditions can be sorbed on cement minerals which are positively charged at a pH between 12 and 13. 

Consequently, cement phases can reduce the dissolved iron concentration and thereby increasing 

generalized corrosion rates of carbon steels. 

 

 

 

Figure 8 – Effect of temperature on the initial anaerobic corrosion rate of carbon steel in various alkaline 

(basic) solutions. The anaerobic corrosion rate is plotted as a function of reciprocal temperature 

(adapted from Smart et al., 2004; see Deissmann et al. (2020) for all details). 

 



EURAD Deliverable D2.8 – Thermodynamic database and model of steel-cement interfaces, 1st results 

EURAD (Deliverable n° 2.8) 
Dissemination level: PU 
Date of issue of this report: 18/02/2021   

Page  34  

 

 

Figure 9 – Effect of temperature on the long term (t > 365 days) uniform corrosion rate of carbon steel 

exposed to alkaline and anoxic environments (see Deissmann et al., 2020 for all details). Closed 

symbols represent tests conducted in solutions; open symbols represent tests conducted in cement. 

 

 

Figure 10 – Compilation of uniform corrosion rates (reported in the non-nuclear industrial and nuclear 

waste management literature) of carbon steel in anoxic and alkaline chloride-free solutions (pH 12 ‒ 

13.5); see Kursten et al. (2015) and Deissmann et al. (2020) for further details. 
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3.4 Fe-corrosion rate laws under low-pH alkaline conditions 

The passivation of the steel by magnetite may become inactive when the alkaline pH decreases below 

10.5 and the corrosion rate increase by a factor of 50 (about 5 µm/y). However, the corrosion rates 

under moderately alkaline pH (10.5 – 11.5) are not well characterized yet. Only a very few studies are 

available in the literature (Bodén and Pettersson, 2011; García Calvo et al., 2013). The Subtask 2.2 of 

ACED will bring some new insights on corrosion in contact with the chemical environment of low-pH 

cement (Figure 11), useful for the Task 4 long-term modeling. 

Bodén and Pettersson (2011) studied the corrosion of steel in low-pH concrete (pH ≤ 11 in the leachate) 

in the ESDRED project for the development of rock bolt grout and shotcrete for rock support in 

underground disposals. Their corrosion investigations did not indicate any significantly increased 

corrosion rates in low-pH concrete in chloride free solutions. The steel bars in untreated specimens, 

concrete with no chlorides, had an average corrosion rate of 12.0 μm/year for low-pH concrete and 12.5 

μm/year for CEM I concrete. However, it is worth noting that such corrosion rates are much higher than 

usually reported for CEM I concrete (corrosion rate about 0.1 μm/year, see previous section), which 

requires to be cautious about the findings of this pioneering study on steel corrosion in low-pH cement. 

García Calvo et al. (2013) investigated the corrosion of carbon steel reinforcement in low-pH cement 

mortars based on OPC plus silica fume and/or fly ashes. A second mortar made of OPC cement only 

was also studied as a reference. The low pH pore solution had a clear detrimental influence on the 

corrosion of steel reinforcement. Low values of corrosion current density with decreasing tendency were 

registered, indicating the formation of a passive layer in both mortar mixes (Figure 12). However, in the 

case of the low pH mortar, a significant increase of corrosion current by one order of magnitude was 

detected after 25 days of exposure, when the pore water pH was lower than 11.8 (Figure 12). After this 

time, the current was maintained above the limit considered for passivation. This fact is associated with 

the initiation of an active corrosion process with periods of passivity and reactivation, probably because 

the pH is at the limit between the active/passive states. 

 

 

 

Figure 11 – Long-term corrosion rates of carbon steel under aerobic and anaerobic conditions selected 

for the reactive transport modeling in Task 4 of ACED; there is a gap in the data between neutral pH 

and high pH values. 
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Figure 12 – Corrosion current density evolution during the corrosion of carbon steel reinforcement in a 

low-pH cement mortar and in a OPC cement mortar as reference (García Calvo et al., 2013). 

 

3.5 Mill-scale effect on steel corrosion rate 

The surface of manufactured steel is generally covered with an oxide layer called mill-scale that forms 

at high temperature (above 570°C) during the hot rolling process of the steel. This layer is principally 

composed of wüstite (FeO) and can also contain magnetite (Fe3O4), hematite (α - Fe2O3) and maghemite 

(γ - Fe2O3) (Angst et al., 2017). Due to the presence of crevices and cracks in the structure of this layer, 

it offers far less protection against corrosion (Angst et al., 2017). In fact, this surface can enhance the 

corrosion rate due to its detrimental influence on the formation of a passivating film at the surface of the 

steel (Mahallati and Saremi, 2006).  

Generally, corrosion experiments are conducted on prepared samples (polished and/or pickled), on 

which this mill scale layer is removed to avoid any effect of this layer on the corrosion rate 

measurements. But it will not be the case neither in the BACUCE experiment, nor in a real disposal site. 

In addition, it is worth mentioning that the surface finish of steel has also an influence on its resistance 

to corrosion and in fine the corrosion rate. For example, Mammoliti et al. (1996) demonstrated that the 

steel surface finish (as received and degreased, grounded and degreased or polished and degreased) 

as a major influence on the [Cl-] threshold to initiate corrosion. “Scalping” a steel tube leads to a rough 

surface that can enhance corrosion rate.  

These mill-scale effects will be characterized in the environment of CEM I cement and the 

bentonite/cement grout at 80 °C (see Sec. 5.1.3). 

 

Take away: 

The anoxic generalized corrosion rates of carbon steel under high pH condition as in CEM I concrete 

are well known and very low (< 0.1 µm/y). The rates are slightly increased while temperature shifts from 

20°C to 80°C. The anoxic generalized corrosion rates of carbon steel in the weakly to moderate alkaline 

pH domain (pH 9.5 – 11) are still poorly know, especially at high temperature (e.g. 80°C). They could 

be in the range of corrosion in clay media, i.e. 10 µm/y or more. 
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4. Mathematical modeling and HYTEC code 

MINES ParisTech  

The modeling of the in situ and lab experiments of Subtask 2.2 (see Chapters 5 and 6) will be performed 

with the reactive transport code HYTEC (van der Lee et al., 2003). This section gives the main chemical 

and physical mathematical laws that have been implemented in HYTEC, whereas some key information 

on the numerical approaches and databases are provided in a subsequent section. 

4.1 Reactive transport equation 

The HYTEC formulation of the multicomponent reactive transport equation under water saturated 

conditions considering only diffusion is:  

 
𝜕𝜀𝐶𝑖

𝜕𝑡
=  𝛻. (𝐷𝑒𝛻𝐶𝑖) −

𝜕𝜀 𝐶𝑖̅

𝜕𝑡
 (4-1) 

where 𝐶𝑖 and 𝐶𝑖̅ are respectively the mobile and immobile concentrations of an element i per unit volume 

of solution [mol/L], 𝜀 is the porosity of the material. The partial derivative term −
𝜕𝜀 𝐶𝑖̅

𝜕𝑡
 is driven by chemical 

reactions whereas the other terms represent transport processes. The term 𝐷𝑒 [m2/s] is the effective 

diffusion coefficient (𝐷𝑒 = 𝜀𝐷𝑝 where 𝐷𝑝 is the pore diffusion coefficient). 

Actually, the porosity is subjected to change in time and space due to geochemical processes such as 

dissolution or precipitation (opening and clogging of the pore space). The change in porosity can be 

calculated by HYTEC from the evolution of the mineral concentrations in the system, knowing their molal 

volume or density. The empirical Archie’s law is easy to implement in reactive transport models and 

applicable to a wide range of materials: 

 𝐷𝑒 =  𝐷𝑒(𝜔0) (
𝜔 −  𝜔𝑐

𝜔0 − 𝜔𝑐

)
𝑚

 (4-2) 

where ω0 is the initial porosity, ωc is a critical porosity threshold under which diffusion stops and m is an 

empirical Archie’s coefficient.  

The full set of non-linear equations of thermodynamic equilibrium is numerically solved according to the 

basis component approach and its matrix-algebra, using an improved Newton-Raphson scheme. The 

transport module is based on the representative elementary volume (REV) approach with finite volume 

calculation. HYTEC handles 1D – 3D grids in cartesian coordinates as well as 1D in radial and 2D in 

cylindrical (axis symmetric) coordinates  

HYTEC searches for an accurate solution to the multicomponent transport problem using an iterative, 

sequential, so-called strong coupling scheme. Strong coupling permits variable hydrodynamic 

parameters as a function of the local chemistry (Figure 13). For example, the porosity of a porous 

medium decreases after massive precipitation of newly formed mineral phases, which modifies the water 

flow paths and transport parameters, e.g., diffusion coefficients.  
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Figure 13 – Diagram of consecutive actions within one timestep as implemented by HYTEC. T denotes 

total concentrations, tilt T mobile concentrations, L transport operator (hydrology) and R reaction 

operator (chemistry). 

 

4.2 Thermodynamic equilibrium 

The geochemical module of HYTEC simulates the chemical equilibrium state of complex aqueous 

systems, including minerals, organics, colloids and gases. Chemical processes as aqueous speciation, 

precipitation/dissolution of solid phases, and sorption (surface complexation with electrostatic 

correction, ion exchange) are accounted for. The aqueous chemistry includes acid/base reactions, 

oxidation and reduction (redox) processes and aqueous complexation by organic and inorganic ligands. 

HYTEC uses a mixed kinetic-thermodynamic equilibrium approach.  

 The mass balance equation 

The thermodynamic equilibrium state of the chemical system is calculated according to the usual mass 

action equation: 

nAA + nBB  ↔  nCC + nDD (4-3) 

Ki(T) = 
(C)nC(D)nD

(A)nA(B)nB
= 𝑒𝑥𝑝 (

−∆𝑅 𝐺
0

𝑅𝑇
) (4-4) 

where ni is the stoichiometric coefficient, K is the thermodynamic equilibrium constant of formation, G0 

is the Gibbs free energy of the reaction, R is the perfect gas constant and T is the absolute temperature 

[K]. HYTEC uses equilibrium constants, not Gibbs free energy data.  

The empirical formula of the truncated Davies model derived from the Debye-Huckel model of activity 

corrections of dissolved ions was used for this study. The model is applicable for low to moderately 

mineralized solutions (i.e. ionic strength  0.5 mol/kg). The B-dot model and specific ion theory (SIT) are 

also implemented in HYTEC to calculate activity corrections at higher ionic strengths. 

HYTEC is interfaced with the databases EQ3/6, ThermoChimie and Thermoddem. 

 Sorption by ion exchange and surface complexation 

HYTEC simulates cation exchange by a solid exchanger (montmorillonite, zeolite, etc.) whereby ions in 

the interlayer space or channels of the crystal structure can moved into solution to be exchanged for 
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other ions from the solution keeping electroneutrality. For instance, Na+ substitution by Ca2+ cations 

present in solution writes as: 

2 𝑁𝑎 ̅̅ ̅̅ ̅ +   𝐶𝑎2+ →   𝐶𝑎̅̅ ̅̅ ̅   +  2 𝑁𝑎+

 

(4-5) 

where the upper bar stands for a cation within the solid. The distribution of the cations between the 

solution and the exchanger is a given by a relation derived from the law of mass action and the Gaines-

Thomas (GT) formalism: 

𝐾𝐺𝑇(𝑁𝑎̅̅ ̅̅ /𝐶𝑎̅̅̅̅ )  =  
𝑓𝐶𝑎̅̅ ̅̅  (𝑁𝑎+)2

𝑓𝑁𝑎̅̅ ̅̅
2 (𝐶𝑎2+)

 

(4-6) 

assuming that the activity of the exchangeable cations can be modeled by an equivalent fraction 

𝑓𝐶𝑎̅̅ ̅̅  =  
[𝐶𝑎̅̅̅̅ ] 

∑ [𝐶𝑖̅]𝑖

=  
[𝐶𝑎̅̅̅̅ ] 

𝐶𝐸𝐶
 

(4-7) 

where the bracket stands for the exchangeable cation concentration, usually given as meq/100g of 

exchanger, and CEC (cation exchange capacity) is the sum of all the exchangeable cation 

concentrations. 

HYTEC can also simulate the (ad)sorption processes of elements from the solution occurring at the 

surface of a given solid (magnetite, montmorillonite…). That is to say true complexation reaction at 

interface between the solution and hydroxyl sites S-OH present at the solid surface, such as for instance: 

𝑆 − 𝑂𝐻 + 𝑀2+ →  𝑆 − 𝑂𝑀+  +   𝐻+ (4-8) 

as well as acid–base reactions, for instance: 

𝑆 − 𝑂𝐻 →  𝑆 − 𝑂−  +   𝐻+ (4-9) 

that can be modeled as a mass action law:  

𝐾 =  
(𝑆 − 𝑂𝐻)

(𝑆 − 𝑂− ) (𝐻+)
 

(4-10) 

considering an additional electrostatic term through the double layer model or not.  

 

4.3 Kinetics controlled on solid phase reactivity 

 General chemical kinetic law 

HYTEC can also model the kinetics of different types of reactions, such as redox reactions in solution 

or dissolution/precipitation of minerals. The rate of dissolution or precipitation of a mineral M i can be 

modeled by the following rate law: 

𝑑[𝑀𝑖]

𝑑𝑡
 = ki Av,i ∏  (E)pi

𝑖

((
𝑄𝑖

𝐾𝑠

)
𝑚

-1)  (4-11) 

The variation of the mineral concentration is proportional to the intrinsic kinetic constant of the reaction, 

ki [mol/m2/s] and to the mineral surface area per unit volume, Av [m2/L]. The term (Q/Ks)m – 1) is 

dependent on the deviation from thermodynamic equilibrium and related to the concept of the saturation 

index (Qi stands for the ion activity product and Ks is the “solubility product”, i.e. the inverse of 

thermodynamic formation constant used in the HYTEC database). Precipitation (oversaturation state) 
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takes place if Q > Ks, otherwise dissolution (undersaturation state). The exponent m is an empirical 

parameter.  

The product term Πi describes the dependence of the reaction rate with respect to the chemistry of 

solution. The species act as catalysts if the exponent is positive, or as inhibitors if the exponent is 

negative. The term (Ei) is the activity (or concentration) of a dissolved species (e.g. hydroxyl ion OH-) 

and pi is a power-constant, mechanistically-based or fitted to experimental data. 

A summation of several kinetics laws similar to Eq. 3-11 can be set for a same mineral, typically to take 

into account specific pH-dependencies for acidic, neutral or alkaline conditions, as well as redox-

dependency with specific laws under oxic and reducing conditions. 

The dissolution and precipitation of the minerals constitutive of the clay host rock have to be modeled 

under kinetics controlled (De Windt et al., 2008; Marty et al., 2015), according to Eq. 4-11.  

In a first step, the cement phase evolution will be modeled in Subtask 2.2 under thermodynamic 

equilibrium due to the high reactive surfaces of the mineral phases (C-S-H, etc.). This seems reasonable 

for the CEM I based materials. This is clearly a simplification for the hydration of the CEM III, and to a 

lesser extent the silica fume, used in the bentonite/cement grout (see Chapter 5). These components 

are kinetically controlled due to the resistance of blast furnace to aqueous hydrolysis reaction. The 

higher the temperature, the faster the reaction and the closer to equilibrium state. Therefore, the 

approximation is stronger at 20°C than at 80°C. However, kinetics of anhydrate dissolution will be 

implemented if required to better fit the experimental data with the bentonite grout. 

 Application to metallic iron corrosion 

The carbon-steel overpack is chemically considered as Fe(0) in the HYTEC modeling. Under anoxic 

conditions, the kinetics law of the initial corrosion rate may be simple and only considers the reactive 

surface of the metallic iron materials and the intrinsic rate constant kanox: 

𝑑[𝐹𝑒(𝑠)]

𝑑𝑡
= −𝑘𝑎𝑛𝑜𝑥  𝐴𝑣 (4-12) 

The corrosion rate constant k of in Eq 3-14 is usually in mol/m2/s units. There is no distinction of the 

anodic reaction (oxidation of metallic iron) and cathodic reaction (reduction of water) and as an 

electrochemical approach. This follows a global mass balance approach that at the basis of most 

reactive transport codes.  

Hydrogen generation by corrosion and migration in water is calculated as a tracer without any effect of 

the gas on the water saturation degree and the redox chemistry (De Windt et al., 2014). 

Under the anoxic conditions assumed in ILW and HLW disposal cells, the most stable corrosion product 

of metallic iron is magnetite (Fe3O4) at basic pH, but iron carbonates such as siderite (FeCO3) or 

chukanovite (Fe2(OH)2CO3) are also likely as soon as the pH decreases (Chapter 2). The HYTEC 

modeling can take into account magnetite and carbonate iron phases, but also Fe(II)-silicates (e.g. 

greenalite Fe3(Si2O5)(OH)4 or cronstedtite). Temperature should enhance the kinetics of formation of 

iron silicates. The forthcoming results of the BACUCE experiment will help to fix the most representative 

corrosion products. Iron sulfides (e.g. mackinawite) also form when corrosion is driven by bacteria 

activity. This microbial process is not considered in the present study. 

In a first approach, the precipitation of the corrosion products will be modeled assuming thermodynamic 

equilibrium. If it does not fit with the experimental data (e.g. magnetite superstability), a kinetic control 

will be implemented in the modeling. The formation constants of all these corrosion products are 

included in the Thermoddem and ThermoChimie databases. 

The models only describe the film growth of an iron oxide layer on iron in alkaline conditions. The 

coupled corrosion of iron and the evolution of a dense oxide layer taking into account moving interfaces 

can be simulated by the numerical code CALIPSO (Bataillon et al., 2012). Most, if not all, generic 
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reactive transport model such HYTEC cannot simulate the electrochemical processes. But they might 

simulate to some extents the diffusive transfer between different layers of corrosion products at the 

submicron scale with a diffusive barrier effect. It is not obvious to attribute an effective diffusion 

coefficient De to the corrosion product layer. A De value of 10-11 m2/s will be first considered in the present 

calculations. The porosity can be arbitrarily set to 20 % or less. Corrosion of steel and its evolution with 

time will be implemented in HYTEC by implementing an inhibitive feedback with the increase of a given 

mineral (e.g. magnetite) such it has been done, for instance, with GRAAL model for glass dissolution 

(Frugier et al., 2008). 

 

4.4 Temperature dependencies 

Chemical thermodynamics, kinetic rates and diffusion processes are temperature dependent in HYTEC. 

Heat-transfer by conduction and convection can also be modeled with HYTEC but will not be considered 

in task 2 where temperature is locally constant and the temperature gradient flat. The diffusion coefficient 

increases with temperature according to the Stokes-Einstein law in liquid or to an Arrhenius law in porous 

media. In the present modeling the increase of the diffusion coefficients will be manually calculated by 

an Arrhenius law and automatically by HYTEC. 

The thermodynamic formation constants are calculated over a wide range of temperature by using a 

polynomial interpolation of the constants reported at fixed temperatures in the databases available with 

HYTEC (e.g. 0, 25, 60, 100, 150 and 200°C). The water dissociation constant (Kw) with temperature 

increases with temperature, leading to a shift of the pH scale towards the more acidic boundary. 

The accelerating effect of temperature on the kinetic rate constant ki (Eq. 3-11) is implemented in the 

form of an Arrhenius law, according to the following equation: 

𝑘 =  𝑘0𝑒
𝐸𝑎
𝑅

(
1
𝑇0

−
1
𝑇

)
 (4-13) 

where Ea is the activation energy [kJ.mol-1], R the perfect gas constant [J.mol-1.K-1] and T the 

temperature [°K]. 

Kinetics can also be expressed as inhibitive thresholds. For example, temperature increase up to 80°C 

favors the formation of zeolites (Lalan et al., 2016) and crystalline C-S-H such as tobermorite (Lalan et 

al., 2019) at the interface between cement and argillite, phases whose precipitation is inhibited at a 

temperature of 20°C. 

Diffusion coefficients also increase with temperature. This effect can be implemented according to an 

Arrhenius law: 

𝐷 =  𝐷0𝑒
𝐸𝑎
𝑅

(
1
𝑇0

−
1
𝑇

)
 (4-14) 

or be fixed in the input file under isothermal conditions. For example, to account for the temperature 

increase from 20 to 70°C, the effective diffusion coefficient was multiplied by a factor 3 for the argillite, 

as found both for the Callovian-Oxfordian clay (Savoye et al., 2011) and the Opalinus clay (Van Loon et 

al., 2005), and by a factor 10 for the OPC paste in agreement with Page et al. (1981). 

 

Take away: 

Usual reactive transport model as HYTEC can be applied to the modeling of the generalized corrosion 

of carbon steel at the interface with cement. They cannot simulate the electrochemical processes. But 

they might simulate to some extents the diffusive transfer between different layers of corrosion products 

at the submicron scale with a diffusive barrier effect. Kinetics is essential for simulating the corrosion 
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rates but thermodynamics is powerful for defining the nature of the corrosion products. Temperature 

effect is implemented both on chemical processes (kinetics and thermodynamics) and diffusion. 
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5. In situ cement/steel interactions – BACUCE experiments 

MINES ParisTech, IRSN and Subatech 

The in situ BACUCE experiments aim at studying the steel/cement interface under the most 

representative disposal conditions as possible, including carbon steel plus high-pH and low-pH cement 

materials embedded in a clayey host rock at low (15°C) and high (80°C) temperatures. It is one of the 

outstanding experiments of Task 2. A set of complementary tests are also conducted at the laboratory 

in the BACUCE project to bring more specific information and to support the interpretation of the in situ 

results. The aim of this chapter is to gather all the geometric and boundary conditions of the experimental 

set-ups as well as all the transport and chemical properties of the materials that are required to develop 

a highly representative reactive transport model of the experimental results once available. Whenever 

possible, preliminary geochemical modeling of the initial state of the materials are also presented in this 

chapter. In particular, the bentonite/cement grout is a new type of engineering material of which 

chemistry and hydration products are not well defined yet both at ambient and high temperatures. 

The first section is devoted to the main features of the experimental set-ups (Sec. 5.1). It is followed by 

a focus on CEM I at 80°C (Sec. 2), then the bentonite/cement grout (Sec. 3). A short section deals with 

the host rock (Sec. 4). The results obtained so far gives then input to Sec. 5.5 to define the synthetic 

water that will be used in the BACUCE experiment. 

5.1 Set-up of the BACUCE experiments 

 In-situ tests on steel corrosion at 15°C and 80°C 

The BACUCE experiments are taking place in the IRSN underground research laboratory (URL). The 

URL is located in a tunnel that crosses a 250 m thick argillaceous formation of Toarcian and Domerian 

ages at Tournemire (Aveyron, France). Figure 14 gives a schematic representation of the BACUCE in-

situ experimental set-up to characterize the interface between carbon steel and two cementitious buffers 

(a bentonite/cement grout and a CEM I cement paste) until three years of interaction. The experiments 

are conducted at the ambient temperature of 15°C and at 80°C with a heating system. The cementitious 

buffer is injected in the annular gap between the steel cylindrical tube and the wall of the borehole drilled 

into the argillite formation. Then, the retrieval of a PTFE rod initially placed in contact with the metallic 

tube allows the creation of a void space mimicking a heterogeneity of filling by the cementitious material 

(bentonite/cement grout and CEM I). Then, an external reservoir helps to saturate this heterogeneity 

with adapted synthetic porewater (either 75% of hydrated bentonite/grout porewater + 25% of Toarcian 

porewater or young CEM I synthetic porewater). The external reservoir also helps to hydrate the grout 

and cement and afterwards to maintain a water saturation degree of 100 %. One specificity is to study 

the influence of imperfect contacts or voids that are filled with grout porewater solution mixed with the 

argillite one. 
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Figure 14 –Schematic representation of the first BACUCE in-situ experimental set-up in the Tournemire 

URL at ambient temperature (15°C) (top) and zoom on the heterogeneous configuration of the reactive 

chamber (bottom). In the new experiments that will be conducted at 80°C, the borehole diameter is 

equal to 101 mm, and the tube diameter to 65 mm. 

 

 

 Lab experiments on steel corrosion in grout water at 25°C 

Grousset et al., (2018, 2019) also performed two types of experiments at the laboratory in support of 

the in situ experiments. The first experiment is devoted to the estimation of the porewater chemistry of 

the bentonite/cement grout. A set of batch experiments put in contact powdered grout and distilled water 

for decreasing Liquid on Solid weight ratios (L/S from 9 to 1). The kinetics of interactions is studied by 

measuring the evolution of the chemistry (main cations and anions, pH, TIC, TOC) at 1, 3 and 7 days.  

The second type of experiment is depicted in Figure 15. Corrosion tests at 25°C are conducted under 

both anoxic and abiotic conditions to assess of the efficiency of the chemical slightly alkaline conditions, 

created by the cement-bentonite grout porewater, to protect the carbon steel liner against corrosion. 

S235 carbon steel parallepipedic blocks or “coupons” (30 x 30 x 2 mm3) were immersed in 325 mL of 

solution for 285 days under deaerated conditions (Figure 15). Several mixing ratios of synthetic argillite 

water and synthetic grout water were considered.  
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Figure 15 – Schematic representation of the BACUCE experimental set-up at the laboratory (the green 

zones stand for the mechanical support of the steel “coupons”, not for the bentonite/grout cylinders). 

 

 

 Lab experiment on the mill-scale effect on steel corrosion at 80°C 

Additional laboratory experiments are planned to assess the effect of mill scale on the corrosion rate of 

low carbon steel in similar conditions as the BACUCE experiments. These experiments will also allow 

to evaluate the synthetic porewater evolution in contact with the two buffer materials (CEM I/MREA) at 

80°C, as well as the cement and steel corrosion products evolution. 

In a first set of experiments, S235 steel parallepipedic blocks embedded in CEM I (Lafarge, Val 

d’Azergues) cylinders are placed in PTFE containers in contact with a synthetic young CEM I porewater. 

In a second set, steel (S235) parallepipedic blocks embedded in bentonite grout (MREA) cylinders are 

placed in PTFE containers in contact with a synthetic porewater made of 75 % bentonite grout porewater 

+ 25 % Toarcian argillite porewater. For each steel block, two faces are prepared following an ASTM 

standard method to evaluate the corrosion rate of the low carbon steel itself. On the four other faces, 

the mill scale is conserved to detect an eventual protective/aggressive effect of this coating on the 

corrosion rate (Figure 16a).  The PTFE containers are placed in an oven at 80°C under anoxic conditions 

(argon atmosphere). For each kind of buffer material (CEM I/MREA), 6 containers are placed in the 

oven. The containers are retrieved periodically (every 2 weeks for the first two and then every 2 months) 

to determine the corrosion rate, the evolution of water chemistry and the mineralogical evolution of the 

buffer materials. In parallel, blank experiments with only synthetic porewater are conducted to follow the 

pH and the water chemistry evolution with time at 80°C. 

As the mill scale is different in the parallepipedic blocks S235 and on the TU37b tubes used in BACUCE 

experiments, similar experiment with TU37b steel tubes embedded in MREA will be conducted (not 

possible with CEM I due to lack of steel tube), as shown in Figure 16b.  
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Figure 16 – Schematic representation of the laboratory scale experiment simulating the BACUCE 

experiment. The prepared steel surface following the ASTM standard method are represented hatched. 

a) experiment with S235 steel and b) experiment with TU37b steel. 

 

5.2 Properties and modeling of the hydrated CEM I paste 

The geochemical, mineralogical and diffusive properties of the materials have to be compiled in a 

consistent manner to develop a representative reactive transport model of the forthcoming results. This 

section focusses on the properties of the CEM I cement used in the BACUCE experiment with a specific 

attention paid to the effect of temperature while increasing from 20°C to 80°C. A model of the initial state 

of the cement (hydrated cement phases, pore water chemistry) is then built. This model will be integrated 

in the actual reactive transport modeling of the experimental results one available. 

 Bulk and mineralogical composition 

The selected CEM I cement is a sulfate resisting Portland cement from Val d’Azergues (CEM I 52.5 N), 

provided by the French company Lafarge. Hydration was performed with a water/cement mass ratio of 

0.42. Cement paste characterization by XRD confirmed the presence of portlandite, C-S-H, Si-katoite 

(Ca3Al2SiO4(OH)8), ettringite, traces of calcite and anhydrous species. More details on the 

characterization are given in Lalan et al. (2016). Katoite is part of a solid series between two 

endmembers, grossular (Ca3Al2Si3O12) and synthetic phase (Ca3Al2(OH)12), also known as hydrogarnet. 

Table 4 summarizes the bulk chemical and mineralogical composition of the cement before hydration. 

The water to cement ratio (W/C) is 0.42 at both 20°C and 80°C.  
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The preliminary modeling of the hydrated cement paste was made at thermodynamic equilibrium based 

on the bulk composition of the composite material. The Thermoddem thermodynamic database (Blanc 

et al., 2012; version 1.07) was used. Sorption of Na+ and SO4 on C-S-H is not considered. After 

hydration, the calculated mineralogy is usual for a CEM I hydrated paste with portlandite, C-S-H of high 

C/S ratio and ettringite (Table 5). The presence of katoite (confirmed by XRD analysis) is uncommon 

and related to the Val d’Azergues CEM I.  

Katoite stabilizes ettringite that should be partly or totally dissolved at 80°C. According to the literature, 

when ettringite dissolves, the sulfate content is distributed among the porewater solution, sorption onto 

the C-S-H phases, and as a new mineral, monosulfoaluminate.   

As shown inTable 5, a partial transformation of ettringite into katoite when the temperature increased 

from 20°C to 80°C was noticed. The dissolution corresponds to a re-arrangement of the katoite/ettringite 

equilibrium with temperature. This difference in the cement paste may be explained by the relatively 

high amount of C4AF compared to C3A in the OPC used for the present experiment. Figure 17 provides 

for the domain of relative stability between the Al-phases ettringite-katoïte-Afm-C3AH6 at 20 °C and 

70°C (also represnetative of 80°C). Figure 17 also indicate that the usual conversion of ettringite into 

monosulfoaluminate will take place after 60°C if one does not consider katoite in the mineral 

assemblage. The stability of katoite seems to be specific to the Val d’Azergues cement. It will be 

questioned again in BACUCE during the postmortem analysis of the samples. 

 Porewater chemistry 

Table 6 gives the preliminary modeling results of the porewater chemistry at 20°C and 80°C. At 80°C, 

the pH scale changes compare to the usual standard temperature due to the increase of the water 

decomposition product Kw with temperature. The activity (or total content) of the solution in OH- species 

is a better parameter of the “alkaline loading”. 

At 20°C, the porewater corresponds to a classical fresh (young) porewater enriched in NaOH and KOH 

with a pH larger than 13. The calculated pH of 13.6 is slightly overestimated because a fraction of the 

Na-K-OH loading could be decreased by sorption onto the C-S-H phases.  

Heating of this young state to 80°C does not change significantly the chemistry, excepted the important 

increase in sulfate anions from 1 to 110 mmol/L. This increase was validated by indirect analysis that 

showed that the sulfate content was at least higher than 65 mmol/L at 70°C (Lalan, 2016). Half of the 

sulphates are adsorbed on the C-S-H. A high C/S ratio, as is the case in a sound OPC, and a high 

temperature favor sulphate adsorption by C-S-H, (Barbarulo, et al., 2007; Divet et al., 1998). Assuming 

monosulfoaluminate instead of ettringite in the model increases the SO4 ratio from 140 to 200 mmol/l 

approximately. 

A second modification is the decrease in OH- content at 80°C, which is divided by a factor 2.5. This is 

this content in hydroxyl OH- that represents the alkaline aggressivity of the porewater. But, globally, the 

basicity remains very high (125 mmol/L of OH- lead to a pH of 13.3 at 20°C, and a pH of 11.5 at 80°C). 

 Porosity and diffusion properties 

The mass transport is only driven by diffusion when fully hydrated since hydrated cement pastes (and 

argillite in the in situ experiment) have low hydraulic conductivities and the cells are not subjected to any 

pressure gradients. The theoretical connected porosity (Hg measurement) assumed for the mineralogy 

of Table 5 is 25 %. The true connected porosity could be slightly higher in the range 30 – 35 % (Lalan 

et al., 2019). The effective diffusion is approximately 610-12 m2/s at 20°C and 5.810-11 m²/s at 70°C 

(Lalan et al., 2019). The effective diffusion coefficient is thus multiplied by a factor 10 for the OPC paste 

in agreement with Page et al. (1981). 
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Table 4 – Cement composition (CEM I 52.5 N – Lafarge). 

Global bulk chemistry 

(wt.%) 
Mineralogical composition (g/100g) 

CaO 64.6 Clinker 

  including Alite (C3S) 

                  Belite (C2S) 

                  Aluminate 

(C3A) 

                  Ferrite (C4AF) 

93.2 

65.3 

13.5 

 0.9 

13.5 

SiO2 20.7 

Al2O3 3.2 

Fe2O3 4.5 

CaO (free) 1.8 

MgO 0.6 Gypsum 3.9 

K2O 0.6 Filler 2.9 

Na2O 0.1   

CO2 1.1 

SO3 2.8 

 

Table 5 – Preliminary modeling of the mineralogy of the hydrated CEM 

I paste (Val d’Azergues) at 20°C and after a temperature increase to 

80°C. 

Mineral 

(mol/L of 
cement paste) 

20°C 80°C 

Portlandite 6.30 6.35 

C-S-H 1.6 4.40 4.39 
Ettringite(1) 0.13 0.12 

Katoite 0.68(2) 0.69(2) 

Calcite 0.39 0.39 
(1) Ettringite is stable when katoite is present in the modeling; 

sorption of SO4 on C-S-H is not considered; (2) assuming 

thermodynamic equilibrium, probably overestimated.  

 

Table 6 – Preliminary modeling of the porewater chemistry of the 

hydrated CEM I paste (Val d’Azergues) at 20°C and after a 

temperature increase to 80°C. 

Aqueous  species 

(mmol.L-1) 

20°C 80°C 

pH 13.6(1) 11.5(1) 
(OH- activity) (0.26) (0.07(2)) 
   
K+ 350(1) 350(1) 
Na+ 65(1) 100(1) 
Ca2+ 0.9 4.0 

Al3+ 0.2 0.13 
H4SiO4 0.05 0.19 
HCO3

- 0.2 0.1 
Cl- 15(2) 50(2) 

SO4
2- 1.1 144 (200)(3) 

(1) Slightly overestimated due to the lack of sorption of alkali onto C-S-H; 

(2) Estimated and entered as NaCl in the model; (3) Assuming equilibrium 

with monosulfoaluminate, not with ettringite. 
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(a) (b) 

  

Figure 17 – (a) Calculated stability diagrams of Al-phases at 20°C and 70°C (act. Ca2+ = act. Al(OH)4
- = 

10-3, [HCO3
-]total = [H4SiO4]total = 10-3 molal) considering katoite in the mineral assemblage. (b) modeling 

of the conversion of ettringite into monosulfoaluminate without considering katoite in the mineral 

assemblage. 

 

5.3 Properties and modeling of the bentonite/cement grout 

 Bulk and mineralogical composition  

The actual composition of the bentonite/cement grout of reference for the French concept is not fixed 

yet, but the nature of the components is known (Michau and Bourbon, 2016). Table 7 summarizes the 

bulk chemical and mineralogical composition of the bentonite/cement grout before hydration. The water 

to cement ratio is much higher than for classical cements, W/C = 2 instead of W/C around 0.5. The bulk 

composition used in the modeling includes the cement phase (and its gypsum additive) and the silica 

fume, which will be hydrated partly once in contact with water. The bentonite does not account for the 

bulk composition, it is introduced directly as a mineral in the model with cationic exchangeable properties 

of montmorillonite (Bradbury and Baeyens, 2002) 

Eventually, the initial hydrotalcite content is not considered due to its weak percentage and because 

hydrotalcite is readily generated during the hydration process in the modeling. 

 

Table 7 – Recipe and bulk composition of the bentonite/cement grout used in the modeling. 

Global bulk chemistry for 

hydration of CEM III + 

silica fume (kg) 

Composition (kg) 

CaO 0.30 
CEM III Rombas (35% 

clinker/gypsum + 65% 

blast-furnace slag) 

0.600 
SiO2 0.75 

Al2O3 0.055 

MgO 0.03 

K2O 0.0042 Silica fume 0.600 

Na2O 0.0024 
Bentonite (Montmor.(1)) 

Hydrotalcite 

0.160 (0.145) 

0.04 

 

CaSO4 

 

0.025 Water 2.400 

CaCl2:2H2O 0.0037 

(1) Na-montmorillonite, exchangeable fraction = 100 % Na+. 
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 Modeling of hydrated grout/water batch tests 

A set of batch tests of decreasing water/hydrated grout ratio (L/S from 9 to 1) has been performed in the 

first stage of the BACUCE project at room temperature. The grout was first hydrated and cured and the 

added water consisted in demineralized water. The cement-bentonite suspension is obtained by mixing 

ultrapure water with crushed cement-bentonite paste samples previously cured for one month in a 

sealed bag at room temperature (liquid/solid = 9 ml/g and 24h stirring). Only the smallest ratio is taken 

into account in this note, the full modeling will be done later. The porewater is approximately divided by 

a factor 3 at this L/S = 1. 

Modelling of the hydration products is done by two different models by using the Thermoddem database 

(Blanc et al., 2012; version 1.7 for model 1 and version 1.10 for model 2). Model 1 is based on a simpler 

approach with proxy minerals for C-A-S-H phases whereas model 2 takes into account the very recent 

data acquired on the C-A-S-H phases, as shown in Table 8. The C-S-H phase has a lower Ca/Si ratio 

(C/S = 0.8) than in CEM I (C/S = 1.6) in direct relation with the bulk grout composition that has a smaller 

relative amount of CaO compared to CEM I (or similarly the silica component is higher in the grout due 

to the significant SiO2 input of the silica fume). The CEM III also brings more aluminum in the system 

than CEM I, which leads to the formation of CAH (model 1) or C-A-S-H (model 2) phases. XRD analyses 

were done on the hydrated grout. They showed the presence of quartz, C-S-H, and montmorillonite (i.e. 

the stability of the montmorillonite) in agreement with the model, but also the occurrence of portlandite 

and gypsum (and not ettringite) which were not predicted by the models. The C-A-S-H phases are not 

easy to be identified by XRD. The presence of portlandite is not in agreement with the data on the batch 

tests discussed in the next paragraph. The literature on the hydration of CEM III at low temperature 

reports the possibility of hydrotalcite, ettringite, C-S-H/straetlingite (or C-A-S-H depending on the 

papers); the C-S-H being of low C/S ratio. There is, therefore, a good qualitative agreement with the 

results of the present model with respect to the mineralogy. 

It is worth mentioning that the hydration of the CaO oxide strongly modifies the cationic exchange 

composition of montmorillonite in the model, since one evolves from a pure Na-clay phase to a dominant 

Ca-clay phase (Table 8). Literature reports the occurrence of such processes during the hydration of 

lime/clay system, but it is not clear how far this process takes place in the present system. Table 9 gives 

the constants of cationic exchange and surface complexation reactions used in this preliminary 

modeling. Furthermore, it is not yet clear how far the montmorillonite reacts as a pozzolanic reactivity or 

remained stable (XRD analysis on the grout indicated some occurrence of montmorillonite at 20°C).  

Table 10 indicates a reasonably good agreement between the modelled and the experimental data. 

Model 1, despite its simplicity, is in average a better operational model than model 2. The main 

discrepancies with the experimental results are related to the pH, K and SO4
 contents. The modelled pH 

is lower; the models consider a full hydration of the oxides, which is relevant for most clinker phases but 

not realistic for the blast furnace slag component. It is worth noting that portlandite would have buffered 

the pH at a value of 12.3; which is clearly not the case (the portlandite identified by XRD is maybe not 

accessible to the water due to coating, etc.). The input of Al into the system is overestimated by the 

model for the same reason.  

There is not batch data at 80°C yet. The literature indicates that the hydrations of slag and silica fume 

are relatively slow at 20°C (about 1 year or more). A kinetic approach is more relevant but also much 

trickier to implement. It is also assumed that this modeling artefact maybe less important at 80°C than 

at 20°C since the rate constants (i.e. the slag hydration) increases with temperature. Under these lines, 

it is expected that a model based on kinetically driven hydration of the slag will increase the drop of pH 

from 20 to 80°C compared to this simplified model that assumes thermodynamic equilibrium. 

Along the same lines, the full modeling of the grout porewater is still in progress since the analysis of 

the hydrated grout in its initial state and after interaction with the argillite are not available yet. 
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Table 8 – Preliminary modeling of the mineralogy of 

bentonite/cement grout derived from batch experiments 

made with demineralized water at 20°C and a L/S ratio = 1 

(ST1-1-7j). 

Mineral Model 1  Model 2 

(wt.%) 20°C 20°C 

C-S-H 0.8 48.5 - 

straetlingite 

(cryst. C-A-H) 

7 - 

C0.8S-H - 11 

C0.7-A0.05-S-H - 49.5 

   

ettringite 6 4 

gypsum 0 0 

hydrotalcite 5 5.5 

quartz 24.5 21 

   

Montmorillonite 

exchangeable 

equiv. fraction 

9 

Ca2+ 85% 

Na+ 15% 

9 

90 

10 

(1) As a first approximation since montmorillonite dissolution by 

pozzolanic reactivity may occur at 20°C on the long term. 
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Table 9 – Selectivity constants of cationic exchange (Gaines-
Thomas formalism, Tremosa et al., 2012) and constants of 
surface complexation reactions (non-electrostatic model, 
Marques et al., 2012) of montmorillonite considered in the 
modeling of the bentonite fraction of the grout as well as for 
the clayey phase of the argillite.  

Reaction Log Kex
 

(25°C) 

Cation exchange (whole exchanger)  

Na ̅̅ ̅̅ ̅ + K
+
 →  K ̅̅ ̅̅ + Na

+
   0.9 

2 Na ̅̅ ̅̅ ̅ + Ca
2+

 →  Ca ̅̅ ̅̅ ̅ + 2 Na
+
 0.6 

2 Na ̅̅ ̅̅ ̅ + Mg
2+

 →  Mg ̅̅ ̅̅ ̅̅  + 2 Na
+
 0.6 

2 Na ̅̅ ̅̅ ̅ + Fe
2+

 →  Fe ̅̅ ̅̅ ̅ + 2 Na
+
 0.7 

  

Surface complexation (2)  

S1-OH + H+  S1-OH2
+ 4.5 

S1-OH  S1-O-  + H+ -7.9 

S2-OH + H+  S2-OH2
+ 4.5 

S2-OH  S2-O-  + H+ -7.9 

Site density S1-OH 1 mol/m2 

S2-OH 0.05 mol/m2 

(1) LogK (Fe) = logK (Ca) + 0.1 (Idiart & lavina, 2019); (2) 

Optional for pH buffering. 

 

 

Table 10 – Preliminary modeling of the batch experiment, water 

chemistry: bentonite/cement grout in contact with 

demineralized water at 20°C, L/S ratio = 1 (ST1-1-7j). 

Total 

concentration 

Experimental 

data  

Model 1 

  

Model 2 

(mmol.L-1) 20°C 20°C 20°C 

pH 11.3 10.7 10.4 

(OH- activity) 

 

- (0.4110-3) (0.1610-3) 

K+ 

Na+ 

3 

12 

15 

15 

15 

15 

Mg2+ 0.0 0.0 0.0 

Ca2+ 3 5 10 

Al3+ 0.01 0.1 0.08 

H4SiO4 1.5 1.6 0.8 

Cl- 7 8.5 8.5 

SO4
2- 3 15 21 
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 Modeling of the initial state of the hydrated bentonite/cement grout 

Models 1 and 2 have been run to estimate the mineralogy and the porewater of the hydrated 

bentonite/cement grout (considering the water used in the recipe only without addition as in the batch 

tests), as detailed in Table 11. The final liquid on solid (L/S) ratio in the hydrated grout is close to 0.4 

(for a porosity of 50 % and a weight mass of 2.7 kg/dm3). The mineralogy is globally not modified. The 

main difference is the destabilization of ettringite to produce gypsum and an increase of the Al-phases. 

Destabilization of ettringite with temperature is possible according to the literature, especially without 

katoite. Whatsoever, the amount of SO4 phases is relatively low in the grout. 

The main effect when moving from L/S = 1 to the porewater of Table 12 is the increase in the 

concentration of whose elements that are mostly dissolved in the porewater and not controlled by the 

solubility of the solid phases: Na – K – Cl. This leads to a slight increase (factor 2) in the OH- content. 

The raise in the SO4 concentration is linked to the destabilization of ettringite, not a concentration effect 

by removing the total amount of water in the system. If true, a common effect of temperature increase 

on CEM I and grout would be the increase of the SO4 loading in the porewater.  

It is worth emphasizing that the porewater of the bentonite/cement grout is much less aggressive and 

concentrated than the CEM I porewater. 

 Porosity and diffusion properties 

The porosity and effective diffusion properties of the grout used in Subtask 2.2 have not be 

experimentally measured yet. One can estimate a porosity in the range 35 – 50 % and an effective 

coefficient De around 10-10 m2/s in the HYTEC modeling. 

 

 

 

Table 11 – Preliminary modeling of the mineralogy of the 
bentonite/cement grout at 80°C. 

Mineral Model 1  Model 2 

(wt.%) 80°C 80°C 

C0.8-S-H 50.5 - 

straetlingite 

(cryst. C-A-H) 

9 - 

C0.8S-H - 5.0 

C0.7-A0.05-S-H - 59 

   

ettringite 0 0 

anhydrite 2.5 2.0 

hydrotalcite 5 5.5 

quartz 24 19.5 

   

Montmorillonite 

exchangeable 

equiv. fraction 

9(1) 

Ca2+  45 % 

Na+  55 % 

9(1) 

45 % 

55 % 

(1) As a first approximation since montmorillonite dissolution by pozzolanic 

reactivity is likely at 80°C. 
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Table 12 – Preliminary modeling of porewater chemistry of 

the bentonite/cement grout at 80°C. 

Total 

concentration 

Model 1 

Young water  

Model 2 

Young water 

(mmol.L-1) 80°C 80°C 

pH 9.7 9.2 

(OH- activity) 

 

(1.210-3) (0.410-3) 

K+ 

Na+ 

45 

63 

45 

62 

Mg2+ 0.0 0.005 

Ca2+ 4 4 

Al3+ 0.3 0.07 

H4SiO4 4 1.6 

Cl- 25 25 

SO4
2- 43 45 

 

5.4 Properties of the Toarcian argillite 

 Mineralogical composition 

The Upper Toarcian argillite is mainly composed of clay minerals including illite, an illite/smectite mixed 

layer, kaolinite and chlorite. Minor minerals include quartz, carbonates, such as calcite and dolomite, 

feldspar and pyrite (Table 13). The divalent Ca2+ and Mg2+ are the main cations of the exchangeable 

cation population of the host rock, which is brought by the clayey phase mainly. 

 Cationic exchange and porewater chemistry 

The porewater chemistry and cation exchanges have been modeled by Tremosa et al. (2012) with the 

multi-site cation exchange model. The same model will be applied in the Subtask2.2. 

Table 14 gives the cationic exchange capacity (CEC, 8.6 meq/100g of solid) and of the cationic 

population of the Toarcian argillite measured at the tunnel height. Calcium is the main exchangeable 

cation of the argillite.  

Argillite porewater is diluted fossilized seawater containing mainly sodium, chlorides and sulfates with a 

pH of approximately 7.8 (De Windt et al., 1999; Tremosa et al., 2012), as shown in Table 15. The partial 

pressure of CO2 is about 10-2.4 atm. It is an important factor when estimating the carbonation of cement. 

The chloride dissolved concentration remains rather low in the Tournemire case and far from the 

concentrations that can increase the corrosion (Deissmann et al., 2020). 

 Porosity and diffusion properties 

Porosity varies between 7 and 15 % (Tremosa et al., 2012; Wittebroodt et al., 2012). The hydraulic 

conductivity of the argillite is very low (10-13 m/s) (De Windt et al., 1999) and again diffusion is the main 

transport process. The effective diffusion coefficient De associated with neutral tracer (HTO) diffusion 

perpendicular to the rock stratigraphy is 7.710-12 m²/s at 20°C (Motellier et al., 2007) and 2.310-11 m²/s 

at 70°C (Lalan et al., 2019). The effective diffusion coefficient is thus multiplied by a factor 3 for the 

Toarcian argillite, as found both for the Callovian-Oxfordian (Savoye et al., 2011) and the Opalinus (Van 

Loon et al., 2005) clayey rocks. 
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Table 13 – Mineralogical composition of Toarcian argillite at the URL depth (Tremosa et al., 2012). 

Minerals  Illite I/S Kaolinite Chlorite Quartz Carbonates Feldspar Pyrite 

[wt.%]  15–30 15–35 10–20 5 10–20 10-15 5 3 

 

 

Table 14 – Cation exchange properties of reference for the Toarcian argillite 
at 20°C (Tremosa et al., 2012). 

Exchangeable 

cation population 

 CEC  

% equivalent  8.6 meq/100g of  

Na 19  rock 

K 14   

Mg 22   

Ca 45   

 

Table 15 – Composition of reference for the 

argillite porewater (Tremosa et al., 2012). 

Aqueous species Total concentration 

 (mmol.L-1) 

20°C 

pH 7.8 

  

K+ 0.8 

Na+ 22.6 

Mg2+ 0.8 

Ca2+ 1.5 

HCO3
- 4.4 

H4SiO4 0.1 

Cl- 4.5 

SO4
2- 9.5 

 

 

5.5 Synthetic porewaters for the experiments 

Based on the modeling results of the previous sections, the possible recipe for the young CEM I synthetic 

water for the BACUCE experiment is given in Table 16. 

The bulk recipe for the BACUCE experiment considering the grout is given in Table 17. The synthetic 

porewater injected in the in-situ experimental set-up is assumed to consist of 75 % of hydrated 

bentonite/grout porewater and 25 % of Toarcian argillite porewater. This 3/1 ratio mimicked the flux of 

the Toarcian porewater within the system. The same composition is used for the experiments made at 

20°C and 80°C.  

The chemical composition is reported in Table 18 after renormalizing to 1L and taking into account pH 

adjustment. It is worth noting that bicarbonate HCO3
- may create some problem of precipitation. The 

mixing between the argillite water (pH 7 – 8) and the grout (pH 11) is not in thermodynamic equilibrium 
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as shown by Table 19. The solution is supersaturated versus carbonates (calcite, Mg-calcite) and 

hydroxide (brucite, maybe M-S-H). 

 

 

Table 16 – Possible recipe for the young CEM I 
synthetic water for the BACUCE experiment at 20°C.  

Total conc. [mmol.L-1] [mg.L-1] 

NaOH 50 2000 

KOH 270 15120 

Ca(OH)2 

+ optional 

1.1 82 

 

Na2SO4 1.1 156 

NaCl 15 878 

 

 

 

Table 17 – Bulk recipe for the synthetic water of the 
bentonite/cement grout experiment at 20°C (i.e. for 
rehydrating the boreholes) without bacteria nutriments. 

Materials Mass 

Distilled water 5 L 

Salts  

SiO2 311 mg 

CaCl2:2H2O 575 mg 

CaCO3 206 mg 

NaNO3 7.5 mg 

Na2SO4 1779 mg 

MgSO4:7H2O 307 mg 

NaHCO3 420 mg 

NaCl 87.5 mg 

KCl 27.5 mg 

pH adjusting  

KOH 1M 3.79 mL   

NaOH 1M  To reach pH 11 
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Table 18 – Composition of the synthetic water of the 

grout BACUCE experiment (i.e. for rehydrating the 

boreholes) at 20°C. 

Total conc. 

[mmol.L-1] 

CEM I type 

 

grout type 

pH 13.5 11.0 

(activity OH-) (0.290) (0.7110-3) 

K+ 270 0.83 

Na+ 50 8.3 

Mg2+ - 0.25 

Ca2+ 1.1 1.19 

HCO3
- - 1.41 

H4SiO4 - 1.04 

Cl- - 1.94 

SO4
2- - 2.75 

 

Table 19 – Saturation indices of the supersaturated phase 
for the grout-type synthetic water (BACUCE experiment).  

Minerals Saturation index 

(20°C) 

M-S-H 0.8 2.8 

Dolomite (disordered) 2.5 

Calcite 1.8 

Magnesite 1.5 

Brucite 0.5 – 1.8  

 

 

Take away: 

The in situ BACUCE experiments is at the core of the Subtask 2.2 project. It should bring new and 

relevant information on carbon steel corrosion under representative disposal conditions, in particular for 

the corrosion in the environment of bentonite/cement grout of rather low alkaline pH. The effect of a 

temperature of 80°C on the in situ evolution of the two types of steel/cement interface is also very 

promising. Most of the parameters required to develop a representative reactive transport model have 

been compiled in a consistent manner. Complementary information has been gained by preliminary 

modeling of the initial states that has been then used to help defining the synthetic water of the 

experiments. The model still needs to be improved by better considering the partial hydration of 

anhydrate components such as blast-furnace. The model will also benefit from the on-going lab 

experiment on the bentonite/grout evolution at 80°C and the characterization of the mill-scale effect 

typical of real untreated steels. Eventually, the HYTEC code is able to integrate in a unified model the 

physico-chemical properties of all the materials, the effect of temperature and the geometric 

configuration at both the in situ and lab scales. It is a necessary step for further interpreting the 

experimental in situ results once available, as well as for deconvoluting the coupling of chemical 

reactions in order to fit kinetic parameters. 
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6. Lab experiment on steel/CEM IIB interactions 

MINES ParisTech and MTA 

This chapter gives a synthetic overview of the material properties and experiments developed in 

SubTask 2.2 to gain information on the corrosion intensity of the S235JR carbon steel inserted in CEM 

IIB concrete, materials that are presently considered in the Hungarian disposal concept. The 

temperature of reference is 80°C for the sake of consistency and comparison with the other experiments 

of Subtask 2.2.  

6.1 Experimental set-up  

A schematic representation and picture of the experimental set-up with the Boda clay is given in Figure 

18. The reactor cell as well as the materials within are designed such that the experimental set up 

represent an axisymmetric geometry. The first Teflon cylinder contains the carbon steel cylinder 

embedded in the concrete. There is an external Teflon cylinder filled with Boda water to keep water 

saturation degree circa 100 %. Holes of 0.7 mm in diameter on the first Teflon ensures the connection 

with the Boda water from the second Teflon cylinder. The Boda groundwater is also used for hydrating 

the cement. 

 

6.2 Properties of the CEM II/B concrete  

The filler material is a concrete made of CEM II/B (18 wt.%), silica sand/gravel (55 wt.%), limestone flour 

(15 wt.%) and water (11 wt.%), as reported in Table 20. The concrete is initially hydrated with the 

synthetic porewater of the Boda claystone. The CEM IIB/S chemistry is based on the study of Lubloy et 

al. (2016), but will be refined when more accurate data of the MTA experiment is available. For now, we 

define the CEM IIB/S concrete (32.5 R) as 72.5 wt.% OPC, 24.5 wt.% blast furnace slag, 3 wt.% 

limestone and 5 wt.% gypsum. Table 21 gives the oxide contents. 

 

 

 

 

Figure 18 – Steel/concrete experiment with the Boda clay: dimensions of the concrete cylinder in dark 

grey and steel cylinder in blue (left), and picture of the set-up (right). 
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Table 20 – Simplified composition of the CEM IIB concrete. 

Materials Type Mass  

[kg/m3] 

Additives Sand (0/4) 921 

  Gravel (4/8) 230 

Cement CEM II/B-S (42.5 N) 385 

Limestone Limestone flour 315 

H2O Drinking water quality 231 

 Admixtures Silica fume 26 

 

The hydrated cement phases and porewater chemistry have not been modeled yet. It will require a 

kinetic or partial hydration of the blast furnace slag present in CEM IIB. The porewater chemistry will be 

closed to the CEM I one, e.g. at a high pH of 13 approximately at 20°C. 

 

Table 21 – Bulk composition of the CEM IIB/S 
cement (Lubloy et al., 2016). 

Oxide Content [wt.%] 

SiO2 23.9 

Al2O3 5.9 

Fe2O3 2.6 

CaO 55.3 

MgO 4.2 

SO3 3.0 

K2O 0.4 

Cl 0.002 

  

 

6.3 Low-carbon steel 

The steel is a grade of carbon steel (S235JR, S355JR) introduced as cylinder casks. The steel will be 

assumed as pure Fe(0) in the modeling but the corrosion rate will be set from the corrosion rate of the 

true steel. 

 

6.4 Synthetic Boda claystone porewater 

The Boda claystone is a very tight clayey rock with extreme low porosity (0.6-1.4%), nano-size pores, 

and very low permeability (10-11 – 10-13 m/s,). The diffusion is the dominating transport process (Németh 

et al., 2016; Fedor et al., 2018). The Boda claystone formation is ideal as a potential host rock for 

research towards the possibilities of high-level waste deposition in a geological formation in Hungary 

(Fedor et al., 2018). 

The main rock-forming minerals of the Boda claystone formation are clay minerals, authigenic albite, 

detrital quartz, carbonate minerals (calcite, dolomite) and hematite. The clay mineral character of the 

Boda claystone is fundamentally illitic and some blocks also contain abundant analcime in addition to 

those minerals (Németh et al., 2016).  

Table 22 details the hydrochemistry of the Boda claystone. Chloride content is moderate (23 mmol/l) 

but should not strongly enhance corrosion. 
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Table 22 – Composition of reference for the 

porewater of the Boda claystone at 20°C. 

Aqueous species Total concentration 

 (mmol.L-1) 

pH 8.0(1) 

  

K+ 0.2 

Na+ 17 

Mg2+ 2.4 

Ca2+ 3.1 

HCO3
- 0.6 

H4SiO4 - 

Cl- 23 

SO4
2- 1.9 

(1) In equilibrium with atmospheric CO2. 

 

 

Take away: 

Subtask 2.2 deals with a steel/cement interface representative of the Hungarian disposal concept, in 

particular another type of cement that the one used in the BACUCE project. A temperature of 80°C is 

also considered for the sake of consistency and comparison with the other experiments of Subtask 2.2.  
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7. Conclusion and Way forward 

MINES ParisTech and PSI 

7.1 Main conclusion 

The thermodynamics of Fe-containing cement phases represents the first main result of the 1st year of 

the Task 2.2. Based on past investigations and preliminary scoping calculations, iron-siliceous-

hydrogarnet is the most stable iron bearing cement hydrate phase. The presence of this phase was 

identified in cement paste hydrated for 10 and 50 years. Thermodynamically iron-siliceous-hydrogarnet 

is metastable compared to other iron hydroxide phases such as goethite and hematite (which should be 

switched off in calculations, at least bellow 80 ℃). The presence of this phase keeps the dissolved iron 

in the pore solution at a low concentration (< 10-7 mol/kg at 25 ℃), which decreases with increasing 

temperature due to the increase in the stability of the solid phase. The low iron concentration and the 

uptake in C-S-H, will have the effect of retaining the iron close to the cement/metal interface. 

The new structurally consistent C-S-H model (Kulik et al., 2018; Miron et al., 2018b) has been extended 

for the uptake of Fe(III). Necessary endmembers were derived with estimated initial thermodynamic 

properties. The model contains additional interaction parameters. All parameters were successfully fitted 

against newly acquired experimental data on the Fe(III) uptake in C-S-H (Mancini et al., 2020a). After 

additional necessary estimates for the present of iron and aluminum in C-S-H (not covered in the 

experiments) the model will be used to assess the impact of the iron in cement and on the stability of 

other Fe bearing phases.  

For codes that cannot use non-ideal solid solution models an example for discretizing the nonideal C-

S-H solid solution model is presented. A smart discretization procedure will be necessary for producing 

the optimal number of discrete phases that satisfactorily approximate the non-ideal solid solution model. 

A second major contribution in Task 2.2 is to investigate the kinetics of the steel/cement interactions in 

the geologic disposal, and more specifically the corrosion rates of carbon steel in low-pH cements as 

well as in more usual CEM I and CEM IIB cements. A review of the literature has been discussed in the 

present report. At high pH, the steel is passivated by the deposition of a thin layer of magnetite 

corresponding to very small corrosion rates. Such beneficial alkaline conditions have been calculated to 

last for several dozens of thousand years, for instance in the supercontainer concept. It is generally 

assumed that the passivation of the steel becomes inactive when the alkaline pH decreases below 10.5. 

However, the corrosion rates under moderately alkaline pH (10.5 – 11.5) are not well characterized and 

will be obtained by the results of the BACUCE experiment of task 2.2. First results of the lab experiment 

of the BACUCE project at room temperature have been given in this report. Following the evolution with 

time of the corrosion rate will be an interesting output of the BACUCE experiment. Eventually, the 

cement/iron interaction should not lead to any significant consumption of iron by CEM I but it may be 

different in the case of the bentonite/cement grout due to the montmorillonite exchange capacity that 

can pumps Fe2+ ions.  

In addition to the corrosion rate, the effect of pH on corrosion may also modify the nature of the corrosion 

products at lower pH values. Along the same lines, the postmortem measurement of the porosity 

evolution at the interface will bring relevant insights for mass transfer and geochemical interactions. It is 

worth mentioning that CEM-I based paste or concrete, as well as bentonite/cement grout, are assumed 

to have no reducing capacity, e.g. the capabilities to consume any remaining oxygen within the borehole 

set-up. It could be interesting to assess the role of iron and iron corrosion products on the redox control 

of the porewater and the diffusion of dissolved iron in the cement/steel system. The initial state of the 

steel material can affect the steel/cement interactions. Relevant information will be provided by the 

experiments on the effect of mill scale on the corrosion rate and corrosion products of low carbon steel 

in similar conditions as the BACUCE experiments. 

Almost all the physical and chemical parameters required for modeling the initial state geomaterials 

have been documented, partly from a literature review. This set of data covers the various material 



EURAD Deliverable D2.8 – Thermodynamic database and model of steel-cement interfaces, 1st results 

EURAD (Deliverable n° 2.8) 
Dissemination level: PU 
Date of issue of this report: 18/02/2021   

Page  63  

studied in Task 2.2, i.e. CEM I paste, CEM II/B concrete, bentonite/cement grout, Toarcian argillite, and 

the BODA claystone. A third and main objective of the BACUCE experiment is to study the chemistry of 

cement/bentonite grout and its evolution with temperature. The physico-chemical properties of this low-

pH material are still relatively unknown. The postmortem analysis of the solid phases as well as the 

recovery and analysis of the free water at the end of the test will help to better constrain the mineralogy 

and porewater chemistry and of the bentonite/cement grout at both 20°C and at the higher temperature 

of 80°C. 

7.2 Planned continuation, improvements 

There are no experimental data for the uptake of iron in the presence of aluminum and additional 

properties for the aluminum-iron C-S-H endmember need to be estimated. The model can then be used 

to assess the impact on the iron retention in cement and the stability of other iron cement hydrates.   

Ways to incorporate the effect of the iron uptake in C-S-H to other geochemical modelling codes that do 

not use solid-solutions will be investigated. For producing the optimal number of discrete phases, a 

method of discretizing the C-S-H solid solution model as well as a smart discretization procedure is 

necessary. For phases such as (Al, Fe)-monosulfate and -ettringite that are currently defined in 

CEMDATA18 as non-ideal solid solutions, the impact of using ideal or non-ideal solid solutions on the 

modelled aqueous and solid composition will be also assessed. 

The literature indicates that the hydrations of slag and silica fume are relatively slow at 20°C (about 1 

year or more). It is probably less critical at 80°C but should still be evaluated. Therefore, the 

implementation of a kinetic approach will be performed in a next step of Subtask 2.2 for both the 

cement/bentonite grout (BACUCE experiment) and the CEM IIB concrete (MTA experiment). The 

modeling results will be adjusted on the future experimental data on the both the mineralogical evolution 

of the materials as well as the chemical analysis of the water reservoir or from the complementary batch 

experiment currently performed by Subatech within the Task 2 framework. Along the same lines, it is 

still feasible to simulate the evolution of the chemistry with the L/S ratio from 9 to 1 already acquired in 

the BACUCE project at 20°C (only L/S = 1 has been modeled so far, the most representative of the true 

porewater of the hydrated grout). The capability of the bentonite fraction of the grout to pump Fe(II) by 

sorption (cationic exchange) still needs to be validated.  

The iron phases have not been considered in the modeling of the initial state of the cementitious 

materials yet, since they can generally be neglected in most applications. This is, however, relevant for 

the present study and will benefit from the review and selection of data on the Fe-cement phases. The 

discretization of the solid solution mentioned above will be used in this context. 

The geochemical modeling of the formation of magnetite, of the stability of maghemite, and of the mean 

corrosion rate obtained in the lab experiment of BACUCE at 20°C is also under progress. 

Eventually, modeling will take all its interest and strength when the first experimental data on the 

cement/steel interface will be available in the Subtask 2.2. The first data should be the in situ BACUCE 

experiment at 20°C that started before the beginning of the ACED WP. Possibly, while awaiting these 

new set of data, some working time can be devoted to complete the reactive transport modeling of the 

data acquired by IRSN on the dynamic of the corrosion layers at steel/argillite interface at 70°C during 

the PhD thesis of Chautard (2013). This will useful for Subtask 2.1, but also partly recyclable for Subtask 

2.2 depending whether complex corrosion layers will take place or not. 

 

7.3 Missing data or process 

There are no experimental data available on the fate of ferrous iron (Fe(II)) in cement phases, except 

recent experimental data for its uptake in C-S-H (Mancini et al. 2020b). Data on ferrous iron is for the 

most part restricted to the iron corrosion products (oxide/hydroxide/hydroxychloride phases). Most 
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metastable corrosion products do not have data on their temperature dependency. However, it is 

expected that the stable phases will predominantly form with increasing temperature.  

Beside the dissolution in the aqueous phase of Fe(II) species from the metallic iron and the subsequent 

reprecipitation of corrosion product due to the diffusion of reactive species from the environment, the 

reactive transport model such HYTEC cannot simulated the electrochemical processes yet. A typical 

example is the implementation of the electric current inside the conductive metallic phase and the spatial 

decoupling of the cathodic and anodic reactions. It would be worth having a scientific survey of such 

modeling in Task 3 or in the other work packages of EURAD such as the DONUTS WP. 

 

7.4 Information for Tasks 3 and 4 

Subtask 2.2 will pass information from its relatively isolated small-scale processes investigated on 

interface scale to more complex systems at waste package scale (task 3) and disposal scale (task 4). 

From the point of view of the experiments, advanced measurements techniques such as Extended X-

ray Absorption Fine Structure (EXAFS) are required to better identify the Fe speciation in cement phases 

and corrosion products (see Vespa et al. 2015). These could complement standard techniques such as 

X-ray diffraction (XRD) and thermal analysis (DTA, TGA). Solid and pore solution composition should 

be measured (amounts of elements, Fe, pH, Eh, etc.). The concentration of iron dissolved could 

indirectly point out the stable solids. Subtask 2.2 will help to calibrate and refine the corrosion rates of 

steel under slightly alkaline conditions with respect to temperature, the pH and possibly imperfect 

contacts. 

With respect to reactive transport modeling, the advance of chloride ions should be modelled as they 

play a role in the formation of soluble or less soluble iron bearing phases with an impact on the mobility 

of iron at the waste package scale. If solutions containing chloride ions reach the cement/steel interface 

these can lead to an increased corrosion rate also by raising the amount of dissolved iron in solution (as 

iron chloride species) and transporting it to areas favorable for mineral precipitation. The effect of iron-

siliceous-hydrogarnet should be included in the modelling setup. Task 2.2 results will also provide a 

chemical model of the type of corrosion products and mineralogical evolution of cement materials with 

respect to temperature and spatial heterogeneity.  
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