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Executive Summary 

Main features of the chemical evolution of disposal cells 

The broader scope of the work package ACED is the assessment of the chemical evolution at the 

disposal cell scale involving interacting materials and thermal, hydraulic and/or chemical gradients by 

considering Intermediate Level Waste (ILW) and High Level Waste (HLW) disposal concepts. These 

concepts are representative for Europe. HLW and ILW disposal cells in granitic and clay host rocks are 

studied in ACED. Disposal of this waste is foreseen in geological disposal facilities at a sufficient large 

depth to minimize the impact of climate change on the chemical evolution of these disposal cells. The 

waste is removed from the immediate human and dynamic, natural surface environment and the stable 

geological deep environment provides predictable conditions for the chemical evolution of the materials 

within these disposal cells. A key feature in the chemical evolution of disposal cells in the post-closure 

phase is the availability of water. Construction and operation can have an important influence on this 

availability, especially for disposal cells in indurated clays.  

Clay host rocks and granitic host rocks are frequently interfacing concrete in the disposal cells. Both 

rocks are alumina-silicate bearing rocks and this similarity is important for the identification of the key 

processes in these host rocks. The potential sequence of secondary mineral formation by interaction 

with alkaline fluids and alumina-silicate bearing rocks has been deduced from detailed investigation and 

understanding of the processes taking place in a natural analogue. The secondary mineral formation 

sequence in these host rocks is C-S-H phases, low in Ca C-S-H phases, C-A-S-H, low Si/Al zeolites 

and high Si/Al zeolites as a function of pH. The low permeability in clay host rocks ensures that the 

mineralogical alteration is minimal in a period of 100,000 till 1 million years. The secondary mineral 

formation takes place within the fractures of granitic host rocks. This mineral formation can close the 

fractures and thereby reduce the ingress of dissolved species into concrete.  

The chemical alteration of concrete by gaseous carbonation takes place in the operational phase of the 

geological disposal facility. The extent of this alteration depends on the engineered quality of concrete 

and egress of water from the host rock. Gaseous carbonation may not be detrimental for the 

performance of concrete if the concrete has been well engineered as evidenced by the still functioning 

load-bearing structures from the Roman empire. Precipitation of calcite by gaseous carbonation reduces 

the porosity of concrete and can reduce the permeability of concrete and increase the strength of 

concrete, especially for concrete made with Ordinary Portland Cement; the impact of gaseous 

carbonation on concrete made with a blended cement with a high slag content is not so clear. A potential 

porosity reduction due to carbonation can lead to a decrease in radionuclide migration rates, but may 

have adverse effects with respect to gas pressure build-up. 

There are many similarities in the pore water chemistries of clay host rocks and granitic host rocks and 

these similarities are important for the identification of the key processes in the alteration of concrete in 

the post-closure phase. These chemical alterations processes can also occur in the operational phase 

for granitic host rocks and poorly indurated clays. For indurated clays, these alteration processes may 

be limited during in-situ hardening of concrete in the operational phase, due to lack in diffusional 

pathways of dissolved species from this host rock towards concrete.  

Dissolved species in the host rock pore water considered in the chemical alteration processes in 

concrete are bicarbonate, sulphate, chlorine, calcium, magnesium, potassium and sodium. Ingress of 

bicarbonate reacts with the hydroxyl ions and decalcifies cementitious minerals in concrete. These 

reactions reduce the porosity of concrete, produce water and eventually result in a reduction in the pH 

of concrete pore water. This wet carbonation may - like gaseous carbonation - not be detrimental to the 

durability of concrete.  

Ingress of magnesium has been identified as one of the main contributors to deteriorate the strength of 

concrete if civil engineering codes have been followed for the manufacturing of concrete, i.e. sulphate 

attack (delayed ettringite formation) and alkali-silica reactions can be prevented. The permeability of 

concrete is increased by the reduction in strength due to this decalcification of cementitious minerals by 
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secondary magnesium mineral precipitation. This increase in permeability enhances the chemical 

evolution of concrete and the loss in strength allows the load from the host rock being transferred to the 

waste package.  

Leaching of calcium from concrete towards host rocks can be another contributor that deteriorates the 

strength of concrete and increases the permeability of concrete due to increase in porosity. The poor 

calcium content in the host rock pore water chemistries for some countries makes this leaching process 

immediately possible. The still existing structures from the Roman empire that are exposed to the 

weathering waters shows that this leaching process can be very slow if well engineered. For other 

countries, the dissolved calcium concentration in the host rock pore water is larger than the initial 

dissolved calcium concentration in concrete pore water, which makes leaching as a key process less 

likely.  

 

Specific vitrified HLW features 

Vitrified HLW is investigated in ACED and this waste form arises from the reprocessing of spent fuel. 

The produced liquid waste with a high content of radionuclides is mixed with melted borosilicate glass 

and the mixtures are poured in stainless steel canisters. The thickness of these stainless steel canisters 

is too small to withstand the underground lithostatic load. The stainless steel canisters are therefore to 

be encapsulated in carbon steel overpacks in order to prevent contact between the waste form and pore 

water for a period of 500 years or about 1000 years, depending on the disposal concept. The carbon 

steel overpack is frequently surrounded by a low-permeable buffer made from bentonite or concrete. 

Radiation decomposes water molecules and the resulting recombined products are slightly oxidizing. 

This radiation induced oxidizing environment in the vicinity of steel increases the corrosion rate of steel. 

However, radiation enhanced corrosion of the carbon steel overpack is negligible compared to chemical 

corrosion in the proposed European disposal concepts after the envisaged cooling period in storage 

facilities.  

Microbes require organic matter as a food source but also other nutrients to build their DNA and proteins, 

sufficient space, sufficient water activity, specified range in pH and specified range in temperature. 

Microbial activity is negligible by space restriction in virgin clay host rocks and low-permeable 

engineered materials if manufactured with an appropriate design limit and installed correctly.  

The initial thermal load for vitrified HLW disposal cells dries the buffers, which limits the chemical 

interaction with the carbon steel overpack. The reduction in the thermal load due to decay of 

radionuclides in this waste increases the availability of water for chemical reactions. Entrapped oxygen 

available for corrosion can be minimized by manufacturing processes. Only anaerobic corrosion needs 

to be considered on the long-term. Archaeological analogues provide the evidence that a metal-oxide 

alteration layer on the steel and an iron-enriched alteration zone in the buffer will be formed at both the 

interfaces steel-clay and steel-concrete.  

The long-term corrosion rates are steady states between the formation of a metal-oxide towards the 

virgin steel and dissolution of the metal-oxide towards the clay or concrete. In situ long-term corrosion 

rates can be measured for steel exposed to solutions by measuring the hydrogen flux from the solutions. 

In-situ corrosion rates are more difficult to measure for steel exposed to clay or to concrete, due to the 

delay in hydrogen arrival in these low-permeable materials. Weight loss and other techniques in which 

the corroded thickness is measured as a function of time may overestimate the corrosion rate, since 

these rates include the initial higher corrosion rates due to the formation of an metal-oxide layer. These 

initial rates are multiple orders larger than the steady state long-term corrosion rates. Sorption of 

dissolved iron increases the corrosion rate. This sorption of dissolved iron-hydroxide-complexes occurs 

by clay minerals but is less likely for dissolved iron-carbonate complexes. Whether this sorption of iron 

also occurs by cementitious minerals depends on the pH of the concrete pore water and pH dependent 

speciation of iron in the vicinity of the metal-oxide. The metal-oxide is usually assumed to be magnetite 

but the presence of calcium, especially in concrete pore water, might lead to another thermodynamic 
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stable passivating alteration layer. Maxima in long-term anaerobic corrosion rates are 10 µm per year 

for steel exposed to bentonite and 0.1 µm per year for steel exposed to concrete. The pH of concrete in 

the vicinity of steel eventually reaches neutral values and pH has been assumed to have an influence 

on the corrosion rate. However, also long-term corrosion rates for steel exposed to anaerobic granitic 

groundwater were smaller than 0.1 µm per year. Hydroxyl ions are released in the vicinity of steel in the 

corrosion process by which the pH is locally increased, i.e. the pH of the exposing medium to steel may 

not be the only reason for a high pH in the vicinity of steel.  

The impact of the dissolved iron species migration onto the physical and chemical properties of bentonite 

is the transformation of swelling clay minerals into non-swelling sheet silicates in the iron-enriched 

bentonite zone at the steel-bentonite interface. The extent of this zone can also be modelled. This 

modelling helps to improve the design of the disposal concept. The impact of the iron-enriched zone in 

concrete is not so clear and no modelling studies have been found. The uptake of iron by concrete 

prevents the creation of a larger volume of iron corrosion products. The stress intensity at the steel-

concrete interface can become too large by a too high increase in volume of corrosion products. 

Spallation of concrete occurs at high aerobic corrosion rates especially in carbonated concrete. Well-

engineered reinforced concrete has a sufficient thick coverage around steel in order to prevent these 

neutral, oxidic environments in the vicinity of steel.  

Eventually the non-corroded thickness of the carbon steel overpack becomes too small to sustain the 

load by the host rock and fracture of the carbon steel overpack and stainless steel canister ensures 

contact between the vitrified waste form and pore water. An alteration layer on the surface of glass is 

developed by this contact between the vitrified waste form and water. This alteration layer consists of a 

diffusion-gel layer and secondary mineral precipitates such as clay minerals and zeolites. The glass 

alteration rate slows down until a steady state between the formation of the diffusion-gel layer and 

dissolution of this diffusion-gel layer has been established. The formation of this diffusion-gel layer and 

secondary mineral precipitates closes small cracks in the bulk of the vitrified waste form. Higher 

alteration rates are present for glass in the vicinity of steel due to sorption of dissolved silicon on the iron 

corrosion products. The corrosion of steel also locally increases the pH by which the local solubility of 

silicon is increased, leading to higher alteration rates. Radionuclides dissolved as cationic complexes 

by the glass alteration process can be incorporated in secondary mineral precipitates. The glass 

alteration rate is therefore suggested to be only representative for the release rate of radionuclides 

dissolved as anionic complexes.  

 

Specific cemented ILW features 

Cemented metallic and organic ILW is investigated in ACED. The ILW disposal galleries are larger in 

size than the HLW disposal galleries. Also, more host rock damaging construction methodologies can 

be used for ILW disposal galleries than for HLW disposal galleries. Construction and operation can 

therefore have a higher impact on the chemical evolution in ILW disposal cells than in HLW disposal 

cells.  

Metallic ILW has been identified from the national programmes as steel (carbon steel and stainless 

steel) and Zircaloy. Neutron irradiated Zircaloy are the hulls in spent nuclear power fuel. These hulls are 

compacted as a waste product from the reprocessing of spent nuclear power fuel. Neutron irradiated 

steel can be from spent nuclear fuel assemblies and other components used in nuclear reactors. Organic 

ILW has mainly been identified from these programmes as spent ion exchange resins. These resins 

purify the reactor waters by concentrating the radionuclides by exchange with non-radionuclide 

complexes. Examples of cellulosic waste are paper and clothing and therefore usually LLW, but in 

exceptional cases cellulosic waste can also be ILW.  

The porosity in cementitious materials is controlled by their application. The processing of ILW with 

cementitious materials can have a higher porosity than the concrete buffer surrounding the metallic 

overpack in HLW disposal cells. A higher porosity reduces the possibility to limit microbial activity by 
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space restriction. The high alkalinity for cemented ILW, however, limits microbial activity. The pH of the 

concrete pore water eventually reduces by egress and ingress of dissolved species. This pH limiting 

factor is therefore reduced in the long-term. Microbial activity can then be a key parameter for disposal 

cells with organic ILW, if sufficient energy can be gained from the breakdown of the organic waste form. 

Insufficient energy can be gained from the breakdown of spent ion exchange resins but not for cellulosic 

waste.  

The porosity, permeability, saturation degree of both concrete and host rock as well as the extent in the 

difference in the concentrations of dissolved species between concrete and host rock determine the 

chemical alteration rate of concrete and water available for anaerobic corrosion of metallic ILW. Steel 

releases hydrogen in this corrosion process to its surroundings but this hydrogen is taken up by Zircaloy. 

Zircaloy as ILW is only present in countries that also store vitrified HLW. The metallic surface exposed 

to concrete is for ILW disposal cells several times larger than HLW disposal cells. Specific research is 

devoted to the perturbation of hydrogen gas in clay host rocks since this perturbation can increase the 

migration rate of radionuclides within this host rock. However, hydrogen release rates from ILW disposal 

cells with steel require the transport of water in these cells in order to balance the consumption of water 

in the corrosion process. This transport of water combined with the water producing chemical processes 

such as carbonation have not yet been modelled to determine the hydrogen release rate.  
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1 Introduction 

The most safe and sustainable option for the end point management of high-level (HLW) and 

intermediate-level (ILW) radioactive waste is to isolate the waste and contain the radionuclides in a 

system of engineered barriers and natural barriers. The waste packages are to be emplaced in a deep 

(several hundreds of meters) facility that is constructed in a stable geological formation (a natural 

barrier). After closure of this facility, the isolation of the waste and containment of radionuclides is 

controlled by natural processes, i.e. the waste is no longer managed. The depth of the disposal facility 

determines the vulnerability of the barriers for climate change. The impact of climate change on the 

natural chemical conditions of the host rock is assumed to be absent in ACED. 

All EU countries need to have a national programme to deal with radioactive waste (EC 2011). In general 

terms, the engineered barrier system consists of a solidified waste form in a (backfilled) disposal 

container that is placed in a sometimes backfilled and/or lined disposal gallery. Several materials coexist 

in the engineered barrier system such as glass, cementitious materials or bitumen in the waste form, 

concrete and steel for containers, and cementitious materials or clay (bentonite) as buffer or backfill and 

concrete or steel as liner material. In addition, different types of host rocks, i.e. the stable geological 

formation, are envisaged with a clayey or a granitic type of rock being the most common host rock types 

in Europe. Figure 1-1 shows the general concept of engineered and natural barriers in which in this case 

a deep clay formation has been chosen with other rock formations on top of this clay formation. This 

geological environment provides isolation of the waste. Granitic rock is present with a larger thickness 

than clay formations by which a single granitic rock provides sufficient isolation. 

 

 

Figure 1-1: The general concept of the multiple barrier system for geological disposal or radioactive 
wastes (adapted from Chapman and Hooper, 2012) 

 



EURAD Deliverable 2.1 – Initial State of the Art on the assessment of the chemical evolution of ILW and HLW disposal cells 

EURAD (Deliverable n° 2.1) - Initial State of the Art on the assessment of the chemical evolution of ILW and HLW 
disposal cells 
Dissemination level: PU 
Date of issue of this report: 30/06/2022   

Page 15 of 177 

The engineered barriers provide containment of the radionuclides in various functions: 

• The solid waste form can have a very low solubility in order to limit the radionuclide release 
rate; 

• The metal overpack – in which the solid waste form is to be encapsulated - prevents contact 
between the waste form and groundwater for thousands till hundreds of thousands years after 
closure of the disposal facility; 

• The buffer or backfill can provide beneficial physical and chemical conditions to the overpack 
to limit corrosion of the metal overpack. 

These functions are just a few examples of safety functions of the engineered barriers and described 

here in order to introduce the reader into the multiple barrier system. Each barrier can also have multiple 

functions that contribute to the containment of radionuclides (Chapman and Hooper, 2012). The 

engineered barriers to contain radionuclides can be different for ILW and HLW. Some safety functions 

can be time-dependent. The required time depends on the radiotoxicity of the waste. This radiotoxicity 

decreases by decay of radionuclides. Figure 1-2 shows that it takes about 25,000 years for vitrified HLW 

to achieve the same radiotoxicity as uranium ore. Uranium ore is a natural material that does not require 

management when the ore is not explored.  

 

Figure 1-2: Radiotoxicity of vitrified HLW from recycling of spent nuclear power fuel from a pressurised 
water reactor (PWR). Calculations performed by Professor Jan Leen Kloosterman from Delft University 
of Technology in the Netherlands in 2017. 

 

The americium isotopes are mainly responsible for the large period. Spent nuclear power fuel can also 

be regarded as HLW. Larger periods are required to achieve the same radiotoxicity since plutonium-

isotopes have larger half-lives than americium isotopes. The ultimate goal of a geological disposal 
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system is long-term (post-closure) safety for people and the environment. To assess the long-term 

safety and performance, analyses at the disposal system scale as a whole including the engineered 

barriers, the host rock and the geological environment are required. To scientifically underpin such 

analysis, many additional aspects are studied experimentally and numerically, ranging from the 

repository scale (or disposal facility, including mainly engineered barriers) to more detailed scales (e.g. 

interfaces between materials). 

A particular scale between repository scale and detailed scale is the scale that represents the waste 

container, the gallery and a few meters of the host rock around the gallery. This scale is called the 

disposal cell scale in this report. The disposal cell scale consists of several different types of materials 

with different geochemical properties. As such, all these materials will evolve geochemically and 

consequently also physical and mechanical properties will vary over long time scales. These alterations 

are driven by chemical gradients between the materials and disequilibrium with their environment. The 

performance of the engineered barriers will change during the lifetime by these chemical alterations. 

Ultimately, the prevailing geochemical, physical and mechanical conditions of the waste form, other 

engineered barriers and the host rock will influence radionuclide release, fate and transport. 

 

1.1 Objective of this report 

The challenges to assess the chemical evolution at the disposal cell scale are how scientific 

understanding and knowledge on individual materials or processes and the conceptual and 

mathematical models can be integrated at a disposal cell scale, and how these complex integrated 

models can be simplified to obtain model descriptions with a complexity appropriate for a given 

application in the safety and performance assessments. Crucial points are thus to:  

• describe, which processes are influencing the chemical evolution at the disposal cell scale 
(narrative of chemical evolution); 

• understand the chemical processes at the interface between materials; 

• integrate the scientific knowledge into conceptual and mathematical models for simulating the 
long-term large-scale evolution; 

• simplify – abstract these models to allow sensitivity and uncertainty calculations or optimisation. 

This report concentrates mainly on the first two points mentioned above but also on information on the 

implementation in numerical models. It gives a generic description of the chemical evolution of ILW and 

HLW disposal cells and methods to assess the chemical evolution as a general basis for the EURAD 

ACED work package on the “Assessment of Chemical Evolution of ILW and HLW Disposal Cells”. After 

introducing ACED (this section), this report summarizes the most important characteristics of disposal 

cells in European programs (section 2.1). In line with the general methodology in ACED, the 

phenomenological processes at the interface scale are reviewed (section 2.2) leading to a narrative of 

the time-space evolution at the disposal cell scale (section 2.3). Chapter 3 reviews how information on 

the chemical evolution could be obtained based on archaeological or natural analogues (section 3.1), 

and dedicated experiments (section 3.2) or mathematical models to integrate the process knowledge 

(section 3.3). In chapter 4, a short description is given of the relevance of assessing the chemical 

evolution. 

There may be current European practices why the chemical evolutions at disposal cell scale are included 

in safety assessments and how these chemical evolutions have been treated e.g. in safety cases. The 

conceptualisations of the chemical evolutions and which parts have been modelled in Europe have been 

collected in ACED (Neeft et al. 2019). Desk-based studies have been performed to provide a structured 

overview of existing (experimental data) on relevant processes at interfaces relevant for disposal of 

vitrified HLW and cemented ILW. The phenomenology, experimental evidence and modelling 

approaches of chemical interactions have been described at interfaces relevant for disposal cells with 

these type of wastes in clayey and granitic rock (Deissmann et al. 2021). The following interfaces have 

been selected:  
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• glass-steel,  
• cement/mortar-granite,  
• cement/concrete-clay,  
• steel/iron-bentonite,  
• steel/iron-cement/concrete, and  
• steel/iron-granite 

These two documents are an important basis for this initial state of the art on the assessment of the 

chemical evolutions of ILW and HLW disposal cells.  

 

1.2 Assessment of the chemical evolution at the disposal cell scale 
(ACED) 

1.2.1 Scope of ACED 

The broader scope of ACED is the assessment of the chemical evolution at the disposal cell scale 

involving interacting components/materials and thermal, hydraulic and/or chemical gradients. The study 

of the disposal cell ranges from microscale processes at interfaces between different materials up to 

interactions of waste packages with their immediate surrounding near field environment and the host 

rock. 

 

1.2.2 Objective of ACED 

The main objective of ACED is to improve methodologies to obtain multi-scale quantitative models for 

the chemical model at cell disposal scale, based on experimental data and process knowledge, and to 

improve the description of the most relevant processes driving the chemical evolution into robust 

mathematical frameworks. Applications will lead to integrated process understanding at larger temporal 

and spatial scales compared to individual process scale studies. More specific objectives are: 

• Compile and integrate the process level knowledge and description of reactivity at the interfaces 

between materials relevant for ILW and HLW disposal cells; 

• Develop and evaluate methodologies to integrate available process-level knowledge and 

processes into a multi-process and multi-scale modelling framework for assessing chemical evolution 

at the disposal cell level; 

• Propose and apply a step-wise scale-up process-based approach to identify (i) processes and 

features which control the chemical evolution for representative HLW and ILW disposal cells, and (ii) to 

which detail and complexity these processes should be incorporated in models for different type of safety 

and performance related studies. The information gained through the study of the more generic but 

representative European HLW and ILW disposal cells can later be used and adapted for more specific, 

national disposal cell designs. 

 

1.2.3 General methodology of ACED 

As processes and features on small scales may affect the chemical evolution at a cell disposal scale, a 

major step is to evaluate how to pass information from relatively isolated small-scale processes 

investigated on interface scale to more complex systems at waste package scale and further to full 

disposal cell scale.  

The key features of these scales are: 
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• Interface scale: The focus of the interface scale is on two materials in contact with each 
other to obtain information on the geochemical evolution close to an interface in terms of 
chemical variables and alteration in solid phase composition at a detailed small scale. 

• Waste package scale: The key feature of the waste package scale is that several materials 
are present in a specific configuration and are interacting with each other under chemical 
and possible other gradients. Typically, no interactions with host rock or other waste 
packages are considered. For HLW cells, in which the chemical evolution of the waste 
package is governed to a very high degree by the integrity of the canister, mainly the small-
scale evolution of the system glass, iron corrosion products and part of adjacent backfill 
material (clay/cement) after canister breaching is of interest to assess the evolution of the 
glass and cement alteration zones when the materials are in contact via a permeable 
stainless steel barrier. 

• Disposal cell scale: The disposal cell scale consists of waste packages and their 
immediate surrounding being other waste packages or other near field components. 

Figure 1-3 shows a graphical representation of these three different scales. 

 

Figure 1-3: Investigations at ACED at different scales 

 

To develop integrated models for assessing the chemical evolution at different scales, two main 

methodological routes will be evaluated being process integration and model abstraction: 

• Process integration: This concerns the integration of scientific knowledge, conceptual and 
mathematical models on individual or selected processes into an integrated conceptual and 
mathematical model. The integration will increase the understanding of the system 
behaviour and evolution, helps identifying key processes or parameters, or enables transfer 
of information from a more detailed scale to a larger scale.   

• Systematic abstraction: The aim is to reduce model complexity in a systematic way such 
that (i) an acceptable description of the chemical evolution is preserved during model 
abstraction, and/or (ii) differences in some key variables of the chemical evolution can be 
described qualitatively and/or quantitatively. This leads to a better representation of the 
expected evolution in safety or performance models, thus helping in reducing and 
quantifying conservatism and uncertainty and thus directly impacts the definition of safety 
margins. 

 

1.2.4 Relevance of ACED 

1.2.4.1 Within the joint programme EURAD 

ACED addresses several research subjects relevant for the long term management of radioactive waste, 

in particular for the post-closure phase in geological disposal: 
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• Radionuclide Release from Waste Forms other than Spent fuel: The geochemical 
evolution influences degradation/corrosion of different waste immobilisation matrices 
(vitrified waste, cemented waste) and metallic wastes as function of the evolving conditions 
imposed by different materials and geometrical features. The release kinetics of 
radionuclides itself are not part of ACED, but the experimental and modelling studies 
concerning waste form alteration provide essential information on the mechanisms and 
kinetics of radionuclide release. 

• Waste Packages Interfaces: The waste package and its interface is one of the central 
themes of ACED. Information will be collected and provided on the state-of-the-art of 
experimental studies, conceptual models and parameters for relevant interfaces in waste 
packages – summarized in Deissmann et al. (2021). This information will be integrated to 
obtain conceptual and mathematical models which assess the geochemical evolution at 
these interfaces at relevant temporal and spatial scales; first via narratives about the 
evolution, and next via conceptual model development and implementation into 
mathematical models. The impact of these geochemical transformations on the evolution of 
porosity (including clogging phenomena) will also be investigated, as porosity represents 
the primary affected physical variable determining radionuclide migration and fluid flow. 

• Metallic & Cementitious Chemical Perturbations - Bentonite and other Clay based 
Components: Two interphases will be studied in more detail (cement-steel and clay-steel), 
using experimental and modelling approaches to describe the geochemical transformations 
at that interface.  

• HLW/ ILW Near-field Evolution: Integration of process knowledge in models describing 
the chemical evolution between the waste form (glass, cemented waste) and the near field 
materials is crucial to assess the evolution of the buffer, container and waste matrix. 
Possible feedbacks between the transport of reactive species and/or other drivers for 
geochemical alterations are incorporated. Evaluation is made what (type of) processes are 
important for a representative estimation of the geochemical evolution. 

• THC evolution: The work contributes to describing coupled Thermal-Hydraulic-Chemical 
(THC) processes (main emphasis on coupled C processes but not excluding T and H 
influences) at the disposal cell scale, i.e. waste packages in contact with other components 
of a repository system including other waste packages). The aim is to develop and evaluate 
approaches to integrate process knowledge (available at a given stage) to describe the 
integrated chemical evolution at the disposal cell scale. Analysis of the required level of 
model complexity and parameter sensitivity are used to identify key features, processes and 
parameters to describe the chemical evolution at the relevant space and time scales. 

To be useful for the waste management programs in different European countries, the studies performed 

in ACED are done for generic but representative disposal cells that have the most important 

characteristics of the disposal cells.  

 

1.2.4.2 Implementation, safety and science-technology 

Assessment of the chemical evolution at the cell disposal scale will give input to identify critical features 

in the design of a disposal cell. The model capacity and benchmarked simplified models will help in the 

engineering and design of immediate surroundings of waste packages. 

The methodological developments and applications for assessing the chemical evolution at the disposal 

cell scale will allow for better representation of interactive and complex processes, with emphasis on 

chemical processes, within ILW or HLW disposal cell systems. The chemical evolution forms the basis 

for the evolution and the assessment of many safety- and performance-related aspects, such as waste 

form degradation, material alteration, source term (radionuclide release), and radionuclide speciation, 

fate and transport. This better representation of expected evolutions will help: 

• To assess and quantify the one of the two princpal objectives of the multiple barrier system 
to contain the radionuclides from the waste through various safety functions. The chemical 
conditions induce geochemical alteration of different barriers. These alterations may lead 
to changes in lifetime of a barrier, including the waste package container, and changes in 
the mobility of radionuclides, including both solubility and sorption. The methodologies 
developed and evaluated in this work package contribute to the assessment of the 
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containment of radionuclides as they will describe the change in chemical conditions over 
time, when different materials, waste packages and disposal cells interact with each other. 

• To further reduce conservatism and uncertainty, and to quantify the safety margins. 

• To define the requirements on materials, including the robustness of allowable tolerances. 
The specifications, including dimensioning, of the packages and disposal cell(s) can be 
influenced based on the calculations of the geochemical evolution. The geochemical 
evolution can be one of the factors for defining acceptance criteria for varying wastes and 
stabilization materials. 
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2 Chemical evolution in disposal cells 

The conceptualisations of the chemical evolutions require the radiological, chemical, and physical 

properties of the engineered barriers and natural barriers and the potential microbial activity in these 

barriers. The radiological properties determine the classification of waste.  

• HLW has a very high activity content and also generates heat in such amounts that special 
measures for sufficient heat dissipation need to be made during storage and disposal of this 
waste. Examples of HLW are vitrified waste forms from the recycling of spent nuclear fuel and 
spent nuclear fuel.  

• HLW and ILW both require shielding during transportation of this waste, but no additional 
measures for heat dissipation need to be made for ILW. An example of ILW are the compacted 
metallic parts of spent fuel that arise during the recycling process of spent fuel. Also sources 
with alpha-emitting radionuclides with smaller half-lives than naturally occurring uranium 
isotopes such as plutonium and americium can be ILW.  

• No shielding measures are required for LLW and lower level waste. Examples of these types of 
waste are the uranium tails produced during the fabrication of nuclear fuel, material that has 
been contact-handled by people during maintenance of a nuclear plant, and waste arisings after 
research has been performed.  

Figure 2-1 shows the concept of waste classification as defined by IAEA.  

 

Figure 2-1: Concept of illustration of the waste classification scheme (IAEA 2009) 

 

In ACED, disposal of HLW and ILW is investigated. Disposal of LLW is already taking place for decades 

for example in Finland, Sweden, France, Hungary, Bulgaria and Spain. The disposal facilities in these 

countries are also accepting short-lived ILW for example the SFR in Sweden. The radioactivity of the 

disposed waste in the SFR is dominated by short-lived radionuclides. A large fraction of the activity 

deposited in SFR will decay substantially during the operational phase. The total activity content at 100 

years after closure is evaluated to be less than half its original value, and 2% remains after 1,000 years. 

The short-lived waste includes radionuclides with a half-life shorter than 31 years (Vahlund and 

Andersson, 2015).  
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The chemical properties of the engineered barriers and natural barriers are determined by the chosen 

materials and depth of the facility in the host rock. Usually, the depth of the disposal facility is so large 

that reducing chemical conditions are present in the virgin clayey and granitic host rock. The diversity in 

the chemical composition of the waste forms generally decreases with increasing radioactivity of the 

waste:  

• HLW: Spent nuclear power fuel has currently always uranium oxide as a waste matrix and the 
HLW arising from recycling of this fuel result into a vitrified waste form. The chemical alteration 
rate of these waste forms is very small and generally well understood for example by studying 
natural analogues. These analogues do however not have complementary materials such as 
steel that might alter the chemical process on a small scale. Spent research reactor fuel has 
an aluminium or silicon matrix and the alteration rate at disposal conditions is envisaged to be 
faster than uranium oxide or glass. 

• ILW: The chemical nature of the waste form can be metallic and organic. Radiation resistant 
resins (organic) are used to absorb radionuclides from water used in operation and 
maintenance of nuclear reactors. The volume of waste is reduced since the radionuclides are 
concentrated in these resins and the cleaned water can be re-used. Metallic waste can be 
compacted Zircaloy hulls from spent nuclear power fuel but also stainless steel that has been 
neutron irradiated in nuclear plants. There are several reasons why these metallic materials 
have been chosen and one of them is their high corrosion resistance. The chemical alteration 
rate associated to both resins and these metallic materials can also be very small but only for 
resins evidence from natural analogues is available.  

• LLW: The chemical nature of the waste form can also be metallic and organic, but the diversity 
in organic material arising from nuclear power plants is generally larger for LLW than for ILW. 
Exceptions are the waste arisings from research and reprocessing plant dismantling 
operations; a similar diversity in the chemical nature of the waste forms may be for LLW and 
ILW. Everything that people use in ordinary life such as cloths, paper (tissues), rubber, steel, 
aluminium can also become contaminated with radionuclides and become waste. 
Substantiation of the chemical alteration process and the prediction of the chemical alteration 
rate of some specific waste forms is still investigated, since degradation of these waste forms 
can enhance the transport of radionuclides into our living environment.  

 

The physical properties that have an impact on the chemical evolution are the porosity, the distribution 

in size of pores and the presence of cracks in the engineered materials and host rocks. These two 

properties and the water content in the pores and cracks of these materials determine the potential 

exchange of chemical species and microbial activity. The potential diffusional pathways of dissolved 

species in materials increase with increasing saturation degree. The interfacing materials are not in 

equilibrium and a new precipitated material between the interfacing materials may arise. This new 

material can also have physical properties that impacts the chemical evolution. 

 

There is always presence of microbes but there is no microbial activity if these microbes are in a dormant 

phase. The microbial activity depends on various factors that can be generalized (see Figure 2-2). There 

are also very different types of microbes but the alteration of a material may require specific microbes. 

Microbes require organic matter as a food source but also other nutrients to build their DNA and proteins. 

Organic matter can be present in the waste forms of LLW and ILW but not in a HLW waste form. 
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Figure 2-2: Generalized overview of restricting and enhancing parameters for microbial life (Wouters et 
al. 2016).  

 

Radiation 

There is a wide diversity of values considering the radiation resistance of microbes. It is the hydroxyl 

radical that is formed during irradiation of water and water containing media that is the most damaging 

agent since this radial oxidises DNA, RNA, proteins and lipids (Brown 2003). The upper limit of the 

radiation dose of microbes is 30 kGy (Wouters et al. 2016). For example, microbes that can enhance 

corrosion of steel and have been added to steel lose their activity after 100 days irradiation at dose rates 

of 2.1 Gy per hour, i.e. 5 kGy (Bruhn et al., 2009).  

Temperature 

The diversity in the denaturation resistance of microbes is large and can range from -20 C till 122 C 

(Wouters et al. 2016). The optimal activity of sulphate reducing bacteria1, i.e. bacteria mainly responsible 

for microbial induced corrosion, is 28 to 30C, but these bacteria can tolerate a temperature as high as 

75 C (Virpiranta et al. 2019). 

Space/porosity 

A microbial cell should have a certain minimal size in order to harbour all essential proteins and nucleic 

acids to maintain life. The range in diameters of microbes is between 0.2 µm and 2 µm. The connecting 

pore throats in clayey host rocks such as Boom Clay is smaller than 10 to 50 nm. The microbial activity 

 

1 The presence of FeS is attributed to the presence of sulphate reducing bacteria in soils and although these bacteria are regarded 
as harmful to steel, archaeological analogues do not confirm this behaviour (Dillmann et al., 2014).  
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is restricted in space in these clayey rocks not only because they are not mobile but also because the 

transport of electron donors and acceptors and carbon sources is very slow (Wouters et al. 2016). The 

best natural analogue to illustrate negligible microbial activity in clays is the Dunarobbe forest in Italy in 

which 2 million year old trees had been preserved in compacted clay. These trees were protected 

against microbial degradation and therefore had cellulose contents similar to present-day wood 

(Lombardi and Valentini, 1996), (De Putter et al., 1997). Manufactured concrete can also have pores 

with a maximum in diameter till 50 nm. A maximum in 100 nm (0.1 µm) is not uncommon for concrete 

by which it can also be assumed that the potential microbial activity is limited due to space restriction in 

concrete. Dormant microbes can become activated when cracks in clayey rock or concrete appear.  

Water/dryness 

Most microbes require water activities larger than 0.9 (Swanson et al., 2018), i.e. a relative humidity of 

90%. However, there is also a wide diversity in the desiccation resistance of microbes. Sulphate 

reducing bacteria have been experimentally examined to require a minimum in water activity of 0.96 

(Stroes-Gascoyne and West, 1997). Lower relative humidities can be present during storage of the 

waste, in the operational phase of the disposal facility and early in the post-closure phase for HLW 

disposal cells, when the waste emits heat and drying occurs.  

Salinity 

Salinity has a similar effect as drying, i.e. the water activity is reduced with increasing salinity. A water 

activity of 0.90 is equal to ≈ 2.7 M NaCl solution or ≈ 1.4 M MgCl2 solution (Swanson et al., 2018).  

pH 

Microbial life in high pH environments requires a mechanism to keep a neutral cellular life and a proton 

motive force across the cell membrane to preserve proteins and produce adenosine triphosphate (ATP), 

a carrier of energy. The concentration of H+ is very small at high pH and an upper limit of 12 is generally 

assumed, although also microbial communities have been described to grow up till a pH of 13.2 

(Wouters et al., 2016). These microbes have been found in a lake in which steel slag had been dumped 

(Roadcap et al., 2006).  

 

2.1 Main characteristics of European HLW & ILW disposal cells 

The characterisations of disposal cells have been collected in ACED (Neeft et al. 2019). Although the 

HLW and ILW disposal cells have country or program-specific features and specifications, it is possible 

to group them into different classes with respect to the different components, structures, interfaces etc. 

This section describes this grouping and the main characteristics of the HLW and ILW disposal cells in 

European countries/programs. It serves as a basis for much of the work that will be done within ACED 

and guarantees that the studies performed and information obtained within ACED are relevant for 

European radioactive waste disposal programs. The section starts with the characteristics of the waste 

and the engineered barriers. Construction and operation of the disposal facility can have an impact on 

the clayey and granitic host rock and affect both ILW and HLW disposal cells and are described at the 

end of this section.  

 

2.1.1 HLW disposal cells 

2.1.1.1 Characteristics of vitrified HLW 

The HLW investigated in ACED is vitrified HLW. This waste product results from the reprocessing of 

spent fuel in which uranium and plutonium have been extracted. The High-Level Liquid Waste (HLLW) 

has been poured with a melted glass frit into a stainless steel container. This waste processing ensures 

that the radionuclides are homogeneously distributed in a borosilicate glass matrix. This matrix contains 
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traces of plutonium and uranium, other actinides that have not been extracted such as americium and 

fission products. These vitrified waste products have been made in Sellafield (UK) and are still being 

made in La Hague (France). The largest amount comes from France and therefore frequently, the 

French abbreviation for this waste product is used: Conteneur Standard de Déchets vitrifiés, CSD-v. 

The vitrified waste product is made in two batches with each of 200 kg (Moncouyoux et al., 1991). For 

ACED, the dimensions of the canister, thermal power as a function of time and parameters to conduct 

the generated heat are needed. Figure 2-3 shows the dimensions of the matrix and canister. The thermal 

power as a function of time and other properties of a CSD-v with a high actinide content can be found 

in Appendix A. 

 

Figure 2-3: Schematics of CSD-v (AREVA 2007) 

 

The number of cracks that are present within this waste form after pouring into the canister and 

subsequent cooling may be limited, but a tomographic or X-ray image of a canister with processed waste 

to deduce the cracks within the waste form has not been found. The experimental studies performed in 

the nineties for the 3rd framework (RTD) programme to characterize radioactive waste forms have 

demonstrated that it is possible to produce homogeneous glass blocks by applying appropriate cooling 

procedures even with non-radioactive simulate HLW, as has been observed with tomograms (Reimers, 

1992). The full scale tests with non-radioactive simulant without appropriate cooling procedures show 

large glass shrinkage cavities (Moncouyoux et al., 1991) as the inner part solidifies last. Rapid cooling 

also generates a large number of circumferential cracks due to the stress associated with the large 

thermal gradient (Reimers, 1992). In reality, (passive) cooling systems are needed in order to store 

these vitrified waste forms. It can take 65 years in order to have a sufficient heat loss for disposal. The 

‘so-called’ reference blocks with a controlled cooling rate of 2.8 C per hour (Moncouyoux et al., 1991) 

may therefore provide the best estimate for the determination of a cracking factor. This factor is a 

parameter that is used in performance assessment studies to determine the alteration/dissolution rate 

of glass and radionuclide release rate. The outer surface of a glass block would be 1.781 m2, assuming 

the surfaces at top and bottom to be flat. After the reference block of 391 kg was taken out of the canister, 

it was broken into 11 pieces: one weighing 250 kg, another 80 kg and nine pieces with a weight of less 

than 10 kg. The outer surface was 2.787 m2 as measured by wrapping all the faces in aluminium foil 
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(Moncouyoux et al., 1991). The cracking factor then becomes 1.56. Please note that this cracking factor 

is smaller than average in cracking factor of 40 obtained from leaching experiments with another 

experiment with inactive glass blocks at full-scale. This factor is reduced during the leaching experiment 

until an average in cracking factor of 5 due to alteration of glass by which the small cracks were closed 

(Ribet et al., 2009). 

The presence of radionuclides within glass has some beneficial characteristics to prevent or heal cracks. 

The thermal power source and the radioactivity work as glass network modifier by producing ionization 

rays. The -decay of actinides present in waste diminishes slightly the glass density and its mechanical 

properties and appreciably improves, especially its resistance to cracking (Ribet et al. 2009). The 

evolving helium diffuses at such a high speed at room temperature that helium implantation below room 

temperature is necessary to make helium observations within glass using neutron activation analysis 

(Chamssedine et al., 2010). Consequently, defects generated by stopping the highly energetic alpha 

particles within the waste form are annealed at room temperature by which helium trapping by defects 

within the waste form glass does not occur at temperature conditions representative for storage and 

disposal. 

 

2.1.1.2 Metal overpack 

For disposal, the stainless steel canister with vitrified waste is envisaged to be put in a carbon steel 

overpack in many national programmes (Neeft et al., 2019). This steel has predictable corrosion kinetics; 

general corrosion is considered the predominant mechanism rather than localised corrosion processes. 

In all programmes, the safety function of the overpack is to prevent contact between the vitrified waste 

form and groundwater but the required periods for this physical containment are different. The difference 

in periods are caused by the used safety concept.  

• In the French programme, there is no contact between pore water and vitrified waste until the 
temperature of the core of the vitrified waste form is lower than a certain temperature. This 
temperature is determined by the advances in knowledge about the behaviour of vitrified waste 
form and radionuclides in solution. The required period for containment is envisaged to be less 
than 500 years. 

• The temperature of the host rock is considered as a criterion in other programmes for this 
physical containment for example in the Belgian and Dutch programme. The heat dissipation to 
the host rock should be negligible. If that is achieved, radionuclide migration data obtained in 
laboratory experiments performed at room temperature or the radionuclide migration data 
extracted from the site, can be used to calculate the transport of the released radionuclides in 
the clay formation. The required period for containment is envisaged to be more than 1000 
years.  

The disposal packages with a metal overpack are disposed in a low-carbon steel sleeve which is a 

casing for a micro-tunnel in the French programme (see Figure 2-4).  
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Figure 2-4: Section of a French HLW disposal cell with identification of the different materials (Cochepin 
et al., 2019) 

 

The Czech and Spanish programmes do not consider vitrified HLW but they do consider these steel 

overpacks for physical containment of spent nuclear power fuel. This steel overpack is in contact with 

an engineered buffer in their programmes. Many other programmes also envisage an overpack 

interfacing an engineered buffer (Neeft et al., 2019). 

 

2.1.1.3 Characteristics of disposal cells with buffer materials 

Bentonite and concrete are envisaged as interfacing materials for the carbon steel overpack. Bentonite 

buffers are considered in the Czech, English, German, Spanish and Swiss programmes and concrete 

buffers are considered in Belgian and Dutch programmes. These engineered buffers are carefully 

designed to meet specific criteria.  

 

2.1.1.3.1 Characteristics of bentonite buffer 

Bentonite has a high smectite content of which montmorillonite is the most famous species. These 

minerals can swell and therefore induce a large impact on the distribution in size of pores, its consequent 

connecting pore throats and hydraulic conductivity. The smectite content can be 88 wt% as used in the 

Czech and 75 wt% in the Swiss programme, in which smectite is further specified as Na-montmorillonite 

in Wyoming MX-80 (Müller-Vonmoos and Kahr, 1983). Wyoming MX-80 bentonite is also used in the 

Swedish programme (Wanner et al., 1994). Please note that these clay contents are higher than the 

clay contents of around 60 wt% in any clay host rock considered in the national programmes (see 

Appendix B). The bentonite is compacted to an optimum in density and its resulting swelling pressure. 

The density and swelling pressure should be high enough to reduce microbial activity and resulting 

swelling pressure to prevent movement (sinking) of the overpack and limit advective transport (Hedin et 

al., 2011). There is much evidence indicating that microbial activity will not occur in compacted bentonite 

with a dry density exceeding 1600 kg/m3, either because of low water activity or because of the effect 

of swelling pressures in excess of 2 MPa on the physiology of the microbes (Johnson and King, 2008). 

There are a number of interface locations such as placement gaps, contact regions with materials of 

different densities and contact points with water carrying fractures in the rock by which the dry density 

can become smaller than 1600 kg/m3 upon expansion of compacted bentonite into a void. The reduction 

in dry density can stimulate or restore the cultivability of indigenous microbes which would increase the 

possibility for in-situ microbial activity. Reductions in dry density should therefore be minimized or 

eliminated by adequate design (Stroes-Gascoyne et al., 2011). The density and resulting swelling 
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pressure should also be low enough to prevent damage to the metal overpack and host rock (Hedin et 

al., 2011).  

Bentonite buffers are usually ‘dry’ emplaced. Dry can mean for bentonite buffers a water content of 17 

wt% (e.g. Johannesson et al., 2020) or 10% (e.g. Atabek et al., 1991). The saturation of these dry blocks 

with which the buffer is constructed is between 50-60% (Johnson and King, 2008). The pore water 

chemistry of this engineered barrier is therefore determined by the inflow of host rock water and 

establishment of equilibria between dissolved species present in this host rock water and minerals 

present in bentonite, i.e. there is no initial pore water chemistry as in concrete. 

 

2.1.1.3.2 Characteristics of concrete 

The required strength of concrete, environmental class, fluidity during pouring and distribution in size of 

aggregates have all been defined before fabrication of any cementitious material. The strength of 

concrete is determined by the strength of aggregates and the attachment of the aggregates with the 

cementitious phase in concrete. Choices in concrete recipe and type of mixing of ingredients follow from 

these requirements and available knowledge. This available knowledge is integrated in standards for 

civil engineering. These standards are regularly updated. The European standard EN 206 divides the 

potential degradation of concrete or the reinforcement inside the concrete into 18 exposure classes. 

There are three exposure classes for ranges in dissolved sulphate content, pH, amount of dissolved 

CO2, dissolved ammonium and magnesium content. All these complexes are also present in the pore 

water of clay and crystalline host rock except for dissolved ammonium, which is characteristic for 

polluted groundwater. Polluted groundwater may not be relevant for disposal studies. The pH of concrete 

pore water is high after fabrication of concrete, around 13 (see Appendix B). The ingress of CO2 can 

lower the pH of the concrete pore water, which can be detrimental to the steel used for the reinforcement, 

i.e. ingress of CO2 may not be detrimental to concrete itself. The resulting calcite precipitation within 

concrete results in a porosity reduction that can decrease the permeability of concrete. The 

environmental class determines many requirements. For example, concrete being exposed to the 

highest magnesium concentration (XA3) requires: 

• the smallest water to cement ratio since this ratio has an impact on the permeability of 
concrete and thereby ingress rate of dissolved magnesium. A small permeability is 
characteristic for a concrete with a high strength and has the smallest ratio in water to 
cement; 

• the largest cement content in order to buffer the ingress of magnesium; 

Superplasticisers are used to achieve a well mixing and processability of cementitious fluid with a 

reduced water content. There are chemical alterations in which the mechanical strength of fabricated 

concrete is too early too much decreased in the operational phase of the disposal facility or in the post-

closure phase of the disposal system. These alterations can be prevented with a proper choice in 

cement, content of cement in concrete and a proper choice in combination of cement and aggregates 

and are therefore not studied within ACED. For example, sulphate resistant cement is used to prevent 

Delayed Ettringite Formation (DEF). DEF can be caused by: 

• an internal sulphate attack, when the temperate during hydration is  too high t;  
• an external sulphate attack by ingress of dissolved sulphate species reacting with tri calcium 

aluminate (C3A).  

The hardened cement between the aggregates is cracked when DEF occurs. Both cases of DEF can 

be prevented by limiting the C3A concentration. A Portland cement blended with microsilica, fly ash or 

slag also reduces the temperature for hydration by which internal sulphate attack is prevented. These 

blended cements can be called sulphate resistant cements for example CEM III/B.  

Another example of a proper choice to prevent chemical alteration in which the mechanical strength of 

fabricated concrete is too early too much decreased is using calcite or quartz aggregates instead of 

aggregates with silica polymorphs. For example, chalcedony, a siliceous mineral, reacts with the alkalis 
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in the concrete pore water into the formation of silica gels; cracks become present through the reactive 

siliceous aggregates. The use of blended cements also reduces the probability of the alkali silica 

reaction (ASR) due its low permeability at an ordinary engineering time scale of about 100 years. 

Concrete made with blended cements are called low-permeability concretes, due to their more refined 

pore structure compared to concrete made with Portland cement (Atkins et al., 1991; Atabek et al., 1991; 

Jackson et al., 2017). A porosity between 10 to 15 vol% is a good estimate for the concrete buffer. 

 

2.1.1.3.3 Characteristics of the bentonite buffer and concrete buffer 

Both bentonite and concrete buffers have small connecting pore throats by which two beneficial physical 

conditions are provided for the durability of the carbon steel overpack: 

• the transport of dissolved chemical species is dominated by predictable slow diffusional 
processes; 

• microbial activity is limited. 

The corrosion of many metals is determined by the solubility of the metal-oxide that is formed, the 

diffusion of species through this metal-oxide and the concentration of dissolved species near this metal-

oxide. These dissolved species have a larger diffusional speed in stagnant groundwater than in these 

buffer materials, by which the removal speed of these dissolved species is larger. The concentration of 

dissolved species near the metal-oxide can however also be reduced, if the buffer adsorbs the dissolved 

species. The microbial corrosion rate is usually larger than the chemical corrosion rate, but the initiation 

of microbial corrosion does not take place when the microbial activity is absent. This absence may be 

possible by space restriction in both buffers. The high pH for the concrete buffers is also limiting the 

microbial activity.  

Both buffers have a temperature limit of 100 C in many disposal programmes. The reason for this 

temperature constraint is to limit degradation or mineral alteration of the bentonite buffer for bounding 

the uncertainty in the long-term predictability of this buffer. For the concrete buffer, this temperature 

constraint has been set to limit the formation of a gaseous phase.  

Figure 2-5 shows an abstraction of the disposal cells considered in Europe for the following host rocks: 

granite (e.g. Czech Republic2), poorly indurated clay (e.g. Belgium) and indurated clay (e.g. 

Switzerland). The disposal concept of compacted clay buffer bricks surrounding vitrified waste in granitic 

host rocks has been studied earlier in Europe ( e.g. Atabek et al., 1991) but these studies were without 

a carbon steel overpack. Please note that the thickness of the carbon steel overpack considered for 

concrete buffer is thinner (about 3 cm (Neeft et al., 2019)) than considered for this overpack for bentonite 

buffers (about 14 cm, e.g. in the Swiss programme (Leupin et al., 2016). The reason for this difference 

in thickness is the higher corrosion rate foreseen for steel interfacing bentonite compared to concrete.  

 

 

2 Spent fuel is not reprocessed in the Czech and Spanish programmes; thus, there is no vitrified HLW to be disposed of in Spain 
and Czech Republic. The HLW disposal cell does have the steel/iron-bentonite and steel/iron-granite interfaces investigated 
within ACED. The available knowledge from these programmes is therefore relevant for ACED until there is contact between 
the pore water and the waste form.  
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Figure 2-5: Abstracted disposal cells containing vitrified HLW considered in Europe for the host rocks: 
granite, poorly indurated clay and indurated clay. Blue = vitrified HLW, black = steel overpack, bentonite 
(purple) or concrete buffer (grey) surrounds the overpack and grout = light grey. 

 

Lining material to support the rock is not needed and used for the granitic rock. Pre-fabricated concrete 

segments are needed to construct a disposal gallery in poorly indurated clay. These hardened segments 

need to be directly applied against the fast convergence of this clay. There is more time to apply a lining 

in indurated clay for example when excavation has been finished. The lining is made by in-situ curing of 

shotcrete (grout). Grouts are sprayed against the surface of excavated rock in a disposal gallery for 

indurated clays. Chemical interactions between the cementitious fluid and clay host rock take place 

before hardening. Reaction rims between shotcrete and clay may have been formed in order to enhance 

the bonding of the shotcrete with the clay host rock. 

The porosity of the pre-fabricated concrete segments is similar to the concrete buffer, i.e. between 10 

to 15 vol%. The porosity for the backfill grout and shotcrete is larger between 25 to 35 vol%. 

 

2.1.2 ILW disposal cells 

2.1.2.1 Characteristics of ILW 

2.1.2.1.1 Metallic ILW 

If further specified, the metallic ILW was Zircaloy, stainless steel and carbon steel (Neeft et al., 2019). 

Metallic radioactive waste is mainly generated by reaction with neutrons and elements within these 

metals.  

Stainless steel and carbon steel arise from the maintenance and dismantling of nuclear reactors. Metallic 

waste also arises from reprocessing spent fuel from nuclear plants: Compacted waste Standard 

Residues (Collis Standard de Déchets Compatés: CSD-c). It comprises metal parts from the spent fuel 

assemblies that have been cut off to extract the spent fuel, then rinsed and dried. A canister of about 

170 litres internal volume is filled with either hulls or end pieces. The hulls are made of Zircaloy; other 

metal parts are usually made of Inconel. End pieces are solid stainless steel sections. Drums with other 

waste arising from reprocessing fuels, such as pumps, stirrers and filters, are primarily made of stainless 

steel. All drums are compacted to produce pucks that are loaded into CSD-c canisters with similar outer 

dimensions to those used for vitrified waste, which are welded closed. The void space is about 20% in 

the canisters. Figure 2-6 shows the schematics for this waste. 
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Figure 2-6: Schematics of CSD-c with 6 pucks (compacted drums); dimensions in millimetres 
(COGEMA, 2001) 

 

CSD-c canisters can later be encapsulated in concrete containers (see Figure 2-8). Another example of 

pure metallic ILW is activated steel (e.g., Stein 2014). Frequently, however, radioactive steel is 

processed with organic ILW (e.g., Uras 2021).  

 

2.1.2.1.2 Organic ILW 

If further specified, the organic ILW in ACED were spent resins, but the French programme noted a 

special interest in PVC and cellulose since degradation of both polymers lead to complexing agents for 

radionuclides (Neeft et al. 2019). The amount of cellulose based material identified in the ILW inventory 

in the French programme is 25 wt% (Altmaier et al. 2021).  

Resins purify reactor coolant water and other types of water used during operation and maintenance of 

the nuclear reactor. The most common form of synthetic ion exchange resins is polystyrene 

divinylbenzene in powdered form with diameters from 5-150 µm or in beads from 0.5-2 mm. The resins 

have functional groups that are to be exchanged with a radionuclide in cationic form such as 60CoOH+ 

or in anionic form such as H14CO3
-. Spent resins are mixed with a waste matrix that can be a 

cementitious matrix. Figure 2-7 shows the schematics of this waste with an example showing a detail 

with the embedding of resin beads in a cementitious matrix (blue). This matrix is fabricated without 

siliceous aggregates. This type of waste is a so-called homogeneously mixed cemented waste (Uras, 

2021).  
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Figure 2-7: A: Schematics of processed resins (adapted from (Verhoef et al. 2016)). Magnetite 
aggregates are used for the fabrication of the concrete in reinforced concrete container in order to 
contribute to shielding. B: Detail with the resin beads embedded in a cementitious matrix.  

 

An image of a heterogeneously cemented waste is compacted plutonium contaminated material 

generated at the Sellafield site in the United Kingdom that contains halogenated plastics (PVC) and non-

halogenated plastics, are available in the MIND project from the Horizon 2020 programme. These 

compacted plastics have been enclosed in an annulus of cement grout (Abrahamsen et al., 2015).  

 

2.1.2.2 Characteristics of ILW disposal cells 

Cementitious materials are used to condition the ILW but can also be used as a backfill. The dimensions 

of a disposal gallery for ILW are usually larger than those of galleries constructed for disposal of HLW. 

Figure 2-8 shows an abstraction of the ILW disposal cells considered in Europe for the following host 

rocks: granite (e.g. Sweden) and poorly indurated clay (e.g. Belgium). The ILW disposal cells in granitic 

rock consist of vaults that are lined with shotcrete to stabilise the rock in the operational phase and 

caissons in which the waste containers are emplaced. 
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Figure 2-8: Abstracted disposal cells containing cemented ILW considered in Europe for the host rocks: 
granite and poorly indurated clay. Blue = ILW or cemented ILW, black = steel, green = crushed granitic 
rocks, grey = concrete and light grey = mortar or shotcrete.  

 

The types of waste drawn in Figure 2-8 are processed spent ion exchange resins with a sacrificial stirrer 

for each package and metallic waste arising from the maintenance of a nuclear reactor and being mostly 

steel (both disposed in granitic rock). As an example, processed resins have been drawn within 

reinforced concrete caisson and metallic waste in unreinforced concrete caisson. The coverage of 

concrete in well-engineered reinforced concrete depends on the environmental class for example 40 

mm for the highest environmental class XA3 in the European standard EN 206. For reinforced concrete, 

the attachment between steel and the cementitious phase is important. Steel rebars have usually 

ribbons and are commonly oxidised in air before concrete pouring in order to obtain a good attachment 

between concrete and steel. Gaps between steel and the cementitious phase of concrete may arise due 

to shrinkage of the cementitious phase during hardening, when polished and smoothend steel is used. 

Oxygen in air can increase the corrosion rate of steel. The corrosion rate of steel is minimized if steel is 

exposed to reducing, alkaline conditions, since a passivation layer on the steel surface that limits 

corrosion is stable at these chemical conditions. Consumption of oxygen by corrosion of steel can 

deplete oxygen in the vicinity of the steel bar by which aerobic corrosion is followed by a lower anaerobic 

corrosion rate. High aerobic corrosion rates caused by the insufficient coverage of the steel bar by 

concrete may result into the spallation of concrete during the operational phase of the disposal facility. 

Especially if carbonation of the concrete cover has occurred by which the alkaline environment is no 

longer provided. So far, only cracking of concrete by aerobic corrosion of rebars has been known with 

characteristic orange-brown corrosion products with minerals such as hematite and lepidocrocite (Argo, 

1981). Anaerobic corrosion of rebars is characterised by dark-brown to black corrosion products with 

minerals such as magnetite (Argo, 1981).  

For granitic rocks, also shotcrete or a grout can be applied sometime after excavation as previously 

explained for the HLW disposal cells constructed in indurated clay. The caissons are backfilled with 

cementitious grout after completion of emplacement of waste packages. The empty volume between 

the caissons and shotcrete is backfilled with crushed granitic rock to control the waterflow in the disposal 

gallery. Granitic rock is easily available from the excavation activities.  

Hardened concrete segments need to be immediately applied after excavation of poorly indurated clay 

as previously explained for the HLW disposal cells constructed in poorly indurated clay. A cylindrical 

concrete disposal package containing eight canisters CSD-c is envisaged to be emplaced in this 

disposal gallery. This gallery is backfilled with mortar.  
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2.1.3 Characteristics of host rocks 

Usually the depth of the disposal facility is so large that reducing conditions are dominant for clayey and 

granitic host rocks. Determination of the chemistry of the porewater is not always possible by 

measurements, modelling needs to be used especially for clayey host rocks. The pore water chemistry 

of the virgin host rock and how this chemistry has been determined and the mineralogy and its impact 

on the pore water chemistry are described in Appendix B.  

The properties of the host rock in the vicinity of the engineered materials changes during excavation of 

the host rock and may change during the operation of the facility. There will be some fractures generated 

in the host rock and the size and density of the cracks depends on the excavation technique, size of 

excavated volume and type of host rock. The disposal galleries to emplace HLW packages are usually 

smaller in diameter than the disposal galleries to emplace packages containing ILW and the excavation 

procedure can be different. The outcome of both features is that the Excavation Damaged Zone (EDZ) 

is smaller for galleries to dispose HLW than for galleries to dispose ILW. The required time to heal or 

seal these fractures is host-rock dependent.  

 

2.1.3.1 Granitic host rocks 

2.1.3.1.1 Construction 

Crystalline rock specific excavation procedures have been defined in Finland and Sweden to make 

galleries to dispose HLW with an acceptable limited water inflow through fractures to emplace the 

engineered material bentonite in the operational phase (e.g. Baxter et al., 2018). The water flow from 

the host rock into the disposal cells needs also to be limited for the post-closure phase to limit ingress 

of species from shallow and deep ground water (Vieno et al. 2003) and bentonite erosion (Baxter et al., 

2018). Excavation of rock to construct disposal galleries for short-lived ILW (and LLW) is performed by 

drilling and blasting. Rock support are bolts and shotcrete; the density of applied bolts as well as non-

reinforced or reinforced shotcrete is determined by the fracture extent of the rock (e.g. Carlsson and 

Christiansson 2007). Shotcrete hardens in-situ and chemical interactions between the cementitious fluid 

and granitic host rock can take place before hardening. Reaction rims between shotcrete and granite 

may have been formed in order to enhance the bonding of shotcrete with the granitic host rock. 

 

2.1.3.1.2 Operation 

Decades of experience is available for operating a disposal facility for LLW and short lived ILW. Pumps 

are needed to keep the disposal facility dry. The main inflow of water into this facility is however the 

access tunnels and not the disposal galleries (Carlsson and Christiansson 2007; Vahlund and 

Andersson, 2015). The permeability of the shotcrete lining is smaller than the permeability of the 

crystalline rock. The same accounts for the bentonite buffer that is emplaced in HLW disposal cells. 

Consequently, the concrete lining and bentonite buffer acts as a barrier for further transport of water into 

the facility by which sufficient access of water is present in the operational phase to heal the cracks in 

the rocks. Sealing of fractures can take place by precipitation of minerals, e.g. calcite, chlorite and clay 

minerals (Drake et al. 2006). 

Also the ingress of dissolved species from the host rock pore water that can alter the cement mineralogy 

of the lining in ILW disposal cells starts in the operational phase. The shotcrete used for disposal cells 

in granitic rock can become atmospherically carbonated due to ventilation air. The fractures in granitic 

rock give a heterogeneous influx of granitic pore water into the shotcrete. The ingress of bicarbonate, 

sulphate and dissolved magnesium (depending on the host rock geochemistry) may precipitate into 

minerals that replace the calcium-containing cement minerals. There can therefore be a loss in strength 

of shotcrete liner in the operational phase since the calcium-containing minerals provide the binding and 

strength of the shotcrete.  
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2.1.3.2 Poorly indurated clay 

2.1.3.2.1 Construction 

Special tunnel boring machines are used to construct galleries in poorly indurated clays. Concrete 

segments are immediately applied after excavation of the clay with these machines. The stability of the 

lining is caused by the use of a wedge block. The block is emplaced between concrete segments. 

Concrete interfacing clay in the HLW and ILW disposal cells (Figure 2-5 and Figure 2-8) is the external 

diameter of the gallery. The diameter of the excavated clay is slightly larger than the envisaged external 

diameter of the gallery. This so-called overcut is needed in order to able to emplace the concrete 

segments. So far, the EDZ has been measured by the larger hydraulic conductivity compared to virgin 

clay. The larger hydraulic conductivity is attributed to the presence of cracks. The hydraulic conductivity 

of clay interfacing the concrete liner is the largest measured hydraulic conductivity. Further away from 

this interface, the hydraulic conductivity diminishes and approaches the virgin hydraulic conductivity.  

The cracks induced by excavation revoke the limitations for microbial activity that were initially present 

in the virgin host rock. Active microbial communities present in various boreholes demonstrate that only 

providing space is sufficient to initiate the establishment of an active microbial community (Wouters et 

al., 2013; Mijnendonckx et al., 2019). The smectite content of poorly indurated clay is more than 20 wt% 

(see Appendix C). The dominant process for closure of cracks is self-healing by swelling clay minerals. 

The decrease in hydraulic conductivity by self-healing of cracks will limit the transport of cells and 

nutrients. This excavation induced microbial activity is therefore envisaged to be only temporarily 

present.  

 

2.1.3.2.2 Operation 

The concrete segments are usually manufactured with a so-called engineered impermeability; 

envisaged porosities are between 10 and 15%. This limits the diffusional exchange between the 

dissolved species in the concrete segments and clay but also dehydration of the clay; the Boom Clay 

surface - at emplaced concrete segments that had been removed for experimental reasons - felt wet. 

The flow of water into the disposal facility is so small that ventilation is sufficient to keep the facility dry. 

The salts that have been deposited at the intrados of the concrete liner especially at joints between 

concrete segments indicate the preferential flow of clay pore water (Levasseur et al., 2021). The 

concrete lining acts as a barrier for further transport of water into the facility by which sufficient access 

of water is present in the operational phase to seal the fractures. The sealing of these cracks takes place 

by swelling of clay minerals such as smectite. This process can be very fast. No difference in hydraulic 

conductivity has been found for galleries constructed with an external diameter of 2.5 metre (Dizier et 

al., 2017). The overcut during the construction of the gallery was minimized. In the SELFRAC project 

from the FP5 programme, the hydraulic conductivity in clay surrounding a gallery with an external 

diameter of 4.6 metre was studied. This gallery was constructed with a larger overcut. After a few 

months, the hydraulic conductivity at 1.5 metre from the interface with concrete was measured to be 3 

times larger than the virgin hydraulic conductivity (Bernier et al., 2007) and two times this hydraulic 

conductivity after 8 years (NIROND, 2013). The virgin vertical hydraulic conductivity is about 1.7×10-12 

m/s for Boom Clay, i.e. a poorly indurated clay (Levasseur et al., 2021).  

Atmospheric carbonation of the concrete segments from the intrados towards the extrados is expected 

but the small porosity and the engineered water tightness of the concrete segments prevents 

carbonation. Carbonation of well-engineered buildings at the surface exposed to the atmosphere for 

more than 100 years have measured carbonation depths smaller than 1 cm (Mallinson and Davies, 

1987). This carbonation depth is very small. Above all, carbonation may not necessarily be a problem 

for the performance of unreinforced concrete. Spallation of concrete from reinforced concrete can occur 

especially if sufficient ingress of oxygen takes place for aerobic corrosion of the rebars.  
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The thermal impact on the damaged zone in poorly indurated (and indurated clays) has been 

investigated in the 6th framework programme TiMoDaz. There will be an increase in temperature in the 

host rock due to the conduction of the emitted heat by HLW for the HLW disposal cells. This 6th 

framework programme provided the evidence that the thermal-induced plasticity, swelling and creep of 

clay are likely beneficial for the sealing of fractures and recovery of the permeability of the EDZ to the 

original state of the clay host rock (Li et al., 2010).  

 

2.1.3.3 Indurated clay 

2.1.3.3.1 Construction 

Road headers and tunnel boring machines are used to construct the excavation rooms in indurated clay. 

The lining does not need to be applied immediately. The virgin vertical hydraulic conductivity for 

indurated clay can be more than 10 times smaller than in poorly indurated clays, for example 1×10-13 

m/s for Callovo-Oxfordian clay and 10-14 m/s for Opalinus Clay (Levasseur et al., 2021). The excavation 

has a higher impact on the transport properties of indurated clay surrounding the lining than for poorly 

indurated clay. The fractures generated in clay host rocks are believed to have an atmospheric pressure 

immediately after excavation. The driving forces to close these cracks are compressive load or confining 

pressure and access to water. The smectite content of indurated clays can be less than 2 wt% (see 

Appendix C). The dominant process for closure of fractures is cementation, i.e. precipitation of minerals 

(self-sealing). This precipitated phase has a smaller tensile strength than the surrounding restored clay 

host rock. The closure of cracks can be measured as the increase in pore water pressure; equilibrium 

is achieved when the formation pressure is achieved (Alcolea et al., 2014). The EDZ is characterised in 

clay host rocks as a zone with a larger porosity and permeability than the virgin host rock. The values 

for hydraulic conductivity or permeability are largest near the interface between concrete and clay. 

These values asymptotically decrease as a function of the radial distance till the values measured for 

the virgin host rock after about 6 metres from this interface.  

 

2.1.3.3.2 Operation  

The necessary ventilation in the operational phase may have an impact on the clay host rock at the start 

of the post-closure phase. The lining of a facility built in indurated clay decreases further drying by 

ventilation; the associated formation of drying shrinkage cracks of this clay host rock is limited but the 

porosity of the shotcrete is larger than that of clay, so further drying cannot be prevented. The formation 

pressure is therefore expected to be achieved in the post-closure phase and not in the operational 

phase. After recovery of the formation pressure, the modelled variation in hydraulic conductivity has 

decreased by less than 2 orders in magnitude (Alcolea et al., 2014). 

After the concrete of the lining has been hardened (in the case of a lining made with in-situ curing), the 

clay may be too dry for dissolved species in the clay pore water to enter the lining in the operational 

phase. Any chemical alteration of the lining before emplacement of the waste is expected to be mainly 

caused by ingress of carbon dioxide from the ventilation air.  
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2.2 Phenomenological description of processes at interfaces 

The long-term safety of the geological disposal of radioactive wastes is based on a multi-barrier concept 

combining man-made engineered barriers (such as waste form, waste canister, backfill and sealing 

materials) with a suitable geological barrier (i.e., the host rock). The prediction of the evolution of the 

waste matrices, the waste canisters and overpacks, the engineered barriers (e.g., bentonite or 

cementitious backfill) with time in response to physical and chemical perturbations is an important aspect 

with respect to the performance and long-term safety of a repository. The introduction of “foreign 

materials” such as borosilicate glasses, metallic canisters, and cementitious materials will induce 

chemical gradients across the repository components, which can induce perturbations such as pH and 

redox changes, or changes in mineralogy and microstructure that may alter the performance of the 

barriers over time (e.g., NAGRA, 2002). Dissolution and precipitation processes occurring in this context 

can be associated with modification of porosity and pore architecture, thus affecting permeability and 

diffusivity of porous media and consequently transport of solutes or transfer of gases. Predicting the 

interactions between the different materials entails understanding and evaluating the pertinent coupled 

thermal, hydraulical, mechanical, and (radio and/or bio)geochemical processes. A number of studies on 

deep geological disposal of nuclear wastes showed that chemical and physical interactions will be 

focused on interfaces between the different barrier materials, due to the prevailing chemical gradients 

(e.g., Claret et al., 2018;, Bildstein et al., 2019). In this context, the nature and the extent of the alteration 

within the different materials, the progress of the perturbations with time and the evolution of the material 

properties are essential to evaluate the impact on the overall performance of the disposal system. 

Within ACED, we start from the knowledge available at the scale of interfaces between two materials in 

order to build models for assessing the chemical evolution at the cell disposal scale. This section 

describes the state-of-the-art on the phenomenological chemical processes occurring at the interface 

between two materials for the combinations relevant for European repository concepts (cf. section 2.1; 

see also Neeft et al., 2019). For each interface, a short description of the phenomenology is given 

together with references to studies that give evidence for these processes. A comprehensive and 

structured overview of existing information and data on relevant processes occurring at the interfaces, 

including natural/archaeological analogues that may provide insight/data for long-term processes 

relevant to the chemical evolution of the disposal cells, as well as on conceptual and numerical models 

used to describe the processes at the interfaces has been compiled in Deissmann et al. (2021). 

 

2.2.1 Interface “glass – steel 

This interface is related in particular to the disposal of vitrified HLW and has been investigated in the 

context of the disposal concepts of countries where spent nuclear fuels have been or are reprocessed, 

as, e.g., in France, Belgium, Russia, Japan, Germany, the Netherlands, the UK or the USA (Gin et al. 

2013). The glasses developed for this purpose (i.e., in particular borosilicate glasses) are contained in 

stainless steel canisters, which are placed usually in carbon steel overpacks prior to disposal (cf. section 

2.1.1). However, it should be noted that in recent years some preliminary studies conducted, e.g., within 

the frame of the European collaborative project THERAMIN, investigated also vitrification of ILW (e.g., 

Scourfield et al., 2020; Clarke et al., 2020), where the treated product may also be packed in steel 

containers.  

The physico-chemical interactions at the glass-steel interface will start once the overpack and the 

canister are breached due to corrosion and/or lithostatic pressure and water can enter the canister. 

Thus, besides metallic iron/steel, corrosion products from the metal containers will also be present as 

surrounding materials close to the glass-steel interface. Corrosion products formed during anaerobic 

corrosion of low-alloy steel disposal containers are mainly composed of iron oxides such as magnetite 

(Fe3O4), or iron carbonates such as siderite (FeCO3) or chukanovite (Fe2(OH)2CO3) (e.g., Honda et al., 

1991; Taniguchi et al., 2004). Localised variations in pH and in concentrations of carbonates may favour 

the formation of the one or other corrosion products (Michelin et al., 2015). In some cases, FeIII oxy-
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hydroxides were detected; they may have formed during the initial period of the corrosion test with 

remaining traces of oxygen. Iron corrosion products formed in situ in the presence of claystone are 

typically iron silicates and carbonates and, more rarely, iron sulphides (De Combarieu et al., 2007; 

Schlegel et al., 2014, 2016). 

A distinction needs to be made with respect to corrosion products formed in a first phase, in which the 

steel container or overpack corrodes in the groundwater until its failure, where the corrosion products 

formed are characteristic of corrosion in the host rock medium and some residual metallic iron remains 

in the system. In a subsequent phase, the disposal container continues to corrode in parallel to the 

alteration of the glass, i.e., the nature of the corrosion products forming may then be influenced by the 

solution chemistry at the glass/iron interface, including elements released by the glass. 

The alteration and dissolution of nuclear waste glass in contact with water is controlled by several inter-

related processes at the glass surface. Based on extensive studies on the dissolution of nuclear waste 

glasses and in particular simulated HLW borosilicate glasses, a general picture on the typical dissolution 

behaviour of HLW borosilicate glasses under conditions representative for geological disposal 

environments has been established (Figure 2-9, cf. van Iseghem et al., 2006; Gin et al., 2013; Gin, 

2014). 

 

Figure 2-9: Stages of nuclear glass corrosion and related potential rate-limiting mechanisms (Gin et al., 
2013). 

 

Understanding the glass/steel interactions and their consequences on the long-term behaviour of 

nuclear waste glasses requires knowledge regarding the main processes controlling the aqueous 

alteration of glass. According to Vienna (2013) and Gin et al. (2015), glass alteration is due to the 

formation and dissolution of an alteration film layer, which is likely to incorporate chemical elements from 

the solution and acts as a diffusion barrier for reactive species. The effectivity of this barrier depends 

primarily on the concentration of silicon in solution in the vicinity of the glass, with glass dissolution rates 

increasing when the saturation state of the aqueous medium with respect to silica decreases. Other 

parameters affecting the glass alteration and its rate are (local) solution pH and solution composition, 

since some elements may stabilise (e.g., calcium (Paul, 1977; Gin et al., 2012)) or destabilise (e.g., 

magnesium (Aréna et al., 2016)) the hydrated glass layer. 

Generally, the presence of iron and iron corrosion products has been found to increase glass alteration 

by maintaining high alteration rates over longer periods than in the same leaching solution without iron 

or corrosion products (cf. Martin, 2021). However, this impact is only perceptible at local scale, and 

seems to be significantly attenuated as the distance between glass and the iron source increases. There 

are four possible mechanisms that are discussed in literature to explain the increase in glass alteration 

rates due to the presence of iron or iron corrosion products (Rébiscoul et al., 2015): 



EURAD Deliverable 2.1 – Initial State of the Art on the assessment of the chemical evolution of ILW and HLW disposal cells 

EURAD (Deliverable n° 2.1) - Initial State of the Art on the assessment of the chemical evolution of ILW and HLW 
disposal cells 
Dissemination level: PU 
Date of issue of this report: 30/06/2022   

Page 39 of 177 

• silicon sorption at surface sites of corrosion products, or silica precipitation at the iron 
source; 

• formation of iron silicates; 
• retention of iron in the gel layer, which could modify its structure and its protective 

properties; 
• increase in pH due to iron corrosion. 

The first two mechanisms both lead to the consumption of cross-linking elements, in particular silicon, 

leading to either (i) a depletion of the concentration of silicon in solution, which increases glass 

dissolution rates, or (ii) the formation of a gel depleted in silicon which is, therefore, less protective (cf. 

Lemmens, 2001). These effects both hinder the formation of a protective layer, delaying saturation of 

the aqueous solution needed for its formation. In the first case, the effect works by making the initial rate 

phase (r0) last longer, and, in the second case, by slowing down the rate drop (cf. Figure 2-9). 

 

2.2.1.1 Sorption of silicon on corrosion products 

The sorption of species like silicon produced by glass alteration on steel corrosion products close to the 

glass/steel interface can delay the beginning of a rate drop. This effect has been demonstrated in the 

presence of steel corrosion products such as magnetite (Grambow, 1987; Grambow et al., 1987; Bart 

et al., 1987), goethite (Bart et al., 1987; Grambow ,1987; Grambow et al., 1987), and siderite (Michelin 

et al. 2013a). Since the number of surface sites on the corrosion products available for sorption is finite, 

the effect of silicon sorption on glass alteration lasts for a period that is proportional to the sorption 

capacity of the corrosion products. The higher the sorption capacity of the corrosion products, which is 

dependent on their amounts and their specific surface, the longer it takes to reach silicon saturation in 

solution, which in consequence delays the rate drop. However, the results from different glass alteration 

experiments carried out in the presence of corrosion products seems to indicate that the sorption of 

silicon to corrosion products does not prevent a slowing of the alteration rate over time. Studies on 

silicon sorption on steel corrosion products (magnetite, siderite, goethite) indicate (i) that the maximum 

sorption occurs at pH values between 6 and 9 and decreases, both under more acidic and alkaline 

conditions, and (ii) that silicon sorption by steel corrosion products will be maintained for a relative short 

period of time compared to the time scales relevant for geological disposal (Philippini et al., 2006, 2007). 

 

2.2.1.2 Precipitation of iron silicates 

Sorption of silicon on corrosion products alone seems not to be sufficient to explain the quantities of 

altered glass in experimental tests since even after saturation of the sorption sites, glass alteration rates 

in the presence of steel and corrosion products remained higher than the residual rate (r r) observed in 

the absence of steel and corrosion products over longer periods. Thus, other mechanisms such as the 

formation of silicates may prolong the consumption of silicon in the longer-term. Most studies performed 

in this context suggest the formation of various ferrosilicates (e.g., Grambow, 1987; Grambow et al., 

1987; Werme et al., 1990; McVay and Buckwalter, 1983; Shade et al., 1983; Shanggeng et al., 1995; 

Kim et al., 1997; Björner et al., 1989; Godon et al., 2013; Michelin et al., 2013a; Dillmann et al., 2016), 

sometimes in nano-colloidal form. The precipitates formed may incorporate other elements in addition 

to iron, such as magnesium, aluminium, sodium and calcium (e.g., Burger et al., 2013). The silicates 

formed in this context may include trioctahedral serpentines (e.g., greenalite, berthierine, cronstedite), 

trioctahedral smectites (e.g., hectorite, saponite) or dioctahedral smectites (e.g., nontronite). The 

(Fe+Mg)/Si ratio of the silicates formed can vary, especially depending on the distance from the iron 

source. Moreover, the nature of the precipitated silicates highly depends (i) on temperature (e.g., 

favouring the formation of serpentines at higher temperature), and (ii) on local pH, since iron/magnesium 

silicates can only be precipitated above a certain pH, which is a function of the silicon activity imposed 

by glass alteration.  
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Experimental observations indicate that the formation of ferrosilicates is limited in the presence of steel 

corrosion products alone (e.g., Björner et al., 1989) but significantly higher in the presence of metallic 

iron in which iron silicates may form from the start of alteration. Therefore, the formation of corrosion 

products in situ at the same time as glass alteration seems to modify the predominant mechanisms and 

causes more precipitation of secondary silicate phases. This may be explained by a more or less 

significant iron flux induced by iron corrosion or the solubility of the corrosion products (Dillmann et al., 

2016). The formation of iron silicates correlates to more extensive glass alteration; these ferrosilicates 

thus have the same effect on glass alteration as other secondary phases, such as zeolites, which 

consume silicon and inhibit the effects of solution saturation, except that in this case their formation is 

conditioned by the flux of iron released by the corroding steel. Thus, the formation of ferrosilicates and 

their impact on glass alteration depends on the quantity of metallic iron remaining, its corrosion rate, 

and on the solubility of iron in solution. 

 

2.2.1.3 The influence of iron on the morphology and structure of the gel layer 

The interactions between silicon and steel corrosion products, playing the role of “silicon sink”, could be 

detrimental to the protective properties of the gel layer on the glass surface. During glass alteration in 

the presence of corroding iron or iron corrosion products, a large quantity of iron is dissolved, from the 

first stage of hydrolysis at r0 (Figure 2-9). In this case, the gel layer on the glass becomes depleted in 

silicon (relative to pristine glass) and enriched in iron (Rébiscoul et al., 2015; Reiser et al., 2017; De 

Echave et al., 2019), though, according to Reiser et al. (2017), this enrichment may only affect parts of 

the gel layer. De Combarieu et al. (2011) suggested that the increased alteration of glass in the presence 

of iron is due to a higher porosity of the (iron-enriched) gel layer, depleted in cross-linking elements 

(e.g., silicon, aluminium, etc.), thus reducing its protective nature. Dillmann et al., (2016) related the iron 

enrichment of the gel formed during glass alteration in the presence of iron or corrosion products to the 

presence of structural nano-crystals similar to greenalite (Fe2-3Si2O5(OH)4), possibly precipitated due to 

the highly porous structure of the amorphous gel layer (cf. Burger et al., 2013). The impact that these 

nano-crystalline phases may have on the properties of the gel has not yet been clearly assessed. The 

presence of iron changes the equilibrium between the glass and the solution and alters the stoichiometry 

of the gel. Furthermore, the iron precipitating in the form of ferrosilicates may influence the 

depolymerisation of the silicate network. Burger et al. (2013) suggest a possible clogging of porosity 

and, as a result, a decrease in the diffusion coefficient of the reactive species. 

 

2.2.1.4 Impact of iron corrosion on pH 

In addition to the consumption of silicon, iron corrosion also affects the pH of the solution. The corrosion 

of metallic iron and the formation of corrosion products occurring at the same time as glass alteration, 

tends to raise the pH (Bildstein et al., 2007), thereby favouring glass alteration (e.g., Corkhill et al., 2013, 

Utton et al., 2012, 2013) and the formation of magnesium silicates, which, concomitantly affects glass 

alteration due to consumption of silicon. The pH values during glass alteration in aqueous media in the 

absence of corroding iron (i.e., governed by the presence of the glass) are generally neutral to slightly 

alkaline (e.g., between 7.5 and 8.7 in clay water) have been found to increase up to 9.7 in the presence 

of metallic iron (cf. Martin, 2021). This increase in the pH is due to the formation of hydroxyl ions (OH-) 

during anoxic corrosion of iron in an aqueous medium according to: 

Fe + 2H2O → 2OH- + H2 + Fe2+ 

Moreover, also in the presence of corrosion products like magnetite the solution pH during glass 

alteration was found to be higher than in leaching tests on glass alone (Rébiscoul et al., 2015). Here, 

the increase in pH is the result of a larger quantity of altered glass, i.e., of a higher quantity of alkaline 

species (e.g., Ca, Na) being released into solution. 
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2.2.1.5 Concluding perspective 

The physico-chemical interactions at or close to the interface glass/steel lead generally to an increase 

in glass alteration rates compared to the absence of metallic iron and/or corrosion products. The main 

phenomenon related to this is the consumption of silicon delaying the formation of a passivating gel. 

This impact on glass alteration is conditioned by the geometry of the system and the transport and fluxes 

of dissolve iron and silicon in solution and seems to be significantly weaker when the glass is far from 

the iron source (e.g., corrosion products or metallic iron). Assessing the processes at the interface on 

glass alteration requires an understanding of the nature of the corrosion products, their position in 

relation to the glass, and the transport conditions within the system investigated, bearing in mind the 

influence of physical and chemical conditions (properties of the host rock, composition of the porewater, 

redox conditions, pH) and hydrodynamics on glass alteration processes. Glass/iron interactions occur 

as a result of very localised conditions which depend on the dissolution rates of iron and glass, and on 

the transport of different elements in solution. In spite of the importance of understanding the coupling 

of transport processes and geochemical reactions in the evaluation of interactions occurring at the 

glass/steel interface with respect to nuclear waste disposal, coupled reactive transport simulations 

addressing this glass/steel/(clay) interactions are scarce to date (cf. Bildstein et al., 2007, 2012, 2019; 

Claret et al., 2018). 

 

2.2.2 Interface “steel – concrete” 

An interface between steel and cement-based materials is present in many disposal concepts for 

geological disposal of radioactive wastes in Europe (cf. chapter 2.1 and Neeft et al., 2019). The interface 

between steel and cementitious materials may occur at different locations and with different 

functions/roles. In some disposal systems, reinforced concrete is used with carbon steel, for example 

for the container of ILW waste packages. In this case, the carbon steel / concrete interface is typically 

located at a few centimetres from the boundary of the concrete component. In some HLW disposal 

concepts, carbon steel is used as overpack of the vitrified waste package. In some countries like Belgium 

and the Netherlands, a cement-based buffer is placed around the carbon steel overpack to ensure high 

pH conditions and thus lower corrosion rates for a long period of time (so-called supercontainer concept, 

e.g., Bel et al., 2006). Here, the concrete cover is typically several decimetres thick. In the management 

of ILW, waste packages may contain also stainless steel or waste canisters are made of stainless steel 

(e.g., CSD-C  canisters). The latter are often immobilized inside a concrete or steel container with 

cement-based materials such as mortar or grouts. In the following sections, the focus is on the interface 

between carbon steel and cementitious materials, since these interfaces are more relevant for the long-

term performance and safety of the disposal cells. There exists a significant amount of literature of 

processes at the steel-concrete interface under aerobic conditions, which is relevant for many civil 

structures. However, most of the discussion here is limited to anoxic conditions, as the oxic period in a 

geological disposal facility, even if it lasts several hundreds of years, will most probably occur under 

conditions of high pH (buffered by the cementitious material) with low passive steel corrosion rates. 

 

2.2.2.1 Steel corrosion in anoxic cementitious environments 

In a deep geological repository in saturated conditions, oxygen is assumed to be depleted relatively 

quickly, so that anoxic conditions will be established soon after repository backfilling and closure. Oxic 

conditions then mainly prevail during the operational phase and when the disposal cell is not completely 

saturated. However, many different processes in an ILW or HLW disposal cell compete for oxygen 

(corrosion, oxidation of minerals, microbial respiration). In addition, the steel interface is embedded in 

mortar or concrete materials (reinforced concrete in HLW and ILW disposal cells, overpack in HLW 

disposal cells, waste containers and waste in ILW disposal cells) which pose diffusion-limited oxygen 

availability at the interface and induce a passivating protective layer at the steel-concrete interface (e.g., 

Smart et al., 2019). In addition, also the cement used to produce the mortar or concrete can contribute 
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to an anoxic environment. Concrete made from pure OPC cement or OPC cement blended with micro 

silica are slightly oxidizing since they lack redox sensitive species. Blended cements can contain fly ash, 

which is a by-product from coal-firing power plants or blast furnace slag, which is a by-product from steel 

production, besides OPC. In the first case, the concrete also lacks redox sensitive species and is 

therefore slightly oxidising. However, the second case, the concrete contains pyrite and is therefore 

reducing after fabrication.  

Several studies show that the formation of a passivating film on the steel occurs relatively fast (L’Hostis 

et al., 2001; Chomat et al., 2017). For a HLW disposal cell, a transition phase is sometimes thought to 

exist due radiolysis of water producing, inter alia, hydrogen, oxygen, hydrogen peroxide and reactive 

radicals, which might temporarily sustain relatively constant, mildly oxidising conditions (Kursten et al., 

2011) although some experiments indicated a decrease in redox potential under gamma irradiation 

(Smart et al., 2019). 

Oxic corrosion of iron is described by the following global reaction: 

4Fe + 6 H2O + 3O2 → Fe3+ + 12 OH- 

Corrosion products under oxic conditions are for example goethite (alpha-FeOOH), ferrihydrite 

(Fe(OH)3) and lepidocrocite (gamma-FeOOH) (L’Hostis et al., 2011). Anaerobic corrosion of iron is 

associated with the generation of hydrogen through the following global reaction: 

Fe + 2 H2O → Fe(OH)2 + H2 

or, if the Schikorr reaction occurs, by the reaction: 

3 Fe + 4 H2O → Fe3O4 + 4 H2 

The rate of hydrogen generation can be monitored and is often used in experimental programmes to 

estimate corrosion rate assuming either iron(II)hydroxide (1 mol hydrogen generated per mol iron 

corroded) or magnetite (1.33 mol hydrogen per mol iron) as main corrosion product. Under anoxic 

conditions, corrosion products as magnetite (Fe3O4) and hematite (Fe2O3) are formed (L’Hostis et al., 

2011). 

Corrosion processes may be subdivided into a uniform passive corrosion mechanism and localised 

corrosion mechanisms (e.g., pitting corrosion, crevice corrosion, and stress corrosion cracking). In a 

concrete-based geological disposal concept, the followed strategy is usually to demonstrate that 

localised corrosion phenomena cannot occur in highly alkaline disposal conditions. Therefore, the focus 

of the experimental studies with respect to this interface is on rate measurements of uniform passive 

corrosion through different methods and techniques (for details see Kursten et al., 2021). Thus, for the 

interface between carbon steel and cementitious materials, mainly uniform corrosion processes and 

coupled processes are relevant, so that in geological disposal conditions, the main corrosion process 

would be passive corrosion of steel/iron in anoxic, alkaline conditions. Due to the formation of a 

passivating oxide film on the steel surface in these conditions, the measured initial corrosion rates (up 

to some tens of µm yr-1) decrease over time towards constant (steady state) and very low values. Long-

term corrosion rates (exposure times > 365 days) in the range of 0.1 µm yr-1 or lower have been reported 

for temperatures up to 80 °C in chloride-free solutions with a pH between 11.8 and 13.5 (cf. compilation 

in Kursten et al., 2021). 

However, depending on the steel type and the evolution of the environment, the corrosion processes 

can be influenced by several factors such as temperature, degree of water saturation, radiation 

gradients, the composition of the near-field water with respect to pH and the content of potentially 

aggressive species (e.g., chloride, sulphate, thiosulphate), and the presence of microbial activity. The 

steel corrosion products may take a volume that is larger than the bare material, leading in turn to stress 

and (local) alteration of the pore structure at the interface and consequently to changes in transport 

properties. Spallation of concrete has so far only been observed for oxic corrosion of steel. The volume 

of bare material is reduced if the corrosion rate equals the iron dissolution rate from the corrosion product 

as measured for anoxic corrosion of (stainless) steel in the FP7 CAST project (Mibus et al., 2018). The 
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thickness of the layer of corrosion products does not increase in such a case by which the induced 

stress in concrete is too limited to cause fractures. The corrosion process is bounded to equilibrium 

between diffusion of water through the oxide layer and dissolution at the solid-liquid interface.  

 

2.2.2.2 Factors influencing corrosion rates 

Temperature can play an important role in the corrosion of steel in concrete in many different ways 

because all processes and many parameters involved can be influenced by changes in temperature, 

such as: 

• kinetic parameters of the corrosion reaction;  
• rate of diffusion of O2 and aggressive ions into the concrete; 
• solubility of oxygen; 
• pore solution chemistry of concrete. 

The corrosion of steel reinforcement is an electrochemical reaction; its rate can be greatly affected by 

temperature. Generally, the (initial) corrosion rate increases significantly as temperature increases (e.g., 

Smart et al., 2004; Fujisawa et al., 1997; Fujisawa et al., 1999; for details see also Kursten et al., 2021). 

On the other hand, the solubility of oxygen in water is known to decrease with increasing temperature, 

which results in a significant decrease of the concentration of dissolved oxygen as reactant for the 

process of steel corrosion, thereby lowering the corrosion rate (Davis, 2000; Živica, 2002). However, 

this effect might be more relevant under oxic conditions. Other physicochemical properties affected by 

temperature are the viscosity and the conductivity of the concrete pore solution. The viscosity will 

decrease with increasing temperature, which will aid oxygen diffusion. Ionic mobility will also increase 

with temperature, increasing the overall conductivity of the electrolyte. Moreover, the chloride binding 

capacity of cementitious materials can be reduced at elevated temperatures, leading to an increase in 

chloride concentrations of the pore water of the cementitious material (Hussain and Rasheeduzaffar, 

1993; Hussain et al., 1996; Maslehuddin, 1994; Maslehuddin et al., 1996), which has been attributed to 

the decomposition of Friedel’s salt (i.e., a chloride containing AFm phase) at elevated temperatures. 

However, data on long term (i.e., > 365 days) corrosion rates for carbon steel in anoxic alkaline 

environments for different temperatures reported in the literature show that at the later stages of the 

corrosion process (i.e., when steady state conditions prevail), temperature no longer has an effect on 

the uniform corrosion rate (Kursten et al., 2021). 

Corrosion of steel in concrete strongly depends on the moisture condition of the concrete. This is due 

to the fact that moisture affects both the resistivity of the concrete and the diffusion rate of oxygen. In 

dry concrete, which is characterized by a high resistivity, oxygen diffusion can take place unhindered. 

The resistivity in water saturated concrete is low but, on the other hand, the diffusion rate of oxygen is 

slow compared to the diffusion rate in dry concrete. This means that the corrosion rate is slow and that 

the corrosion is under diffusion control (Bertolini et al., 2004). According to Tuutti (1982) steel corrosion 

rates in concrete reach a maximum for a moisture content equivalent to the equilibrium with a relative 

atmospheric humidity of about 95%; moving away from these values of humidity in either direction, the 

corrosion rate decreases (Bertolini et al., 2004). On the other hand, ionic mobility will increase with 

increasing saturation degree, thereby facilitating transport of aggressive species (e.g., chlorides) 

towards the overpack surface. However, Michel et al. (2013) showed that when steel in concrete is in a 

passive state, the corrosion rate is not affected by the moisture conditions of the concrete. 

The pH of the pore solution in cementitious material has a distinct effect on the corrosion of steel at the 

interface, since the protective oxide film is believed to remain stable only as long as the pH stays higher 

than a threshold value (~9 < pH < ~11.5). If the pH should drop below this threshold value (e.g., due to 

leaching of alkalis and complete removal of portlandite from the cementitious material in the long-term, 

cf. section 2.6), depassivation of the steel surface can take place and the protection is lost, leading in 

turn to an increase in the rates of uniform corrosion. Moreover, a decrease in pH can also increase the 

susceptibility to localized corrosion, though this effect is coupled to the exceedance of a threshold 
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concentration of chloride ions in the pore water. Although this assumption has been generally accepted, 

there is little agreement concerning the quantitative function relating the two (cf. Kursten et al., 2021).  

The corrosion rates of (carbon) steel can be distinctively enhanced due to the presence of aggressive 

species, in particular chloride ions, in the contacting solution. A huge amount of information is available 

in the literature on the effect of chloride on the corrosion rates of carbon steel in concrete under aerobic 

conditions (e.g., Goñi and Andrade, 1990; Deshpande et al., 2000; Zhang et al., 2009), where a general 

trend of increasing corrosion rates with increasing chloride concentration could be observed. Studies on 

the effect of the chloride concentration on carbon steel corrosion under anoxic and highly alkaline 

conditions have been performed in particular within the context of various national nuclear waste 

management programmes (e.g., L’Hostis et al., 2011; Smart et al., 2004; Smart, 2009; Fujiwara et al., 

2001; Mihara et al., 2002). Corrosion rate data reported in the literature for mild steel in anoxic and 

alkaline solutions containing elevated chloride concentrations indicate that the measured (initial) 

corrosion rates decrease with increasing exposure time even in the presence of chloride ions. From 

comparison with data obtained in chloride-free solutions, it can be concluded that the presence of 

chloride (up to 20,000 mg L-1) has no discernible effect on the long-term corrosion rate of carbon steel 

in anaerobic high pH media (Kursten et al., 2021). However, it is important to note that high chloride 

concentrations, combined with the potential risk of the passive film being destroyed locally, may result 

in a significant increased susceptibility to localized corrosion phenomena such as pitting corrosion, 

crevice corrosion, and/or stress corrosion cracking. 

 

2.2.2.3 Consequences of steel corrosion on concrete properties 

During the corrosion of steel embedded in a concrete structure, a layer of corrosion products is formed 

on the surface of the steel. The volume of these corrosion products can be much larger than that of the 

initial bare metal (e.g., McCafferty 2010; Broomfield, 2007; Caré et al., 2008). The corrosion products 

will first fill the available pore space near the interface, which depends on the chemical state of the 

concrete and the process that initiated the faster corrosion. With the ingress of aggressive species, 

initiation of active corrosion may occur without significantly changing the microstructural properties of 

the concrete and thus the available pore space is close to the initial porosity of the concrete. However, 

when active corrosion occurs as a consequence of a pH decrease due to chemical degradation of 

concrete, the available pore space might be smaller or larger depending whether carbonation (resulting 

typically in a porosity decrease) or decalcification, i.e. dissolution of portlandite and incongruent 

dissolution of C-S-H (resulting typically in a porosity increase) is the dominant degradation process (cf. 

section 2.2.6 and, e.g., Glasser et al. (2008) for a description of these processes). After filling of the 

available pore space, the corrosion products will gradually increase the mechanical stress in the 

concrete. Fracture formation is initiated when the mechanical stress exceeds the tensile strength 

(Höglund, 2014) but the time for the first appearance of fractures depends on different factors such as 

thickness of concrete cover, quality and strength of the concrete, and corrosion rate (Andrade et al,. 

2011). Note that creep of concrete can accommodate partly the effects caused by the corrosion products 

retarding to a given extent the initiation of fracture formation. Also, the anoxic corrosion rate can become 

equal to the iron dissolution rate from corrosion products. At that stage, there is no longer a volume 

increase. 

The aerobic corrosion rate can be so fast that there is a volume increase. The fractures initiated by the 

corrosion products may influence the geochemical evolution of the concrete near the interface, 

especially when they are penetrating from the steel/concrete interface to the outside boundary of the 

concrete (e.g., an interface with host rock)). From these fractures, alteration fronts may develop within 

the concrete matrix and potentially creating larger regions of degraded concrete. Degradation fronts in 

fracture-matrix concrete systems can be described with approximated analytical models (e.g., Höglund, 

2014), or with coupled reactive transport models (e.g., Perko et al., 2010; Perko et al., 2015). 

Studies performed by L’Hostis et al. (2011) and Chomat et al. (2014, 2017) revealed the formation of an 

Fe-enriched layer in the cementitious material close to the interface. In this region Fe interacts with the 
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cement hydration phases and may form Fe-containing hydration phases. In addition, the cementitious 

material may also alter the composition of the corrosion product layer with an enrichment of calcium 

closer to the interface of the corrosion product layer and the cement/concrete (cf. L’Hostis et al., 2011). 

 

2.2.2.4 Concluding perspective 

Under the anoxic conditions prevailing in a geological disposal facility in the long-term, the corrosion of 

steel in a highly alkaline, cementitious environment is governed by passive uniform corrosion due to the 

formation of a passivating oxide film, leading to very low corrosion rates. Thus, in a concrete-based 

geological disposal concept, one focus is on the demonstration that localised corrosion phenomena 

cannot occur in the highly alkaline disposal conditions. Corrosion products, that have a higher molar 

volume than that of the metal, may reduce porosity, leading to clogging and gradually increase the 

mechanical stress in the concrete and may lead to fracture formation. However, the thickness of the 

corrosion layer is not increased over time when the corrosion rate is equal to the dissolution rate of iron 

from corrosion products. Furthermore, there are indications that a Fe-enriched layer will form in the 

cementitious material close to the interface, leading eventually to the formation of Fe-containing cement 

hydration phases. 

Existing thermodynamic modelling studies of the solution chemistry in the context of iron/steel corrosion 

(e.g., calculating saturation indices of ferrous and ferric minerals), focus so far mainly either on steel 

corrosion in alkaline conditions (with a substantial knowledge base on reinforcement corrosion in 

concrete structures) or on corrosion in anoxic environments. However, only few examples have been 

found for thermodynamic modelling related to iron/steel corrosion in both anoxic and alkaline conditions, 

i.e., relevant for the disposal environment (e.g., Ma et al., 2018; Furcas et al., 2022). 

Although a number of experimental studies on iron corrosion in concrete have been performed in the 

context of nuclear waste disposal, no reactive transport modelling studies addressing the interface 

steel/concrete in the context of a deep geological repository are available so far (cf. Bildstein et al., 

2019). However, similar tools as for other interfaces, in particular the steel/clay interface might be used. 

Since electrochemical models for corrosion (e.g., Bataillon et al., 2010; Macdonald et al. 2011) are a 

pivotal issue of this problematic, the coupling of such models to reactive transport models could result 

in significant advances in modelling the steel/concrete interface (cf. Bildstein et al., 2019). 

 

2.2.3 Interface “steel – clay” 

Carbon steel canisters have been proposed for the storage and disposal of high-level radioactive wastes 

(HLRW) in deep geological repositories (DGR) in countries like Switzerland, France, Belgium, Germany, 

United Kingdom, Czech Republic, and Spain (cf. Neeft et al., 2019). The host rock and the design of the 

repository differ in each country but in many cases the canister will be in contact with compacted 

bentonite blocks or pellets. The main perturbations at the steel – clay/bentonite interface are canister 

failure due to corrosion and the interaction of corrosion products with the bentonite/clay, which could 

potentially result in the formation of new iron-rich minerals that alter some of its basic properties, such 

as hydraulic conductivity, diffusion coefficient and capacity to swell or retain radionuclides.  

Canisters are estimated to provide containment for at least 1,000 years, although results from 

experiments, analogues and models indicate that failure is unlikely in less than 10,000 years. It depends, 

among others, of its thickness and chemical reliability. This section has to do with what it is known so 

far on the evolution of the DGR environment (thermal, hydraulic and/or chemical gradients - redox, pH 

and dissolved species - from the initial post-closure stage until the system reaches equilibrium) and its 

impact on the chemical evolution of the steel/iron-bentonite interface. 

There are a number of papers about the corrosion of metals that provide results coming from laboratory 

experiments under a variety of conditions (e.g., Marsh et al., 1987, 1989; Gdowski and Bullen, 1988; 
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Blackwood et al., 2002; Azcárate et al., 2004; Kursten et al., 2004a,b; King 2008, 2014; Necib et al., 

2016, 2017a,b). Padovani et al., (2017) made an analysis of the expected corrosion behaviour of 

candidate container materials and future R&D work. Results of corrosion rates and products obtained 

from the study of archaeological objects can be found in Qin et al. (2004), Smart and Adams (2006), 

Neff et al. (2006, 2010), Yoshikawa et al. (2008) and Michelin et al. (2013b), amongst others.  

The interaction of corrosion products with bentonite has been reviewed in Marcos (2003), Landolt et al. 

(2009), Bradbury et al. (2014), Wilson et al. (2015) and Wilson (2017), among others. There are also 

various papers and reports from European projects NF-PRO, PEBS, TBT, and activities in underground 

research laboratories (e.g. FEBEX experiments at Mt. Terri) presenting the results from both laboratory 

and in situ experiments in URLs designed to advance in the understanding of iron-bentonite (and clay 

rock) interaction (e.g., Guillaume et al., 2004; Charpentier et al., 2006; Wilson et al., 2006a, b; Carlson 

et al., 2007; Hunter et al., 2007; Smart et al., 2008a; Milodowski et al., 2009; Fukushi et al., 2010; Osaky 

et al., 2010; 2013; Torres, 2011; Lanson et al., 2012; Schlegel et al., 2014, 2016; Torres et al., 2014; 

Cuevas et al., 2016; Wersin and Kober, 2017; Hadi et al., 2019). Some authors focused on the study of 

natural analogues from which obtaining information about influence of iron on the transformation of 

bentonite to iron-rich clays (e.g., Smart and Adams 2006; Pelayo et al. 2011). 

The changing environmental conditions during the life of the repository influence the corrosion 

processes and products, the interaction of corrosion products with bentonite and finally, the integrity of 

both, the steel/iron and the bentonite. In the following, two phases are distinguished: i) a first phase with 

initially aerobic conditions at elevated temperatures (> 90 ºC ) before repository closure, including a 

transient phase with progressively anaerobic conditions, encompassing a time scale of in total about 

100 years, and ii) a second (long-term) phase with anaerobic conditions at temperatures < 90 ºC, which 

will decrease to ambient temperatures with time. 

At the initial stages (≈emplacement to 20(50) years) water vapor and dissolved oxygen act as the 

oxidizing agents. Low steel corrosion rates and general corrosion occur and no changes are expected 

in the bentonite properties (cf. Turrero et al., 2021). 

• Oxidizing conditions will prevail before closure of the repository and in the early post-closure 
stage. Oxygen trapped in the buffer and backfill materials will be consumed in several ways: 
corrosion of metallic elements, oxidation of pyrite (both in certain bentonites (e.g., FEBEX) 
and in host rock (e.g., Opalinus Clay and Callovo-Oxfordian formation). The high initial 
thermal load imposed by the vitrified HLW will probably impede biofilm formation on the 
surface of the canisters. 

• Following the emplacement, the canister surface will be subjected to temperatures >90 ⁰C 
and thermally-induced drying at the canister surface/bentonite interface occurs (dry-out 
stage). Water activity will be low and under those conditions, low corrosion rates and 
general corrosion processes occur, which do not endanger the performance of the metallic 
canister (Turrero et al., 2021).  

• Aerobic corrosion under oxidizing/unsaturated conditions can produce multi-layered 
corrosion products, which in order of proximity to the metal surface can be 
magnetite/maghemite, hematite, goethite and lepidocrocite. Green rust may form as an 
intermediate product transforming later into hematite or magnetite. (cf. Torres et al., 2009, 
2014; Torres, 2011; Majzlan et al., 2013).  

• At this phase, changes in the bentonite properties due to iron/clay interaction are not 
expected since there is no water to mobilize iron (Torres et al., 2014; Turrero et al., 2021). 

During a transient phase to anaerobic conditions (≈ 20(50) to 100 years), temperature and hydration 

gradients induce an increase in the corrosion rate and localized corrosion. The mineralogy of the 

bentonite can be altered to non-swelling Fe-rich phyllosilicates. 

• In this stage corrosion will occur mainly under unsaturated condition, but as system hydrates 

relative humidity will increase and a moisture film will form on the metal surface. The temperature 

at the canister/bentonite interface will be around 90 ºC or higher, which have to be taken into 

account, as corrosion rate increase with that higher humidity and high temperature. The time leading 

from aerobic to anaerobic conditions will depend primarily on the (advective-)diffusive transport of 
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oxygen, either in the gas or liquid phase, in the unsaturated compacted bentonite, and on the 

corrosion rate of iron and accessory minerals (e.g., pyrite) as well, as corrosion progressively 

consumes the oxygen of the system. 

• The aqueous chemistry at the interface will depend on the interaction between the 
groundwater (fresh or saline) and the bentonite, which contains salts (e.g., NaCl and 
CaSO4). At this stage temperature is still high; the saturation of the system progresses and 
the bentonite at the interface remains unsaturated although relative humidity increases. 
Under these conditions, geochemical evolution of the bentonite barrier can result in the 
formation of saline fronts in the vicinity of the canister (e.g., Cuevas et al., 2002), which can 
affect the corrosion rate and promote localised corrosion (e.g., Druyts et al., 2001; Bradbury 
et al., 2014). The existence of hygroscopic salts can decrease the value of critical relative 
humidity (CRH) and significantly enhance corrosion processes at relative humidity quite 
lower than 100%. Hygroscopic salts sorb moisture and form concentrated brines that 
promote the electrochemical corrosion of steel and the nucleation of pits on the metal 
surface leading to localized corrosion. The nucleation time for pits depends on factors such 
as the oxidizing character of the environment, the concentration of aggressive ions such as 
chlorides, pH and the alloy composition of the metal. Sulphates could also be relevant in 
the presence of microorganisms because sulphate reducing bacteria that are primarily 
responsible for microbial induced corrosion.  

• As saturation advances, the chemical composition of bentonite porewater will homogenize 
along the clay barrier due to diffusion and the generated saline fronts will disappear. When 
the residual oxygen is consumed other mechanism could be responsible for localized 
corrosion, for example the reductive dissolution of Fe(III) corrosion products coupled to Fe 
dissolution of the inner layers (electrochemical corrosion). Once oxygen has been depleted 
and anaerobic conditions are reached, corrosion will turn general and uniform. Green Rust 
(GR),  a group of mixed Fe(II)/Fe(III) hydroxides will be the prevailing corrosion product in 
moderately reducing environments and circumneutral pH as those expected in this phase 
(e.g.; Torres et al., 2007; Turrero et al., 2021). 

• As canister corrosion progresses and relative humidity increases alteration in the bentonite 
mineralogy can occur, in terms of precipitation of iron corrosion products in the surroundings 
of the interface, destabilization of montmorillonite and replacement by Fe-rich smectites or 
by non-swelling Fe-rich phyllosilicates (e.g., chlorite, berthierite, cronstedite, serpentine) 
and cementation due to precipitation of iron corrosion products or of SiO2 resulting from 
montmorillonite transformation (e.g. Guillaume et al., 2003, 2004; Wilson et al., 2006a; 
Charpentier et al., 2006; Mosser-Ruck et al,. 2010; Torres, 2011; Jodin-Caumon et al., 
2012). 

The radiation fields in the vicinity of the steel/bentonite interface may cause water to decompose into a 

range of redox-active species which can significantly influence corrosion kinetics. Then, an increase of 

the corrosion rate of the steel may occur (cf. Kursten et al., 2004b; Padovani et al., 2017). Over a certain 

dose of -radiation (>10-20 Gy h-1) the bentonite properties might be affected as well, mainly decreasing 

cation sorption capacity, what indeed affect the swelling potential of clay, and inducing changes in the 

redox reactivity of the material (through changes in the Fe(II)/Fe(III) ratio) (cf. Allard et al., 2012; 

Holmboe et al., 2012; Lainé et al., 2017). During first stages of the repository life, radiation could also 

have an impact on the decreasing of microbial activity at the steel-bentonite interface. 

After the transient stage (i.e., after about 100 years), conditions are expected to be anaerobic and with 

decreasing temperatures long-term conditions will be approached. At this stage the chemical 

environment at the interface between steel and bentonite/clay is anoxic and the pH is close to neutral. 

The saturation of the clay, decreasing of temperature and reducing conditions will favour uniform 

corrosion. Anaerobic corrosion of steel will lead to the generation of H2 gas at this stage. Microbially-

mediated corrosion might also occur. However, in compacted bentonite there may be too limited space 

for microbial activity. 

• As time advances, average temperature in the steel surface will decrease at 50 or 60 °C, 
enhancing saturation and swelling of the bentonite at the contact. As relative humidity 
increases, canister surface will become uniformly wetted. In this phase, it is foreseen that 
residual oxygen has totally been depleted and reducing conditions are achieved. Then, 
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anaerobic corrosion of the steel canister will occur and corrosion will become uniform 
(Turrero et al., 2021). 

• Anaerobic corrosion of steel consumes water and involves the generation of gas (H2) (see 
section 2.2.2). Hydrogen produced could alter physical properties of the bentonite (e.g., 
formation of microfractures or preferential pathways). However, the expected corrosion 
rates will be extremely low. Therefore, gas generation is expected to be low as well. 
Hydrogen pressure is unlikely to exceed the breakthrough pressure of compacted bentonite. 
In the case of exceeding it, microfractures can be formed. However, bentonite is expected 
to be able to self-seal these fractures under saturated conditions.  

• Microbial activity, in particular sulphate reducing bacteria may be important during this 
period by modulating redox conditions and transformation of iron phases (e.g., Smart et al., 
2017b); However, temperature, low porosity and swelling pressure of saturated bentonite is 
expected to act as a protective film against microbially-influenced corrosion (MIC) (e.g., 
Stroes-Gascoyne et al., 2007, 2010). 

• Corrosion rates will be below 10 µm yr-1 and corrosion products will be largely tied to site-
specific conditions (e.g., Kursten et al., 2004a; Smart et al., 2017a). Magnetite, siderite and 
iron sulphides will be mainly formed, depending on the clay and the chemistry of solution 
(e.g., carbonate, chloride and sulphide concentration), pH and redox potential (e.g., Wersin 
et al., 2003; Smart et al., 2004; Torres et al., 2007; Necib et al., 2019). Green rust may 
occur as a metastable intermediate phase. 

• Sorption sites on the clay can be filled by ferrous ions (e.g., Charlet and Tournassat, 2005; 
Géhin et al., 2007), which may compete with radionuclides or may act as a precursor of new 
Fe-Si phases. Also, reduction of structural Fe(III) can occur increasing the cation exchange 
capacity. Bentonite can be transformed into Fe-rich non-swelling silicates such as 
berthierine, cronstedtite or chlorite (e.g., Montes et al., 2005; Lantenois et al., 2005; 
Bildstein et al., 2006; Wilson et al. ,2006a; Schlegel et al., 2008; Lanson et al., 2012). This 
could jeopardize the long-term performance of the clay barrier by decreasing the swelling 
capacity, enhancing the hydraulic conductivity and increasing brittle failure. 

• The formation of secondary minerals at the interface steel-bentonite/clay can affect physical 
properties such as porosity and microstructure of the bentonite, which in turn would have 
an impact on the transport properties for solutes or gases at the interface. 

 

2.2.3.1 Concluding perspective 

The evolution of the repository environment (thermal, hydraulic and/or chemical gradients - redox, pH 

and dissolved species - from the initial post-closure stage until the system reaches long-term conditions 

will impact on the chemical evolution of the steel/iron-bentonite interface. Laboratory and in situ 

experiments, as well as investigations on analogues, evidence that many of the processes and 

mechanisms occurring at the steel canister/bentonite interface are reproducible under similar conditions 

and are well understood under a broad range of temperature and physico-chemical conditions. Results 

show that corrosion rates and products are well established and can be predicted by reactive transport 

models, if a number of variables such as humidity, pH, concentrations of dissolved salts, organic carbon 

and oxygen concentration are known in each stage of the repository. However, to do that is necessary 

to establish clearly the evolution of the system from the dry-out stage up to system get equilibrium 

conditions, which is a difficult issue since is highly dependent not only on in situ conditions at each stage, 

but also on variables still not well known, such as the role of gamma-radiation in the corrosion rate during 

first stages of the repository and also the role of microbial activity along the lifetime of the repository. 

The results of laboratory and in situ experiments, as well as from archaeological or natural analogues 

highlight the ability of the clay to absorb or react with Fe(II) when anaerobic corrosion occurs. Swelling 

capacity of the smectite may decrease as a consequence of the formation of Fe-rich non-swelling clays 

(e.g., berthierine, cronstedtite and chlorite). Also, sorption sites on the clay can be filled by ferrous ions 

that can compete with radionuclides. The understanding of the interactions at the interface between 

steel and bentonite/clay is continuously increasing on the basis of laboratory experiments, field 

experiments in underground research laboratories and modelling studies. Extensive numerical reactive 

transport modelling studies of the interactions occurring at the steel-bentonite/clay interface under 

typical repository conditions and the effects of corrosion products on the bentonite have been performed 
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in the last two decades (cf. Bildstein and Claret, 2015; Claret et al., 2018; Bildstein et al., 2019 and 

references therein). Although the numerical studies often differ on the precise nature of the main 

secondary minerals, the extent of the perturbation is always predicted to be limited to a few centimetres 

(< 20 cm) into the clay barrier in the long term. Further improvements of reactive transport simulations 

of steel-clay interfaces are expected by the coupling of electrochemical corrosion models that calculate 

the steel corrosion rates as function of geochemical conditions (e.g., Bataillon et al., 2010; King et al., 

2014) to reactive transport modelling codes (cf. Bildstein et al., 2019). 

 

2.2.4 Interface “steel – granite” 

In general, a direct interface steel-granite does not exist in repository concepts since there is always 

cementitious backfill or bentonite between the steel containers and the crystalline bedrock (cf. Neeft et 

al., 2019). For example, in Finland at the Olkiluoto site, parts of the low and intermediate level waste 

(containing both, carbon steel and stainless steels) are packed into carbon steel containers that are 

buried into concrete layered silos located 60 to 100 m under the sea level in crystalline bedrocks (cf. 

Somervuori and Carpen, 2021). Thus, the main interaction between steel (e.g., in waste containers) and 

granite can occur via granitic ground water. In case of a cementitious backfill, the evolution at the surface 

of the steel would be similar to those described in section 2.2.2, until the cementitious material is nearly 

completely degraded and the pH and composition of the pore water approaches the one of the bedrock 

groundwater. 

In the following paragraphs, only the interactions of steel with bedrock groundwater in a crystalline 

repository environment are considered, since the granitic host rock is deemed not to be affected by the 

presence or corrosion of steel (cf. Somervuori and Carpen, 2021). In contact with (granitic) groundwater, 

corrosion of steel is affected by pH, temperature, oxygen content (redox), ground water composition, 

radiation, and the presence of microbial activity. Generally, groundwaters in granitic rocks can exhibit a 

wide range of hydrogeochemical characteristics, ranging from lowly mineralised waters (representing, 

e.g., also glacial meltwater) to higher saline brackish or marine waters, or basement brines, depending 

on repository site and depth. 

The pH conditions in bedrock groundwater in granitic rocks are usually close to neutral (about 8). In 

anoxic conditions, corrosion rates of carbon steels are very low unless the groundwater is highly acidic 

or microbial activity is high. In neutral anoxic and abiotic environments, corrosion rates of carbon steel 

were found to be about 1 µm yr-1 or below (e.g., Smart et al., 2001). Under these conditions, formation 

of a magnetite (Fe3O4) film on carbon steel retards the rate of corrosion in groundwater environments 

(Smart et al., 2001). 

Temperature is an important factor in corrosion of steel because a higher temperature usually means 

accelerated corrosion rates. In the bedrock, the temperature depends on the depth from the surface and 

the geothermal gradient and therefore on repository site and concept. Moreover, disposal of high-level 

waste can lead to elevated temperatures in the repository near field for several hundreds of years, 

depending on the heat output of the waste and the repository lay-out. Smart et al. (2001) found a large 

increase in the initial corrosion rates of carbon steel (1 to 2 orders of magnitude compared to ambient 

conditions) at elevated temperatures (up to 85 °C) in anaerobic granitic groundwater. The initial 

corrosion rates were at the level of 10 to 30 µm yr-1 but dropped to less than 0.1 µm yr-1 after an oxide 

film had formed on the steel surface. This suggests that the diffusion of various (aggressive) species 

through the film becomes more determinative for the corrosion process and the corrosion becomes less 

sensitive to temperature over time (cf. section 2.2.2). 

The redox environment is very important in metal corrosion since many corrosion reactions need 

oxygen. In oxygen containing aqueous environments, the corrosion rates of iron and carbon steel are 

typically in the range from 0.05 to 0.15 mm yr-1, i.e., several orders of magnitude higher than under 

anoxic conditions (Tunturi, 1988). In oxygen free (anoxic) water, the corrosion of carbon steel is very 

low unless the water is acidic or there is microbiological activity on the surfaces (e.g., due to the 
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presence of biofilms), due to the formation of a passivating magnetite film on carbon steel surface. In 

the anoxic abiotic Finnish bedrock groundwaters the average corrosion rate of carbon steel was between 

1.1 µm yr-1 and 0.4 µm yr-1, which was higher than the recorded values for corrosion rates of stainless 

steels (e.g., Carpén et al., 2018). 

The groundwater composition in granitic bedrocks can exhibit a wide range of compositions and 

salinities, depending, inter alia, on the source of the groundwaters (e.g., fossil seawater, glacial 

meltwaters, near-surface groundwater, basement brines), ground water age and the extent of water-

rock interaction. From the viewpoint of steel corrosion, in particular the concentration of chlorides and 

sulphates are of interest, since they are known to increase the steel corrosion rates at elevated 

concentrations and promote pitting corrosion (cf. section 2.2.2). 

The effect of the radiation fields in a nuclear waste repository on the corrosion of steel is not clear and 

experimental results have been found to be inconclusive. Whereas some authors found no significant 

effects of gamma irradiation on the uniform corrosion of low-carbon steel aside from some pitting 

corrosion and an increase in hydrogen generation (e.g., Ahn and Soon, 1995), Liu et al. (2017) reported 

an increase in the corrosion rate of a carbon steel intended as canister material for high-level waste by 

33 % due to gamma irradiation with a rate of 2.98 kGy per hour. This radiation rate is not expected for 

vitrified HLW disposal cells (see Figure 2-13). 

The corrosion of carbon steel in anoxic groundwater is strongly affected by microbial biofilms and their 

metabolic activity, since microbiological activity on the steel surface accelerates the corrosion rate in 

oxygen free water (i.e., under anoxic conditions), e.g., due to decrease in the local pH (Small et al., 

2008). Corrosion induced by microorganisms is mainly localized corrosion (Rajala ,2017). In the 

presence of carbon steel, the microbial community in anaerobic groundwater was found to be more 

diverse and abundant than in the same environment without carbon steel (Rajala et al., 2015). 

Černoušek et al. (2019) found that in natural granitic water in anaerobic conditions, the corrosion rate 

of carbon steel was accelerated due to biofilm formation. However, the formation of a biofilm, which was 

dominated by sulphate-reducing bacteria inhibited the corrosion rate at slightly elevated temperatures.  

 

2.2.4.1 Concluding perspective 

A direct interface between steel and granite does not exist in geological repository concepts for nuclear 

wastes (except, e.g., for the use of rock bolts), since there is always cementitious backfill or bentonite 

between the steel containers and the crystalline bedrock (cf. sections 2.2.2 and 2.2.3). Thus, only an 

indirect interaction via the granitic groundwater occurs, which, however, is modified by the presence and 

nature of the backfill material. Corrosion of steel/iron in contact with granitic water is affected by many 

factors including pH, redox and composition of water. High pH tends to decrease corrosion rates of steel 

whereas high chloride and sulphide contents in groundwater induce localized corrosion. The role of 

microbes on the corrosion of steel in anaerobic conditions is important and has to be taken into account 

in granitic bedrock environments. The effect of radiation on the corrosion of steel is not resolved yet. 

The effect of steel corrosion on the granitic bedrock is deemed to be negligible. 

 

2.2.5 Interface “concrete – clay” 

In many disposal concepts for radioactive wastes, significant use is made of cementitious materials, for 

example as structural support material for access galleries and disposal drifts or cells (e.g., 

concrete/shotcrete), as well as grouts/mortars used as containment material for low and intermediate 

level wastes (cf. section 2.1 and Neeft et al., 2019). Thus, these cementitious materials can be in contact 

with both, the host rock clay formation and bentonite barriers (cf. NEA, 2012; Sellin and Leupin, 2013; 

Neeft et al., 2019). Due to the contrasting chemical and mineralogical properties of cementitious 

materials and clays, interactions will occur at the cement-clay interface as a result of the chemical 

gradients. For example, the pH of pore waters in either clay formations (e.g., Opalinus clay, Callovo 
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Oxfordian clay, or Boom clay) and bentonite is typically in the range of pH 7 to 8.5. In contrast, the 

progressive degradation of cementitious materials after resaturation of the repository leads to a pH in 

the cement pore fluids ranging over time from 13.5 (for systems based on Ordinary Portland Cement, 

OPC) to 10 (for details see section 2.2.6), slowly approaching the pH of the surrounding ground water 

in the long-term (cf. Berner, 1992; Glasser, 2011; Beattie and Williams, 2012; Hoch et al., 2012; Drace 

and Ojovan, 2013). Even in so-called low-pH cementitious materials the initial pH of the young pore 

water can often be above pH 12 (e.g., Vehmas et al., 2020). The term low-pH cementitious material is 

used here for cementitious materials/concrete where significant amounts of OPC in the binder is 

replaced by siliceous supplementary cementing materials, in particular silica fume, ground granulated 

blast furnace slag, or fly ashes. 

Within the context of deep geological disposal of nuclear waste disposal, cement/clay interactions have 

been investigated for more than three decades by means of laboratory and in situ experiments, studies 

on natural and industrial analogues, and reactive transport modelling. Comprehensive reviews on 

various aspects of cement/clay interactions have already been published in the past decades (e.g., 

Metcalfe and Walker, 2004; Michau, 2005; Gaucher and Blanc, 2006; Savage et al., 2007; Savage, 

2009, 2011; Sidborn et al., 2014; Bildstein and Claret, 2015; Dauzères 2016; Claret et al., 2018; Savage 

and Cloet, 2018; Bildstein et al., 2019). 

Short term laboratory (e.g., Adler et al., 1999; Adler, 2001; Dauzères et al., 2010, 2014; Fernández et 

al. 2016; Balmer et al. 2017) and longer-term in situ experiments (up to about 20 years) at different 

underground research laboratories like HADES, Mol, Belgium (Read et al. 2001), Mont Terri, 

Switzerland (e.g., Jenni et al. 2014; Dauzères et al., 2016; Lerouge et al., 2017; Mäder et al., 2017), 

Bure, Department Meuse/Haute Marne, France (e.g., Gaboreau et al., 2011, 2012; Dauzères et al., 

2016), or at the Tournemire site in France (e.g., Tinseau et al., 2006; Techer et al. 2012a,b; Bartier et 

al., 2013; Lalan et al., 2016), as well as the FEBEX experiment in the Grimsel test site in Switzerland 

(e.g., Alonso et al., 2017; Fernández et al. 2017; Turrero and Cloet 2017) have demonstrated that at the 

cement/clay interface, alteration of both cement paste and clay material take place, leading to 

mineralogical changes that modify the microstructure of the altered region, which may influence 

transport relevant properties such as porosity and permeability, or the radionuclide retention behaviour 

of the materials. 

 

2.2.5.1 Processes at the interface 

Due to the contrasting chemical and mineralogical properties of cementitious materials and clay rocks 

or bentonite, reaction zones will develop, with diffusive transport of aqueous species across the material 

interface in response to chemical gradients. These gradients develop typically from the higher 

concentrations (activities) of species such as OH-, K+, and Ca2+ in the cementitious materials, thus 

tending to diffuse towards the clay materials3. In contrast, the concentrations of species such as Mg2+, 

SiO2(aq) and HCO3
-, are often higher in the pore water of the clay formation/bentonite, thus tending to 

diffuse into the cementitious materials. Based on the existing literature the following key processes have 

to be considered at cement/clay interfaces, as observed in laboratory and in situ experiments, and/or as 

inferred from natural analogue studies, performed in Maqarin (Jordan), Cyprus or the Philippines (e.g., 

Alexander et al., 1992, 2008; Smellie, 1998; Alexander and Smellie, 1998; Crossland, 2006; Savage, 

2006; Alexander and Milodowski, 2011; Reijonen and Alexander, 2015; Milodowski et al., 2015, 2016) 

and various modelling studies:  

• Diffusion of hydroxyl anions from the cement into the clay will destabilize 
silicate/aluminosilicate minerals, leading to slow hydrolysis of montmorillonite and other 
aluminosilicate minerals present (e.g., Cuevas et al., 2006; Yamaguchi et al., 2007), 

 

3 In more saline clay host rocks i.e. in France, Switzerland and the Netherlands, the dissolved Ca2+ concentration can be higher 
than this concentration in concrete pore water (see Appendix B) 
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consuming OH- ions and neutralising the high pH fluids, but leading to a decrease in 
swelling pressure of smectitic clays. 

• Replacement of clay minerals by calcium silicate hydrates (C-S-H), sheet silicates, and/ 
or zeolites, with the secondary minerals forming in a zonal fashion (cf. Figure 2-10) 
(e.g., Gaucher and Blanc, 2006, Cuevas et al., 2006; Savage et al., 2007), potentially 
leading to an overall decrease in porosity (due to differences in molar volumes) and 
changes in the rheological properties of the clay (e.g., Jefferies et al., 1988). 

• Decalcification due to dissolution of portlandite (Ca(OH)2) and C-S-H, thus reducing its 
Ca/Si-ratio, in the cementitious material accompanied by rapid precipitation of Ca-
carbonates, such as aragonite and calcite, directly at the interface, due to steep 
gradients in hydroxyl ion concentrations (higher on the cementitious material) and the 
partial pressure of carbon dioxide (pCO2(g), higher in the clay rock formation) across 
the cement/clay-interface; these reactions lead to an increase in porosity in the 
cementitious material and a porosity decrease in the clay in the longer term. In low-pH 
cementitious materials, where portlandite may be lacking, the decalcification of the C-
(A)-S-H can proceed directly, leading to an earlier formation of amorphous silica as 
residue. However, low-pH cementitious formulations with slag and micro silica have a 
more refined pore structure leading to lower diffusivity and thus lower rates of mineral 
alteration.  

• Formation of calcium aluminium silicate hydrates (C-A-S-H) and (amorphous) 
magnesium silicate hydrates (M-S-H) at the interface, affecting porosity and transport 
properties at the interface (e.g., Dauzères et al., 2016), and replacement of portlandite, 
C-S-H gel and monosulphoaluminate by ettringite (e.g., Savage, 2014). Note that in low 
pH formulations, C-A-S-H can be present already as initial hydration phase. 

• Redistribution of sulphate towards the unaltered cementitious matrix due to the 
decrease in pH close to the interface, destabilizing earlier formed Ca-Al-sulphates 
(ettringite, monosulphate (AFm)) that re-precipitate in the higher pH regions (e.g., 
Mäder et al., 2017). 

• Fast exchange of cations in interlayer sites in montmorillonite, due to diffusion of K+, 
Na+ and Ca2+ from the cementitious material into the clay, leading to a decrease of 
swelling pressure. 

• Fast protonation-deprotonation reactions at clay edge sites, retarding the diffusive 
migration of hydroxyl ions due to reversible sorption processes. 

• Slow hydrolysis of montmorillonite and other minerals present, either as additives (e.g. 
quartz sand), or as accessory minerals reactions consuming hydroxyl ions, thus 
chemically neutralizing the advancing cementitious porewater, leading to an increase 
in porosity and a decrease in clay swelling properties. 

 

 

Figure 2-10: Schematic diagram of the potential sequence of secondary mineral forming as 
consequence of the migration of hyperalkaline pore fluids through bentonite (Savage and Benbow, 2007; 
Bamforth et al., 2012). Na/K phases may be replaced by more Ca-rich ones as the composition of 
cementitious pore fluids evolves with time. 

 

The studies performed have shown that there is a strong coupling between fluid and solute transport, 

dissolution of solids and precipitation of secondary phases, ion exchange and edge site sorption on 
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clays, and the consequential changes in physical properties of the materials (i.e., porosity, permeability, 

swelling pressure of clay) (cf. Savage and Cloet, 2018). Depending on the extent of porosity/permeability 

changes (e.g., pore clogging), changes in hydraulic conductivity, diffusivity, and gas permeability may 

occur. Moreover, the potential dissolution and replacement of clay minerals may alter the safety-relevant 

swelling properties and sorption capacity of the clay materials. However, the extent of alkaline 

disturbance in the clay host rocks is limited to a few meters in the long term. The processes occurring 

at the cement/clay interface as well as their kinetics will depend to a large extent on the initial properties 

of the materials, such as the nature of the cementitious binder (OPC or low pH binder), the mineralogy 

and pore water composition of the clay material, and their initial transport properties (e.g., porosity, 

diffusivity, incl. water saturation) and thus on repository concept and site. Thus, the extent and 

significance of these processes will need to be assessed on a site-specific basis (cf. NDA, 2016). Due 

to this complexity and diversity, it is difficult to establish a general sequence of secondary minerals 

forming in the cement domain due to the impact of the clay pore water. Details on experimental 

observations with respect to secondary phases formed at the interfaces between various cementitious 

materials and clays, clay rocks or bentonite have been compiled e.g., by Dauzères (2016) and 

Deissmann and Ait Mouheb (2021). 

The (long-term) interaction of cementitious materials with clays, clay rocks and bentonites have been 

subject to a large number of reactive transport modelling studies (cf. reviews in Bildstein and Claret, 

2015; Claret et al., 2018; Bildstein et al., 2019; Deissmann and Ait Mouheb, 2021). In these simulations, 

cement-clay interactions have been mainly modelled as coupled Thermal-hydraulical-mechanical-

chemical (THMC) processes in continuum scale reactive transport simulations, based on 

thermodynamic equilibria sometimes with the inclusion of kinetic data and diffusive transport, with 

various degrees of complexity. Most simulations addressed the interactions between cementitious 

materials and natural clay rocks, whereas relatively fewer studies investigated the interaction with 

bentonites. In the majority of the cases, OPC-based high-pH cementitious materials were addressed 

(CEM I); only recently, interface processes between low pH cementitious materials have been 

addressed in reactive transport modelling studies at different time and length scales (e.g., Berner et al., 

2013; Dauzères et al., 2016; Idiart et al., 2020). With respect to the simulation of laboratory and in situ 

experiments, it can generally be concluded that reactive transport modelling shows a great capability for 

reproducing the experiments, e.g., regarding mineralogical transformation pathways and net porosity 

evolution (cf. Bildstein et al., 2019). Despite the differences in the approaches of long-term simulations 

of cement-clay interactions, there are general similarities in terms of the predicted thickness of the 

altered zones in the clay and cement domain, the types of secondary solid products and changes in 

porosity. Simulations of the long-term evolution of the interface revealed a narrow zone (mainly in the 

order of cm to dm) of perturbed mineral and fluid chemistry located close to the interface, for timescales 

up to and beyond 100,000 years (cf. Savage and Cloet, 2018; Bildstein et al., 2019). Regarding the 

predicted mineral transformations there are recurring results, such as decalcification of cementitious 

materials (i.e., portlandite dissolution, decrease of the Ca/Si ratio in C-S-H), precipitation of ettringite in 

the presence of sulphates, and/or carbonation and smectite dissolution, dedolomitisation, as well as 

formation of C-(A)-S-H solids, clay minerals (illite, saponite), zeolites and carbonates in the clay domain. 

Critical parameters identified in the various studies comprise dissolution/precipitation kinetics and the 

description of evolving reactive surface areas that can play an important role in sequential minerals’ 

appearance or disappearance, the localization of porosity reduction and increase, the kinetics and the 

laws controlling the porosity/permeability and porosity/diffusivity feedback, and the inclusion of certain 

secondary phases (e.g., zeolites) and their thermodynamic/kinetic parameters. 

 

2.2.5.2 Concluding perspective 

The evolution of the interface between cementitious materials and clays (incl. poorly indurated clays, 

clay rocks, or bentonites) within the context of nuclear waste disposal has received widespread attention 

in the last decades. Substantial progress has been made in the characterization of the mineralogical 

and microstructural changes over relatively long time periods in the frame of experimental studies and 
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by investigation of natural analogues. Additionally, reactive transport modelling appears to predict well 

the chemical evolution occurring at the interface between cementitious and clay materials. The inclusion 

of new thermodynamic data on relevant phases (e.g., M-S-H, C-A-S-H, zeolites) that were made 

available recently (e.g., Roosz et al., 2018; Lothenbach et al. ,2019; Ma and Lothenbach ,2020, 2021) 

will probably lead to a further improvement of long-term predictions and the understanding of the 

interactions of cementitious materials with clays in the context of the evaluation of repository safety. 

 

2.2.6 Interface “concrete – granite” 

Cementitious materials are employed for various purposes also in waste repositories in crystalline 

(granitic) rocks (cf. Neeft et al., 2019). For example, the disposal tunnels are sealed with concrete end 

plugs to ensure mechanical and hydrological isolation of different compartments. In the Finnish final 

repository for HLW (i.e., spent nuclear fuel), several thousand tons of Ordinary Portland Cement (OPC)–

based grouts, shotcrete and rock bolt mortars will be present in structural applications and for sealing of 

fractures. Also, in the LLW repository in Finland, isolation is achieved by a combination of cementitious 

barriers and the granitic host rock (cf. Leivo, 2021). Processes occurring at the interface of 

cement/mortar/concrete and granite can change both the properties of the cementitious material and 

the granite properties at the interface. 

 

2.2.6.1 Processes in concrete 

In general, cement-based materials used in the groundwater environment are fundamentally unstable 

in a long-term perspective, due to thermodynamic disequilibrium with their environment. Thus, concretes 

and cementitious materials/barriers used in geological disposal facilities in crystalline rocks (or clay 

rocks) will inevitably change their mineralogical, chemical and physical properties in the long-term, both 

as a consequence of recrystallisation and chemical interactions with their environment. With respect to 

the long-term evolution of cementitious materials at the interface to granitic/crystalline rock, interactions 

are mainly related to the contact with the groundwater present in the bedrock. Generally, groundwaters 

in granitic rocks can exhibit a wide range of chemical characteristics ranging from lowly mineralised 

waters (representing, e.g., also glacial meltwater) to higher saline brackish or marine waters, or 

basement brines, depending on repository site and depth. The processes occurring in the cementitious 

materials in a repository due to the contact with granitic groundwaters depend on the local environmental 

conditions (in particular the groundwater composition) and comprise the typical processes described in 

detail in the respective literature in the context of the performance and degradation of cementitious 

construction materials in the subsurface (e.g., Taylor, 1997; Hewlett, 1998). These processes include in 

particular 

• removal of alkalis and decalcification,  
• carbonation,  
• attack by aggressive species (e.g., magnesium, sulphate, chloride), and 
• alkali-aggregate reactions 

Leaching of alkalis and decalcification causes changes of many physical and mechanical properties of 

cement-based materials such as porosity, elastic modulus, compressive strength, internal friction angle 

and creep. Leaching of concrete by percolating or flowing water can cause severe damage, e.g., in 

dams, pipes or conduits, and is potentially important for the long-term evolution of repository systems 

for nuclear wastes. These processes are expected to remove alkali hydroxides, dissolve portlandite 

(Ca(OH)2) and decompose the hydrated silicate (i.e., calcium silicate hydrates, C-S-H) and aluminate 

phases (AFm/AFt), leading to a concomitant decrease of the pH of the pore solution in the cementitious 

materials. Initially, dissolution of KOH and NaOH within the cement will form a pore water with pH ~13. 

The pore water pH will then decrease to ~12.5 where it will be buffered by equilibration with portlandite. 

This pH will remain until all portlandite has dissolved, after which, pH will be controlled by equilibrium 

with the incongruent dissolution of the C-S-H gel and will decrease to ~10.5. The ultimate residue will 
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consist essentially of hydrous forms of silica, alumina and iron oxide, while all CaO will be lost. By this 

stage, the cement paste will be disintegrated. The schematic evolution of pore solution pH during 

degradation of OPC based cementitious materials by pure, demineralised water is shown in Figure 2-11. 

Removal of alkalis and decalcification generally lead to an increase in porosity/permeability and 

diffusivity in cementitious materials. 

 

 

Figure 2-11: Schematic evolution of pore solution pH during leaching of Portland cement-based 
materials by pure water (Atkinson et al., 1985; Berner, 1992; Snelman and Vieno, 2005; Cau Dit Coumes 
et.al., 2006). 

 

Carbonation occurs when carbon dioxide dissolves in the pore solution of cement paste, producing CO3
2-

ions, which will react with Ca2+ and produce CaCO3 (calcite) on the expense of portlandite. Later, when 

portlandite is consumed, C-S-H is first decalcified and later decomposed. The AFm and AFt phases 

react with the carbonate anions and can form special carbonate phases (e.g., thaumasite, 

Ca3Si(OH)6SO4CO3·12H2O). If pH is lowered further by addition of more carbon dioxide, these initially 

formed carbonate species will decompose. The residues from complete carbonation of cementitious 

materials are calcite, amorphous silica, hydrocarboaluminates and different Al- and Fe-hydroxides. The 

pH value of the carbonated cement paste first drops to around 10 when all portlandite is consumed and 

later to a pH around 8, when the other phases are decomposed. These carbonation reactions are mostly 

happening at a slow rate and are especially pronounced during the operational phase of the repository, 

when the cementitious materials are in contact with gaseous CO2 from the ventilated tunnels, and, in 

later stages, due to CO2 production from degrading organic wastes, or due to interaction with carbonate-

rich groundwaters. Due to microstructural changes, carbonation is often accompanied by a reduction of 

permeability and diffusivity of cementitious materials. 

Sulphate attack in concrete originates mainly from interaction with sulphate rich groundwaters. The 

damage to concrete structures resulting from external sulphate attack is related to the chemical 

reactions between sulphate ions and the solid cement hydration products, leading in particular to the 

formation of ettringite (Ca6(Al,Fe)2(OH)12(SO4)3·26H2O) and gypsum (CaSO4·2H2O), which occupy a 

larger volume than their educts. This can lead to the generation of stress in the interior of the concrete 

as a result of the formation of the expansive products, which in consequence results in a mechanical 

response of the bulk material, such as cracking. However, the potential effects of sulphate attack in 

cementitious repository materials can be minimized by the utilisation of sulphate resistant cements.  

The attack by magnesium ions present in groundwaters can be particularly deteriorating for concrete 

structures, as it can cause a complete disintegration of the C-S-H phases in the long term. In contact 

with magnesium rich groundwaters, the magnesium replaces the calcium in the hydration phases 

leading to the formation of amorphous Mg(OH)2, magnesium silicate hydrates (M-S-H) as well as Mg-

containing SiO2 gel, accompanied with a drop in pH to approx. 10.5 (e.g., Taylor, 1997, Eglinton, 1998). 

Deterioration of materials properties due to chloride ingress is one of the main causes of concrete 

degradation worldwide. Concrete itself is generally not adversely affected by chloride ingress, though 
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the formation of some new chloride-bearing phases such as Friedel’s salt (Ca4(Al,Fe)2(OH)12Cl2·nH2O) 

at the expense of other AFm/AFt phases is possible. However, the steel reinforcement and other steel 

materials inside concrete can be corroded at elevated chloride concentrations, which may lead to the 

formation of (expansive) corrosion products accompanied by crack formation due to mechanical stress. 

However, this is deemed to be more relevant under oxic conditions that may occur in concrete-granite 

systems when an insufficient concrete cover has been used or in the presence of glacial meltwaters. 

The transport and distribution of chlorides in a concrete structure are very much a function of the 

environmental exposure, i.e., chloride concentration and duration of exposure to solutions in contact 

with the concrete surface. 

Alkali-aggregate reactions (AAR), also termed alkali-silica-reactions (ASR), are chemical reactions 

occurring between minerals present in certain types of aggregate, and alkali (Na+ and K+) and hydroxyl 

(OH-) ions present in the pore solution of the cement paste in concrete. These dissolution reactions 

occur due to the high solubility of certain amorphous, disordered or poorly crystalline forms of silica 

(SiO2) in highly alkaline solutions leading to formation of a hygroscopic alkaline gel. In general, these 

reactions are expansive in nature, resulting in internal stresses in concrete and consequently cracking. 

It is often accompanied by the appearance of efflorescence and exudations on the surface of the 

concrete. They can significantly decrease the durability of concrete as a result of cracking favouring 

other processes of deterioration, particularly in the cases of carbonation or chloride penetration resulting 

in reinforcement corrosion. However, ASR can be prevented in cementitious materials in the repository 

environment by using either non-siliceous aggregates, e.g. carbonates or using cements with a low alkali 

content (e.g. blended low-pH cements). The absence of ASR with the use of quartz aggregates and low-

alkali binders has such extensive demonstrated experience that this combination has turned into a best 

practice for civil engineering. Different time frames are active for geological disposal of waste and ASR 

can thermodynamically not be excluded. Kinetically, ASR can be minimised through the reaction rims 

(see section 3.1.4.1.2). The extent of this minimization determines whether ASR has an impact on the 

chemical evolution of disposal cells.   

 

2.2.6.2 Processes in granite 

The production of alkaline leachates (high-pH plume, cf. Figure 2-12) developing at the concrete/granite 

interfaces from alteration of concrete may cause degradation of silicate minerals (e.g., feldspars) in the 

crystalline bedrock around the repository and precipitation of secondary phases further along fractures, 

where more neutral pH conditions prevail (Baker et al., 2002). These interactions between the cement 

leachate and the rock are a potentially important factor for altering flow in the near-field rock, due to 

clogging of fractures by formation of secondary minerals (e.g., Mäder et al., 2006; Alexander, 2012). 

However, there are still a number of uncertainties associated with this sealing of fractures due to the 

formation of secondary minerals (Savage, 2018). It has been stated that the beneficial effect of fracture 

sealing due to cement-host rock interaction cannot be taken into account in the safety case because 

they cannot be quantified (e.g., Pastina et al., 2012; Koskinen, 2014). 
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Figure 2-12: Effects of an alkaline plume in granitic host rocks (POSIVA 2012). 

 

In the last two decades, a number of laboratory studies and experiments in underground research 

laboratories (e.g., at the Grimsel Test Site in Switzerland) have been performed addressing the 

interaction of cement leachates with crystalline granitic rocks (e.g., Bateman et al., 1999, Mäder et al., 

2006, Pfingsten et al., 2006; Moyce et al., 2014, Lanyon, 2015, Watson et al., 2017), complemented by 

respective reactive transport simulations (e.g., Sole,r 2012; Soler et al., 2006, 2011; Soler and Mäder, 

2007, 2010; Watson et al., 2017; Chapparo et al., 2017). There is a general agreement that the 

dissolution of the primary silicate minerals in granitic rocks by cementitious leachates is followed by the 

precipitation of secondary phases such as C-S-H, Ca-Al-Si-hydrates (C-A-S-H), magnesium-silicate-

hydrates (M-S-H), calcite, clays and zeolites, mainly on fractures. Subsequent transformation of C–S–

H to feldspars and zeolites can occur in the longer-term. In general, these reactions are very slow and 

highly dependent on pH, temperature and groundwater composition. 

Recently, Szabó-Krausz et al. (2021) evaluated the geochemical interactions occurring at the granite-

concrete interface in the operating LLW/ILW repository at Bátaapáti, Hungary. The main secondary 

phases observed at the interface after 1 to 15 months of reaction were the Ca-carbonates calcite and 

vaterite. Calcite veins occurred along the granite-concrete contact while vaterite precipitated in the pores 

of the concrete near the interface. This carbonation was explained by Szabó-Krausz et al. (2021) by 

reaction of Ca released by the dissolution of the cementitious material and HCO3
- from the local granitic 

pore water. The carbonation process was found to reduce the porosity and permeability in the contact 

zone, avoiding or slowing down further interaction of the materials. Moreover, a frequent occurrence of 

titanite along or near the granite-concrete interface, but always on the side of the granite was observed. 

It was concluded by Szabó-Krausz et al. (2021) that titanite formed where i) the Ca concentration was 

not high enough to form carbonates, and ii) sufficient dissolved SiO2 was in the solution, with the granite 

serving as a source of TiO2. The observation of neighbouring calcite and titanite precipitation was seen 

as indicator for distinctively changing geochemical conditions within short distance of the interface. 

 

2.2.6.3 Concluding perspective 

The physico-chemical processes occurring at the interface between cementitious materials and 

crystalline, granitic rocks in a deep geological repository can change the mineralogical, geochemical 

and solute transport properties of both materials. However, compared to the interface between 

cementitious materials and clays or clay rocks, the interface with granitic/crystalline rocks has received 

less attention so far. Changes on the concrete side are related to the contact with the groundwater 
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present in the crystalline bedrock and comprise typical alteration phenomena observed in subsurface 

construction materials, which depend in particular on the composition and pH of the contacting water. 

The alkaline plume caused by the leaching of concrete due to interaction with the bedrock groundwater 

will have an influence on the granite by dissolving primary silicate minerals and the precipitation of 

secondary phases at the interface and on fractures, which may result in changes in the flow regime in 

the repository near field. In general, the chemical alteration processes at the concrete/granite interface 

in underground repositories are expected to be rather slow. 
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2.3 Narrative time-space evolution at disposal cell scale 

An important step in the quantitative assessment of the chemical evolution at the disposal cell scale is 

the integration of individual studies in an integrated phenomenological description of the time-space 

evolution at the disposal cell scale. This section presents narrative evolutions for disposal cells defined 

using the main characteristics of the HLW and ILW disposal cells in European programmes, based on 

the information from the individual interfaces (Deissmann et al., 2021) and from the current handling of 

chemical evolution in European programmes (Neeft et al., 2019). The handling of the chemical evolution 

can be a compromise between ‘’what occurs’’, for example, what are the most relevant processes, and 

‘’what can be modelled’. ‘What occurs’ is an understanding of the processes taking place in the chemical 

evolution and those process are included in this section. The ‘what occurs’ includes assumptions that 

need to be substantiated. The contributors of the handling of the chemical evolution in European 

programmes have been asked to limit their efforts to a normal evolution scenario. This section therefore 

only includes this scenario with the most likely processes.  

 

2.3.1 HLW disposal cells 

ACED does not address radiological and microbiological processes but it needs to be assessed whether 

their consequences need to be included in the chemical evolution. The carbon steel overpack (see 

section 2.1.1.2 and 2.1.1.3) is considered as an example in order to show how such an assessment can 

look like. Radiation enhanced corrosion depends on the radiation rate and access to water. Radiolysis 

of water can generate O2 by which a more oxidising environment becomes present in the vicinity of the 

metal overpack. Aerobic induced steel corrosion rates are larger than anaerobic corrosion rates of steel. 

The radiation rate can be determined by the activity of the radionuclides in the vitrified waste form and 

the penetrating power of gamma rays that are released upon decay of these radionuclides. Figure 1-2 

shows that the radiotoxicity of the waste is initially dominated by 90Sr and 137Cs but only 137Cs and its 

daughter release upon decay a sufficient high gamma energy to contribute to the radiation dose rate at 

the surface of the carbon steel overpack. The vitrified waste form has guaranteed maxima in activity 

content of these two radionuclides of 6600 TBq for 137Cs and 4625 TBq for 90Sr (AREVA, 2007). The 

maxima are assumed to be the activity of these radionuclide at time is 0 years in Figure 2-13. The 

vitrified waste form is not immediately emplaced in a disposal facility but is cooled for a couple of 

decades; for example, the French programme uses an age of 85 years and 70 years in their disposal 

concept (Cochepin et al., 2019). The half-lives of the radionuclides that initially dominate the radiotoxicity 

are 29 years for 90Sr and 30 years for 137Cs. Consequently, the radiation dose rate has been significantly 

reduced upon emplacement of vitrified HLW. The metal overpack has a high density of about 8000 kg/m3 

and can therefore provide shielding that also limits the radiation dose rate at the outside of the metal 

overpack. Two examples of thickness of carbon steel overpack have been calculated in Figure 2-13: 

• A thickness of 3 cm, which is characteristic for a disposal package with a concrete buffer as 
used in the Belgian and Dutch disposal programmes (Neeft et al., 2019); 

• A thickness of 14 cm, which is the thickness considered in the Swiss programme (Leupin et al., 
2016; Levasseur et al., 2021). 

Based on the research by Smart et al. (2017), Figure 2-13 shows that the thinner carbon steel overpack 

of 3 cm has a high enough radiation dose rate for radiation enhanced corrosion for a disposal package 

with a concrete buffer for vitrified HLW with an age of 60 years. If specified, all programmes consider 

older waste packages (Neeft et al., 2019). Consequently, radiation enhanced corrosion does not need 

to be included in the chemical evolution in this HLW disposal cell.  

Relevant literature about the impact of radiation on steel interfacing bentonite has not been found but 

the values found for steel exposed to groundwater (Smart et al., 2008b) are considered as a minimum, 

since the process is attributed to the radiolysis of water and accessible amount of water. Figure 2-13 

shows that the radiation dose rates for a thicker carbon steel overpack interfacing bentonite is too low 
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for radiation enhanced corrosion at any age of vitrified HLW. Also, the dose rates of 10-20 Gy per hour 

listed in section 2.2.3 to affect the properties of bentonite do not occur.  

 

 

Figure 2-13: Radiation dose rate as a function of the time after CSD-v fabrication calculated with 
Microshield. Activity 137Cs at 0 years is assumed to be 6600 TBq.  

 

It can be deduced from the available literature that radiation enhanced corrosion and microbial induced 

corrosion can never occur at the same time, i.e. microbial activity requires lower radiation doses rates 

than required for radiation induced corrosion. Radiation has been known to kill microbes and this 

information is also used for health reasons such as sterilization of food. The decrease in the number of 

viable (i.e., culturable on a chosen medium) bacteria as a function of increasing total dose is determined 

and expressed as the D10 value, the total dose required to reduce the viable population by one order of 

magnitude or 90% (Abrahamsen et al., 2015). D10 values are additive; for a reduction of three orders in 

magnitude, a total dose equal to 3 times the D10 value is required. The D10 values for relevant bacteria 

ranged between 0.5 and 1.57 kGy (Stroes-Gascoyne and West, 1997). Consequently, sterilization can 

be achieved for any considered age of vitrified HLW since these doses are received multiple times. In 

research, usually sterilisation levels are achieved with high radiation dose rates, higher than 

representative for geological disposal. What lacks in the radiation sensitivity of microbes is the 

equilibrium between the reduction in viable population by radiation and increase in viable population by 

growth of this population by consumption of nutrients and electron acceptors and donors. Nevertheless, 

there are several other arguments by which microbial induced corrosion is highly unlikely, i.e. the high 

temperature load at the start of the post-closure phase, too small connecting pore throats that limit 

transport of food and energy sources, the drying of the buffers at the start of the post-closure phase by 

the heat emitted by the waste, and for the concrete buffer also the high pH of the concrete pore water. 

Microbial induced corrosion is therefore excluded in the narrative for HLW disposal cells, the only 

microbial activity considered possible is at the interface between bentonite and granitic rock and 

localised at the fractures in the rock. These microbial processes have negligible effects on the chemical 

evolution at disposal cell scale.  
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The chemical alterations of the engineered materials in HLW disposal cells in the post-closure phase 

are thus determined by: 

1) the formation of an alteration layer between two interfacing materials. This alteration layer may 
have been formed already before or in the operational phase; 

2) the diffusional exchange of species through this alteration layer and/or the thickness of the 
diffusional layer of dissolved species near the alteration layer. The maximum dissolved 
concentration in this diffusion layer is in equilibrium with the alteration layer. The thickness of 
this diffusion layer in the interfacing material depends on the speed of migration of the dissolved 
species in this material and sorption of dissolved species by minerals in this material.  

 

2.3.1.1 From closure till about 1000 years 

The heat generated by decay of the radionuclides in the vitrified HLW has initially an important effect on 

the chemical evolution of the engineered barriers. The temperature increase results into a decrease in 

saturation degree in the buffers by which the access to water needed to continue chemical corrosion is 

minimized. This effect has been modelled in the Spanish programme for the bentonite buffer in which 

saturation of the bentonite buffer was achieved within 20 years for HLW disposal cells in granite (Neeft 

et al., 2019). This short period is specific for granitic host rocks since there is sufficient access of water 

to saturate the buffer. There is less water available to saturate the bentonite buffer in indurated clay. A 

period between 100 and 1000 years is foreseen for saturation of HLW disposal cells with bentonite 

buffers in indurated clay (Leupin et al., 2016). The impact of this difference in access of water is 

visualized in Figure 2-14 with a smaller corroded part of the steel overpack for disposal cells in indurated 

clay compared to disposal cells in granitic rocks. Such modelling results for the saturation degree in the 

concrete buffers are available for poorly indurated clay (Weetjens et al., 2006; Poyet, 2006, 2007) and 

are foreseen to have a negligible effect on the chemical corrosion rate, since a temperature of 80 C is 

achieved within a few decades (Neeft et al., 2019) and the same corrosion rate was measured at 25 C 

and 80 C (Smart et al., 2017c). After about 1000 years, a temperature below 50 C is achieved at the 

steel overpack, and in disposal concepts in which the overpack is enclosed in a bentonite or concrete 

buffer, the host rock is almost no more heated by the waste (Neeft et al., 2019). Figure 2-14 shows that 

the chemical evolution at disposal cell scale after about 1000 years is envisaged to be small.  

 

Figure 2-14: Chemically evolved disposal cells after about 1000 years containing vitrified HLW for the 
host rocks: granite, poorly indurated clay and indurated clay. Blue = vitrified HLW, black = left metallic 
substrate of steel overpack, green = corroded part of steel overpack, bentonite (purple),carbonated 
concrete (white), unaffected concrete (grey), grout (light grey). Ingress of ions are indicated e.g. Mg2+ 
and HCO3

- from granitic / clay host rock into bentonite buffer / concrete segment. 

 

There can be aerobic and anaerobic corrosion processes in this period from closure till about 1000 

years. An alteration layer is formed during this corrosion process. There is thermodynamic data and 

software available to calculate the stability of alteration layers as a function of the pore water chemistry. 
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Figure 2-15 shows the Pourbaix diagrams with the available phases of calcium, iron-oxides with and 

without calcium and bicarbonate in the pore solution. 

 

 

Figure 2-15: Pourbaix diagrams for the system Fe-H2O with an activity of dissolved species of 10-7 M; 
0.002 M Ca is a reasonable concentration for tap water and 0.02 M Ca is the maximum dissolved calcium 
concentration without alkalis (Berner, 1992) and (Vehmas and Itälä, 2019) and 3M HCO3

- is the 
concentration found in Spanish and Czech granitic rocks and French indurated clay (see Appendix B) 
Magnetite (green) is Fe3O4(s) and Hematite (orange) is Fe2O3(s) and Siderite (yellow) FeCO3 (s)4. 

 

 

4 These figures have been made with Phreeplot (Kinniburg and Cooper 2018), a free available software programme that makes 
geochemical plots using Phreeqc (Parkhurst and Appelo 2013). The SIT database has been used as input for these 
calculations. This database corresponds to the PHREEQCi version of the ThermoChimie V.7.b, developed by Amphos 21, 
BRGM and HydAsa for ANDRA, the French National Radioactive Waste Management Agency. 
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Please note that supersaturated iron solutions have been used in the calculated Pourbaix diagrams; for 

example, the actual range in pH of the thermodynamically stable magnetite is smaller. The minimum in 

solubility has been calculated to be 10-9 M at 100 ºC and 10-10 M at 25 ºC (Hermansson, 2004).  

 

2.3.1.1.1 Aerobic corrosion 

Bentonite and concrete buffers contain entrapped oxygen as a result of the fabrication process. This 

oxygen is consumed by corrosion of steel or by reaction with traces of pyrite; these traces can be present 

in bentonite and in concrete that has been made with cement that is blended with blast furnace slag 

(BFS). The alteration layer formed during aerobic corrosion would be hematite as shown in Figure 2-15. 

The period in time for aerobic corrosion of the carbon steel overpack by this entrapped oxygen is 

expected to be smaller than a few years, but others consider a transient phase to anaerobic conditions 

lasting till 100 years (see section 2.2.3). Nevertheless, the available oxygen can be quantified for aerobic 

corrosion and conservative estimates predict a corroded thickness of 0.7 mm (Alexander and McKinley, 

1999).  

A period with aerobic corrosion can also be absent for example in the case of carbon steel interfacing a 

cementitious material that was a blend of Ordinary Portland Cement (OPC) and BFS (Naish et al., 1991) 

in which the rest potential is immediately achieved. Magnetite could only be measured on the carbon 

steel interfacing this cementitious material with BFS that was run for almost two years. This magnetite 

measurement using Raman spectroscopy and the electrochemical measurement provided the evidence 

that steel had become passivated. Other blends of OPC with fly ash and OPC showed no corrosion 

product on carbon steel, i.e. steels embedded in these cements still experienced active corrosion after 

two years. But like for clays, also for cementitious materials the available oxygen for aerobic corrosion 

can be quantified and a maximum in aerobic corroded thickness can be set. A maximum in air content 

in fabricated concrete is quality controlled through EN 12350-7. 

 

2.3.1.1.2 Anaerobic corrosion 

The anaerobic corrosion of steel uses water as an oxidant and magnetite is predicted in Figure 2-15. 

Passive corrosion of steel is achieved when the corrosion rate has become equal to the dissolution rate 

of the passive film (Grauer, 1988); the magnetite layer constitutes a barrier against transport of water 

towards steel and of dissolved iron species into solution. This passivation is expected to extend beyond 

the thermal phase for concrete buffers due to its high pH. However, the presence of magnetite is also 

assumed and measured for steel exposed to pore water with a lower pH. Precipitation of magnetite as 

a corrosion product in bentonite has been modelled at 25 ºC in the Czech and Spanish disposal 

programmes due to an increase of pH till 10 by iron corrosion at the vicinity of the bentonite-iron interface 

(Neeft et al., 2019). This rise in pH near the steel surface, which makes precipitation of magnetite 

thermodynamically possible, can be caused by insufficient dissipation of the generated hydroxyl ions in 

bentonite. This insufficient dissipation is also present in bentonite pore water by which the formation of 

magnetite was measured due to a local increase in pH of 10 (Kreis, 1991). The presence of bicarbonate 

in the pore water has an effect on the formation of the chemistry of the alteration layer. The ingress of 

bicarbonate into the bentonite buffers may result into a change of the alteration layer from magnetite to 

siderite as predicted in Figure 2-15.  

The thickness of the steel overpack is at least three times smaller for countries considering a concrete 

buffer compared to countries that have chosen a bentonite buffer. The found long term corrosion rates, 

i.e. after an alteration layer has been formed, are also different in orders of magnitude. The long-term 

corrosion rates of carbon steel from section 2.2 are: 

• below 10 µm per year, if this steel interfaces bentonite (see section 2.2.3); 

• in the range of 0.1 µm per year or lower, if this steel interfaces concrete (see section 2.2.2); 

• below 0.1 µm, if this steel interfaces granitic pore water (see section 2.2.6). 
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The higher corrosion rates for steel interfacing bentonite may be understood from the surface charge of 

minerals in the buffers. The zeta-potential of clay minerals in bentonite buffers is negative by which there 

is preferably sorption of cations. The speciation of dissolved iron is Fe(OH)+ for pH<11 and Fe(OH)3
- for 

pH>11 as shown for the Pourbaix diagrams in Figure 2-15, as long as the bicarbonate content of the 

pore water is limited. The selective sorption of Fe(OH)+ onto the clay minerals reduces the thickness in 

the diffusion double layer for the dissolved concentration of iron species. This reduction in thickness 

enhances the dissolution of the alteration layer and thereby corrosion. It is known that the tendency of 

the sorption of dissolved iron may increase the corrosion rate in clay (Johnson and King, 2008; Savage, 

2014). This sorption induced corrosion may be different for porewaters enriched in bicarbonate, since 

the iron-(bi)carbonate dissolved species are negative at pH<6 according to Figure 2-15; i.e. selective 

sorption of these dissolved species by clay minerals would be absent. The corrosion rate would 

decrease if the removal of dissolved iron-(bi)carbonate species does not take place. An experimental 

comparison of carbon steel in bentonite with and without pore water containing bicarbonate is however 

unknown to the authors of this SOTA.  

The zeta potential of cement minerals in concrete is positive at a pH>11.8 (Pointeau et al., 2008)5. There 

could also be sorption of dissolved iron species such as Fe(OH)3
-.  

Archaeological analogues (e.g. Dillmann et al., 2014) indicate that the chemical interaction between the 

buffers and steel remain in the vicinity of the interfaces. Cross section analysis from the metal or iron 

towards the porous materials - soils (e.g. argillaceous sediments) or cementitious materials - show 

similar patterns (Figure 2-16).  

• The metallic substrate (M) in case of steel, and in case of iron, also some slag inclusions 
are present in this substrate; 

• Product Layer (DPL) containing iron oxides and further towards these porous materials 
iron hydroxides. These phases are generally well crystallised and relatively compact; 

• Transformed Medium (TM) a transition zone between DPL and the porous materials 
containing markers from the porous materials e.g. quartz grains; 

• The binder (B) in cementitious materials or (S) soil where no corrosion products can be 
found. 

 

Figure 2-16: Main corrosion pattern observed on several metal-soil interfaces of several hundred years 
old (left) (Neff et al., 2004) and metal-binder interface of 350 years old (Chitty et al., 2005) 6 

 

 

5 The surface charge as a function of the Ca/Si ratio of CSH-gel has been explored in Cebama (Grivé and Olmeda, 2015) since 
this Ca/Si ratio depends on pH (Berner, 1992). Indeed, CSH gels with a Ca/Si ratio of 1.4 show anionic exchange that has 
been proven with the MoO4

2- uptake and CSH-gels with a Ca/Si ratio of 1.2 and 0.8 have lost this uptake (Grambow et al., 
2015). 

6 Measurement of quartz and calcite for all binders by X-ray diffraction in Chitty’s study indicates that all binders were fully 
carbonated and had a pH of 8. These pure lime binders harden by atmospheric carbonation. 
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2.3.1.1.3 Dense product layer / Inner Layer 

The porosity of DPL has been measured to be 10 vol% (Chitty et al., 2005). The archaeological 

analogues are obtained at lower temperatures than envisaged at the steel overpack. The chemical 

interaction at the clay-iron interface at 90 C shows however a similar result, expect that the DPL is 

further subdivided in an internal and external DPL (Figure 5-27 in Deissmann et al., 2021)). Other 

definitions of DPL and TM are a fairly dense Inner layer and an Outer layer (Atkins et al., 1991). The 

DPL is more or less the alteration layer magnetite or siderite as calculated in Figure 2-15. The impact of 

calcium on the formation of the alteration layer has not been included in the corrosion process in section 

2.2 but dissolved calcium in clay and concrete seems to have a crucial role in the formation rate of the 

spinel-type passivation film (Kreis, 1991). At both the clay-steel interface (Neff et al., 2004) and the 

concrete-steel interfaces (Chitty, et al. 2005), the formed spinel corrosion product magnetite contains 

traces of calcium. Magnetite (Fe3O4) and CaFe2O4 are both spinels that cannot be distinguished by 

Raman spectroscopy; this technique is used to provide evidence that the steel has become passivated 

(e.g. Naish et al., 1991). Thermodynamically, it is possible to have a calcium-iron containing passivating 

film as calculated in Figure 2-15, especially at a pH>12.5, but so far it has not been identified as a 

passivating film8. The impact of calcium may therefore be important for understanding the corrosion 

process of the overpack enclosed in the concrete buffer. The chemical analysis of the surface films and 

difference in corroded thickness measured by weight loss and hydrogen generation monitoring also 

showed that another corrosion product than magnetite (Fe3O4) would have been formed on the surface 

of steel (Kaneko et al., 2004).  

 

2.3.1.1.4 Transformed medium / Outer layer / Alteration zone 

The transformed medium is a result of an interaction between the dissolved species from iron corrosion 

and clay or cement minerals. The quartz grains in concrete and sediment (soil) seem to remain 

unaffected in the analogues.  

 

2.3.1.1.4.1 Zone in bentonite 

The transformed medium can be the alteration zone of bentonite with a reduced porosity due to 

cementation of clay by precipitation of magnetite. The diffusion values in this zone may be smaller than 

in unaffected bentonite due this decrease in porosity. There can however also be an increase of diffusion 

values in this zone due to the reaction between dissolved iron and the swelling clay mineral 

montmorillonite into a non-swelling sheet silicate. The chemical characteristics of the transformed 

medium is quite well known for bentonite which is Fe-rich non-swelling silicates (see section 2.2.3). The 

work done by Savage (2014) includes some quantification of the processes at disposal cell scale by 

which the dominating processes can be elucidated. Figure 2-17 shows that the alteration of clay minerals 

in bentonite is strongly coupled to the iron corrosion process.  

 

7 Hematite instead of magnetite can be measured using Raman spectroscopy if the laser power heated the specimen beyond 
400ºC (Neff et al., 2004). Only magnetite would be measured in deaerated soils (Dillmann et al., 2014) 

8 However, some experimental results support the hypothesis of a calcium-iron containing passivating film. Removal of dissolved 
calcium has been confirmed from batch sorption experiments with a fine powder of iron and cementitious pore water with a 
pH of 13.5. On the reacted iron particles - despite the calcium concentration being undersaturated - precipitation of Ca(OH)2 
had taken place as deduced from pair distribution function analysis. Interspersed Ca(OH)2 within the iron-oxide layer is formed 
during the corrosion process, but co-precipitation into a solid solution between calcium and iron might also occur (Ma et al., 
2018).  
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Figure 2-17: Impact of iron corrosion on clay minerals in bentonite (Savage, 2014) 

 

As earlier explained, although the pH of the bentonite pore water is too low for magnetite, magnetite is 

formed by insufficient dissipation of hydroxyl ions. This local increase in pH due to steel corrosion 

determines the clay dissolution. This dissolution promotes the transformation of montmorillonite into 

non-swelling silicates. The slow dissolution rate of montmorillonite is considered the rate limiting step 

for the transformation of bentonite. The maximum in calculated thickness of the alteration zone in 

bentonite in simulations with the clay dissolution as the rate-limiting step was 0.1 m after 5000 years 

(Savage, 2014).  

 

2.3.1.1.4.2 Zone in concrete 

The transformed medium between DPL and binders also contains precipitated iron-hydroxides with a 

III+ valence that have resulted in a reduction in porosity of concrete near the DPL. (Chitty, et al. 2005; 

Atkins et al., 1991). For non-carbonated concrete with a concrete-steel interface lasting for 23 years, 

portlandite crystallites are also present in the outer layer. These crystallites had a distinctly different 

morphology than portlandite in the cementitious matrix and the transformed medium contained loosely 

bound material (Atkins et al., 1991). The observed loosely bound may indicate that the strength locally 

has diminished and that the hydraulic conductivity has increased.  

Negatively charged dissolved iron species are expected at the pH of the concrete pore water. Sorption 

of these species by positively charged cement minerals is envisaged. An iron-enriched layer has been 

measured and it is assumed that iron (dissolved species) may form iron-containing cement hydration 

phases (see section 2.2.2.3). A mineralogical change of cement minerals with the coupling of processes 

- as identified for clay minerals (see Figure 2-17) - is not yet made, only a morphological change of 

portlandite crystallites indicating re-precipitation is known. Time-dependent mineralogical transformation 

of the cement minerals by sorption of iron is not yet performed although thermodynamic data about iron 

containing cement minerals are available (e.g. Höglund, 2014). Modelling the fate of dissolved iron 

species in the cementitious phase would help to provide some quantification of the expected thickness 

of the alteration zones as a function of time, as has been performed for the interface clay-steel.  

 

2.3.1.1.5 Engineered barriers and materials interfacing host rocks 

Chemical interaction that leads to an alteration zone in the bentonite buffer is not expected for bentonite 

buffer interfacing granitic rock. No alteration layers and zones have therefore been drawn in Figure 2-14. 

The exchange of dissolved species between the bentonite buffer and the pore water within fractures in 
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granitic rocks depends on the trace amounts of soluble salts that were present in bentonite and the pore 

water chemistry of the granitic pore water. Czech and Spanish granitic pore waters are not as saline as 

Swedish and Finnish granitic pore waters at suitable disposal depth, and the amount of soluble salts 

present in bentonite buffers can be chosen for particular site characteristics. For example, the bentonite 

buffer in the Czech programme also contains sodium bicarbonate as a soluble salt while this salt is not 

present in the Swedish bentonite.  

 

Alteration zones are expected in both the bentonite buffer and the clay host rocks interfacing concrete 

support materials . The coupling of processes to determine the alteration of clay by concrete is 

reasonably well understood. Figure 2-18 shows that the alteration processes of bentonite by interfacing 

concrete are strongly coupled. The swelling clay minerals are transformed into secondary minerals. All 

these secondary minerals (see Figure 2-10) are non-swelling minerals. 

 

 

Figure 2-18: The coupling of processes for the determination of the alteration zone in bentonite by the 
cementitious pore fluid and bentonite interaction (Savage, 2014). 

 

The overall impact of the transformation of swelling clay minerals into non swelling sheet silicates is a 

decrease in porosity, hydraulic conductivity and swelling pressure (Savage, 2014). Consequently, the 

primary safety function of clay to limit transport of radionuclides by the physical properties of clay may 

not have changed by this alteration. However, the mechanism for the closure of fractures changed from 

seal-healing of fractures into self-sealing of fractures. If fractures would have been induced, more time 

for their closure and the  associated reduction in hydraulic conductivity would be required. Also, most of 

the formed secondary non-swelling minerals, e.g. CSH phases9, illite and zeolites, also have sorption 

properties but their sorption capacities can be smaller than that of montmorillonite. The knowledge on 

the interaction of bentonite with cementitious pore fluids is sufficient to quantify the thickness of the 

alteration zone in clay. In many simulations, the overall reduction in porosity can achieve a porosity of 

0% (Savage, 2014), by which the alteration is stopped. These calculations are performed with a uniform 

porosity. This thickness of the alteration zone has been predicted to be 0.02 m after 100,000 years. 

There will however always be some continuation since the distribution in size of pores in the sedimentary 

clay rock and bentonite buffer allows existing diffusional pathways. A ten times large thickness is 

 

9 Please note that the dissolved calcium and potassium in concrete pore water can be smaller than in clay pore water by which 
the necessary egress of calcium. 
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calculated after this period, i.e. 0.2 m, if no porosity reduction is assumed (Savage, 2014). Smaller 

alteration thickness is expected for clay interfacing concrete since: 

• the egress of ions from concrete pore water takes place by limited diffusion due to the pore 
structure of concrete, and 

• the transport of hydroxyl ions from concrete into clay is further decreased by the reduction in 
pH in concrete due to ingress of dissolved bicarbonate from the clay pore water.  

Concrete may also have been gas carbonated in the operational phase by which no further 

alteration of the clay in the post-closure phase is expected, since the difference in pH between the 

pore waters of carbonated concrete and clay is negligible.  

The initial porosity of bentonite and poorly indurated clay is about 40% (see Appendix C) which is larger 

than the so-called engineered impermeable concrete segments with an initial porosity between 10 and 

15% (see section 2.1.3.2). The ingress of dissolved species from the clay host rock into these concrete 

segments is rather along the joints than within the concrete, as drawn in Figure 2-14. The shotcrete 

interfacing indurated clay may have been carbonated in the operational phase as explained in section 

2.1.3.3. Consequently, the chemical and mineralogical alteration in the post-closure phase may be 

negligible for the carbonated shotcrete. The shotcrete is therefore envisaged to act as a permeable 

medium for the transfer of dissolved species from the clay host rock into the bentonite buffer. 

 

2.3.1.2 From about 1000 years until fracture of the carbon steel overpack 

The decay of radionuclides in vitrified waste has occurred till such an extent that temperature in all 

disposal cells has achieved the virgin temperature of the host rock. 

 

2.3.1.2.1 Alteration layers and zones in bentonite 

Anaerobic corrosion of the carbon steel overpack has continued and although the thickness of the DPL 

(alteration layer) may have slightly increased, the extent of corroded steel can be estimated from the 

affected bentonite, i.e. the alteration zone with non-swelling sheet silicates. The consumption of 

bicarbonate to form siderite results into an influx of bicarbonate from the granitic pore water into the 

bentonite. This influx of bicarbonate and water is smaller from disposal cells constructed in indurated 

clay due to the smaller diffusion value of bicarbonate in indurated clay compared to granitic host rocks. 

The envisaged alteration zone in bentonite is therefore drawn smaller in disposal cells in indurated clay 

compared to granitic host rocks in Figure 2-19. The size of the alteration zone is bounded by the 

thickness of carbon steel overpack and stainless steel container (Savage, 2014). With the geometry 

used in Figure 2-5, a thickness of iron-unaffected bentonite of at least 10 cm can be calculated by mass 

balance calculations.  

 

Figure 2-19: Chemically evolved disposal cells after about 10,000s years till 100,000s of years 
containing vitrified HLW for the host rocks: granite, poorly indurated clay and indurated clay. Blue = 
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vitrified HLW, black = left metallic substrate of steel overpack, green = corroded part of steel overpack, 
unaffected bentonite (purple), affected bentonite (blueish purple), carbonated concrete (white), 
unaffected concrete (grey), affected grout (lila).  

 

In NF-PRO, a project in the 6th Framework programme, experimental work has been performed to 

investigate the interaction between bentonite and carbon steel canisters (NF-PRO, 2008). Pieces of 

bentonite in contact with iron were no longer plastic but became brittle, only crumbled pieces of bentonite 

could be removed (Carlson et al., 2008). For the narrative, it is therefore assumed that the buffer has 

become more brittle with much less possibilities for creep and more vulnerable to form cracks, due to 

the compressive load of granitic rock. The alteration zones in bentonite have a higher hydraulic 

conductivity than virgin bentonite, which may enhance the dissipation of hydrogen further into the 

bentonite buffer. The radial dissipation quadratically reduces the hydrogen concentration in the 

bentonite buffer, which reduces the probability for gas perturbation. Anaerobic corrosion of the steel 

overpack also occurs in the disposal cell with the concrete buffer. An alteration zone in concrete may 

not be yet visible, due to the smaller corrosion rates in concrete compared to bentonite. First alteration 

zones within concrete by ingress of dissolved species from clay pore water are envisaged to be visible 

at disposal cell scale.  

 

2.3.1.2.2 Alteration zones in concrete 

Figure 2-11 in section 2.2.6.1 shows the schematic evolution of pH of concrete pore water during the 

four different stages, since the stability of cement minerals is pH-dependent. The reduction in pH by 

leaching is however not foreseen but rather by the reactions with ingress of gaseous CO2 in the 

operational phase from the ventilation air and bicarbonate ions from the clay pore water. The concrete 

buffer and concrete segments have a high mechanical strength, which prevents the lithostatic load of 

the underground host rock being transferred to the waste package. Ingress of bicarbonate reduces the 

pH of the concrete pore water but the calcite precipitation in this alteration zone may result into an 

increase in strength of the concrete buffer and segments. The carbon steel overpack cannot be cracked 

as long as the concrete buffer has not reduced in mechanical strength. The ingress of dissolved 

magnesium and the transformation from calcium containing cement phases into magnesium containing 

minerals are considered to decrease the strength of concrete (Atkinson et al., 1985). There is almost 

always magnesium enrichment in concrete since all clay pore waters have a larger magnesium 

concentration than the concrete pore water, except for the Belgian clay pore water (see Appendix B). It 

is assumed that the progressive increase of a magnesium front reduces the thickness of the buffer with 

strength. Figure 2-20 shows an estimated time scale for the evolution of the pH at room temperature in 

concrete with a cement content of 185 kg/m-3, using a groundwater flux density of 10-10 m/s. Apart from 

changes in pH, also other processes take place (Atkinson et al., 1985), (Berner, 1992), (Grivé and 

Olmeda, 2015), (Pointeau et al., 2008), (Atkins et al., 1991), (Dauzerès, 2016): 

• Concrete pore water with a pH > 12.5 controlled by dissolved alkalis. The dissolved calcium 
concentration of initially about 0.002 M increases to 0.02 M, when the dissolved alkalis and 
hydroxyl ions are dissipated to the surrounding media with a smaller pH. The cement minerals 
become more positively charged due to loss of the alkalis. The loss of hydroxyl ions in concrete 
pore water can also be caused by precipitation of brucite with ingress of magnesium from clay;  

• Dissolution of portlandite controls concrete pore water at a pH of 12.5. The dissolved calcium 
concentration remains at 0.02 M until the cement matrix is exhausted in portlandite. The cement 
minerals remain positively charged. The dissolved calcium and bicarbonate from clay may result 
in precipitation of brucite and calcite. There can be ingress of sulphate from clay pore waters 
that are as saline as seawater or in which the sulphate concentration is in equilibrium with 
celestite leading to thaumasite formation; 

• Decalcification of C-S-H-phases in the pH range between 10.5 and 12.5 causes a reduction in 
pH of the concrete pore water. The dissolved calcium concentration in equilibrium with C-S-H-
phases is reduced from 0.02 M till 0.002 M, the cement minerals become less positively 
charged. At a pH < 11.8 and CaO/SiO2 <1.4, the left cement minerals become negatively 
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charged and there can be uptake of dissolved alkalis by C-S-H-phases. Ettringite starts to 
dissolve and generates high dissolved sulphate concentrations that can precipitate with left 
dissolved calcium into gypsum but with the ingress of bicarbonate from clay there is also a 
potential to form thaumasite;  

• Dissolution and decalcification of C-S-H-phases, the dissolved calcium concentration remains 
constant at around 0.002 M. The released calcium can react with ingress of bicarbonate into 
calcite or bicarbonate and sulphate into thaumasite; thaumasite can be later altered to calcite 
(Milodowski et al., 2015). C-S-H phases are replaced with magnesium silicate phases (M-S-H 
phases). 

The ingress of sulphate leading to delayed ettringite formation can be prevented by a choice in cement 

(see section 2.1.1.3) and s therefore not included in Figure 2-20. The formation of thaumasite can be 

deleterious for the strength of concrete (Höglund, 2014). This thaumasite formation seems with the 

current available knowledge not been able to be prevented but is not always observed (see section 

3.1.4.1). Initially formed ettringite that contributed to the fabricated strength of concrete is dissolved at a 

later stage.  

 

 

Figure 2-20: The estimated time dependence of pH within a repository of radius 20 m. The phases which 
control the pH are indicated. The broken curve is for pore water containing 0.01 M of reactive species 
e.g. Mg2+ (Atkinson et al., 1985) and added precipitated and additional dissolved compounds in italics. 

 

In this calculation, the reduction in pH is averaged over the whole repository. A more space dependent 

calculation also with a ground water flux density of 10-10 m/s without reactive species such as Mg2+ 

estimated a progression of a pH=10.5 front of 1 metre for each 15,000 years (Atkinson et al., 1985). 

These calculations are made with a relatively low cement content of 185 kg/m-3. The concrete buffer has 

a cement content of 350 kg/m-3 (Van Humbeeck et al., 2007) and concrete segments have a cement 

content of about 400 kg/m3 (Verhoef et al., 2014). A twice as large cement content would reduce the 
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progression of the pH front in this calculation by half, i.e. 0.5 metre for each 15,000 years. The biggest 

game changer might however be the lower ground water flux density of which the value of 10-10 m/s was 

considered an upper limit (Atkinson et al., 1985). The water flux density (hydraulic conductivity in section 

2.1.3.2 and 2.1.3.3) is two orders in magnitude smaller. More representative values for the physical 

transport have been used in Cebama. The progression front of brucite has been calculated to be less 

than 20 cm after 100,000 years for concrete interfacing indurated clay Callovo-Oxfordian clay (Idiart et 

al., 2019). After 100,000 years, vitrified HLW has become less radiotoxic than uranium ore (see Figure 

1-2).  

 

2.3.1.3 Fracture of the carbon steel overpack 

The bentonite buffers for HLW disposal cells in granitic and indurated clay host rocks are continuously 

compressed by the lithostatic pressure. An ice age can increase the load on these buffers as a function 

of the thickness of an ice sheet above the geological disposal facility. Further deformation of the 

bentonite buffers is restricted by the mechanical strength of the carbon steel overpack. This strength 

decreases by reduction in thickness of non-corroded carbon steel by chemical corrosion. The left carbon 

steel preferentially cracks in areas where there is empty volume. The 5 mm thickness of the stainless 

steel canister is too small to accommodate the lithostatic load and will fracture just below the mushroom 

that was used to lift the canister. Finally at fracture, bentonite in Figure 2-21 has one type of alteration 

size, i.e. the zone affected by iron corrosion.  

 

Figure 2-21: Chemically evolved disposal cells after about 10,000s years till 100,000s of years or more 
containing vitrified HLW for the host rocks: granite, poorly indurated clay and indurated clay. Blue = 
vitrified HLW, black = left metallic substrate of steel overpack, green = corroded part of steel overpack, 
unaffected bentonite (purple), Fe-affected bentonite (blueish purple), carbonated grout (white), Fe-
affected concrete (blue), unaffected concrete (grey), Mg-affected concrete and grout (pink). 

 

Shotcrete interfacing indurated clay slowly lost its strength by ingress of magnesium from the clay host 

rock. Gaseous carbonation can increase the strength of concrete, but the carbonated thickness of 
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shotcrete in the operational phase is considered here to be too thin to prevent fracturing in the post-

closure phase. The concrete buffer has two alteration zones: an iron corrosion affected zone, and a 

zone that has lost its strength by the ingress of magnesium from the clay pore water. Like the bentonite 

buffer, also the concrete buffer is continuously compressed by the lithostatic pressure of the host rock, 

but this buffer has its own mechanical strength to prevent deformation. The outer parts of the concrete 

buffer have lost their strength due to the ingress of dissolved species from the clay pore water. The inner 

parts of the concrete buffer may still have a high pH, but the iron affected part is assumed to have lost 

its strength. Only the chemically unaffected concrete part has strength but may be too thin to 

accommodate the lithostatic load. Consequently, fracture of the carbon steel overpack will be a 

combination of the reduction in thickness of the carbon steel overpack by chemical corrosion as well as 

reduction in thickness of the concrete buffer that still has compressive strength. Also, similarly as the 

carbon steel overpack that was encapsulated in the bentonite buffer, fracture is envisaged at the empty 

volume between the mushroom and vitrified waste form. 

 

2.3.1.4 After fracture of the stainless steel canister 

2.3.1.4.1 Stainless steel 

Stainless steel is a high alloy steel that can form different corrosion products than low alloy steel, e.g. 

carbon steel. Contact between pore water and the stainless steel canister is thermodynamically 

predicted to generate another spinel corrosion product than magnetite, i.e. chromite (FeCr2O4). At a 

similarly low concentration of dissolved iron species as in Figure 2-15, the pH stability region of chromite 

is larger than that of magnetite, i.e. this spinel phase is thermodynamically stable at neutral pH and the 

environment needs to be less reducing (Figure 2-22).  

 

Figure 2-22: Pourbaix diagrams for the system Cr-Fe-H2O with an activity of dissolved species of 10-7 
M; 0.002 M NaCl is a reasonable concentration for tap water, 0.6 M NaCl is suitable chlorine 
concentration for seawater. Chromite (green) is FeCr2O4(s)10.  

 

10 These figures have been made with Phreeplot (Kinniburg and Cooper 2018), a free available software programme that makes 
geochemical plots using Phreeqc (Parkhurst and Appelo 2013). The SIT database has been used as input for these 
calculations. This database corresponds to the PHREEQCi version of the ThermoChimie V.7.b, developed by Amphos 21, 
BRGM and HydAsa for ANDRA, the French National Radioactive Waste Management Agency. 
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Appendix B shows that chlorine is present in clay and granitic pore water11. Chlorine is frequently 

associated with an increase in the corrosion rate. Chromium-chlorine complexes are already formed at 

very small dissolved chlorine concentrations but the concentrations for iron need to be much larger than 

chlorine concentrations for tap water in order to be visible in the Pourbaix diagrams. These chlorine 

complexes may however not influence the chemical evolution since their presence is in the more acidic 

regime, even in environments as saline as seawater. Consequently, the small corrosion rates for 

stainless steel measured in CAST with a maximum of 0.01 µm per year (Mibus et al., 2018) are also 

assumed at fracture.  

 

2.3.1.4.2 Vitrified waste form 

The general picture of the formation on an alteration layer induced by the interaction between glass and 

water is described in section 2.2.1. Figure 2-23 shows the sequence of layers in this alteration layer12. 

The diffusion and gel layer acts a diffusion barrier. This diffusion barrier is a hydration zone containing 

silicon. The behaviour of other elements initially contained in vitrified waste highly depends on their 

solubility. Boron and with some reservations lithium, sodium and molybdenum are highly soluble and 

most of these elements will be dissipated towards the evolved pore water in the buffer. A reaction layer 

or alteration layer contains the precipitated products for the elements that form insoluble hydroxides, 

e.g. iron, aluminium, zinc, titanium or magnesium. The precipitated phases are clay minerals and, in 

some cases, also zeolites (Conradt et al., 1986). The clay minerals can be smectite clay minerals.  

 

Figure 2-23: Schematic representation of glass alteration with 3 layers that form as glass dissolved in 
water, from Lutz and Ewing (Havlova et al., 2007) (Milodowski et al., 2015).  

 

 

11 Dissolved chlorine does not react with portlandite and C-S-H-phases but the phases containing aluminium such as hydrogarnet. 
These cement minerals are replaced by Friedel’s salt. Friedel salt precipitation is accompanied by a reduction in porosity 
(Höglund, 2014). This reaction process is not considered harmful for concrete and therefore not discussed in section 2.3.1.2. 

12 Outer / inner reaction layer is the term first used for the observed rims at reacted glass surfaces for experiments performed with 
leachants (Conrad et al., 1986). Alteration layer is the term used for this rim in EURAD ACED Deliverable 2.5 (Deissmann et 
al., 2021). The diffusion and gel layers are the hydration zone in (Conradt et al., 1986) 
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Section 2.1.1.1 explained the presence of cracks in the bulk of the glass after fabrication of the vitrified 

waste form due to the stress induced by the cooling rate. Closure of these fractures takes place by 

precipitation of phases. Also, smectite clay further diminishes the ingress of reactive species into the 

diffusion and gel layers.  

There is also a lot of dissolved iron present from the corroding stainless steel canister. The dissolved 

iron species is positively charged (see Figure 2-15) and can be preferentially sorbed on negatively 

charged clay minerals, similarly as explained in previous paragraphs for the chemical interaction 

between bentonite and carbon steel. Figure 2-22 shows that dissolved chromium is present as a 

negatively charged dissolved complex and is therefore expected to have a less detrimental effect on the 

alteration layer than dissolved iron complexes, if this alteration layer is mainly made from smectite. Also, 

the potential high alteration rate is only relevant for the vitrified waste form in the vicinity of steel and not 

for the bulk.  

The dominant Si bearing species in a solution is usually H2SiO3 but changes at a pH higher than 10 into 

HSiO3
- (Conradt et al., 1986), and the solubility of SiO2 is then increased. The 4th framework programme 

indicated that this silicic acid dissociation starts at a pH > 9 (Vernaz et al., 1996). In the 5th framework 

programme, it has been elucidated that the dissolved silica concentration at saturation exponentially 

increases from a pH beyond 9, but that the measured dissolved silica concentrations at saturation are 

smaller than the calculated ones (Ribet et al., 2007). In section 2.3.1.1, it was explained that the iron 

corrosion process of carbon steel can locally increase the pH up to 10, due to insufficient dissipation of 

the formed hydroxyl-ions. The vitrified waste form is interfacing stainless steel. The long-term corrosion 

rate of stainless steel can be ten times smaller than the corrosion rate of carbon steel and is therefore 

envisaged to induce a smaller increase in the local pH.  

There may also be contact between pore water with a pH higher than 10 and the vitrified waste form for 

the disposal cells containing initially cementitious materials, provided that the chemically evolved 

concrete has sufficiently lost its mechanical strength. An alteration layer that limits further dissolution of 

the vitrified waste form is always generated whatever pH the vitrified waste form is exposed to. However, 

these layers are more effective at neutral pH than at high pH. Chemisorption of iron occurs by the 

generated clay minerals in the vicinity of corrosion products13. Ion exchange reactions are proposed as 

the rate controlling processes. The presence of solid clay in the leachant is therefore known to enhance 

the dissolution rate since the sorption of the less soluble elements aluminium, iron and zirconium takes 

place. Corrosion products have the same influence (Vernaz et al., 1996; Van Iseghem et al., 1992). 

Corrosion products such as chromite (Souza et al., 2012) and magnetite (Kim et al. 2001 in Eisele et 

al., 2005) are also negatively charged at pH conditions representative for disposal and therefore also 

preferentially sorb these less soluble elements.  

The glass alteration process requires water; the influx of water into the fractured stainless steel is 

restricted by diffusion for the disposal cells in clay host rocks. The influx of water in these canisters for 

disposal cells in granitic host rocks depends on the properties of the altered bentonite buffer; e.g. cracks 

are expected to be present due to chemical interaction with dissolved iron. 

 

 

13 Recently, a Nature paper has been published in which a self-accelerating corrosion process of stainless steel canister with 
vitrified waste is described (Guo, et al., 2020). The oxidizing conditions and 90°C are not considered representative for the 
geological disposal conditions considered in Europe in which reducing conditions in host rocks are frequently used as a siting 
criterion in order to have a small solubility of released radionuclides and the waste has cooled down till the disposal depth 
temperatures upon fracture of the stainless steel canister. Mechanical fracture in section 2.3.1.3 instead of pitting corrosion 
in this Nature paper is therefore considered as a mechanism for fracture of the stainless steel canister with which contact 
between pore water and vitrified waste form has been established. For ACED, the potential entrapped oxygen between the 
stainless steel canister and carbon steel overpack due to the fabrication of these containments is assumed to have a negligible 
role on the chemical evolution. 
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2.3.1.4.2.1 Impact of alteration of glass on the mechanism for radionuclide release 

The radionuclide release from the vitrified waste form is not studied in ACED but some basic rules can 

be suggested. For the radionuclides that are still left, the altered glass contains clays and zeolites that 

can also sorb dissolved cationic complexes. These cationic complexes are expected to be sorbed and 

very limitedly leave the fractured corroding evolving stainless steel canister. The glass alteration has 

therefore a very small impact on the potential radionuclide release, if the radionuclides are dissolved as 

cationic complexes. The released amount of plutonium, americium and radioactive caesium in solutions 

is only a fraction of the initially contained amount as has been measured in the 3rd framework programme 

(Van Iseghem et al., 1992).  

Dissolved anionic complexes are not expected to be contained by the reaction layer. An example of a 

radionuclide that can be present in the vitrified waste form and becomes present as a dissolved anionic 

complex is 79Se. The amount of 79Se left at fracture of the stainless steel canister may also be limited 

due to the required period for fracture and a half-life of 327,000 years (IAEA, 2020). The pore water in 

the bentonite buffer as well as the evolved concrete buffer are saturated with silica. Alteration rates of 

basaltic glass, the natural analogue for a borosilicate waste form, have estimated to be 0.1 µm per 1000 

years in these saturated environments (Lutze et al., 1987). Consequently, most of the left 79Se is 

expected to decay within the vitrified waste form and not released to the surroundings. 
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2.3.2 ILW disposal cells 

The radiological content in ILW packages is orders in magnitude smaller than in HLW packages. For 

example, the radionuclides contributing most to the radioactivity for CSD-c are, like CSD-v, also 137Cs 

and 90Sr. The guaranteed maxima are 65 TBq for 137Cs and 115 for 90Sr (COGEMA, 2001), i.e. about 

two orders in magnitude smaller than CSD-v that had 6600 TBq for 137Cs (see section 2.3.1). For vitrified 

HLW, radiation enhanced corrosion in water can be excluded after a cooling period of 90 years, i.e. an 
137Cs activity of about 800 TBq. Consequently, radiation enhanced corrosion of metallic ILW is excluded 

to have an impact on the chemical evolution of an ILW disposal cell,since the required radiation dose 

rate for radiation enhanced corrosion are lowest for steel exposed to water. The radiological content of 

organic ILW such as spent ion exchange resins is smaller than CSD-c, for example two orders in 

magnitude (Verhoef et al., 2016). The most common form of resins, polystyrene divinylbenzene, is 

radiation resistant. Radiation enhanced degradation of these resins is therefore also excluded to have 

an impact on the chemical evolution of disposal cells.  

Cementitious processing of metallic and organic ILW reduces the likelihood of microbial activity due to 

its high pH as explained in Chapter 2. Limiting microbial activity by space restriction within the 

cementitious matrices depends initially on the fabricated porosity. The waste package mortar can be 

manufactured with a similar cement content, additives and similar grading in aggregates as the concrete 

buffer. In those cases, microbial activity is also limited in waste package mortar. The fabricated porosity 

is larger in cementitious materials without aggregates or a lower content of aggregates with more limited 

grading in aggregates. The connecting pore throats in these cementitious materials may be too large to 

limit microbial activity. This activity can also be positive for example for the precipitation of biogenic 

calcite, which can make concrete stronger. For now, it is assumed that ingress of bicarbonate and 

magnesium into the liner made of shotcrete in granitic rocks (see Figure 2-8), which started in the 

operational phase, continues in the post-closure phase. The liner is expected to fracture after the start 

of the post-closure phase, due to continued replacement of calcium-binding phases by magnesium 

phases, by which the zones in which the strength of concrete is lost have progressively grown as 

explained in section 2.3.1.2.  

The EDZ generated in granitic rock in the construction phase had generated sufficient fractured material 

to eliminate the initial gap between shotcrete and crushed rock by creep. The crushed rock is soon 

saturated with granitic pore water through fractures in granitic rock and shotcrete. The advective water 

flow of granitic pore water within crushed rock generates a continued refreshing of granitic pore water 

at the caissons. This preferential flow path of granitic pore water also makes that cement leachates are 

removed from the disposal facility. These leachates can react with the siliceous phases and secondary 

mineral precipitation in the fractures of the rock takes place that might even lead to clogging within 

fractures (see section 2.2.6). Figure 2-24 shows the chemically evolved disposal cells. 

 

Figure 2-24: Chemically evolved disposal cells after about 10s of years till 1,000s of years containing 
cemented ILW considered in Europe for the host rocks: granite and poorly indurated clay. Blue = ILW 
or cemented ILW, black = steel, green & pink = crushed rock with granitic pore water, pink = Mg-affected 
grout, green = Fe-affected grout and corrosion products, unaffected concrete (grey). 
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For the reinforcement in caissons, it depends on the depth of the disposal facility how much oxygen is 

present in the granitic pore water. In case of anaerobic granitic pore water, anaerobic corrosion of the 

reinforcement bars is assumed. The initial pathway of granitic pore water within the caissons is assumed 

to be at the lid. The ingress of magnesium and bicarbonate in the caisson replaces the cementitious 

minerals by calcite, brucite and M-S-H phases. This continued replacement of calcium-binding phases 

by magnesium phases by which the zones in which the strength of concrete is lost has progressively 

grown as explained in section 2.3.1.2. The loss in strength is accompanied by a permeability increase 

that also favour the ingress of dissolved species from host rock pore water into concrete. 

Chemical corrosion of the metallic materials in metallic ILW results into an alteration layer of corrosion 

products. The thickness of this layer hardly changes in case of anaerobic corrosion, since the corrosion 

process is controlled by the dissolution of the alteration layer. The dissolved metallic compounds are 

sorbed by cement minerals, by which an alteration zone within the grout is formed. Similarly, as 

explained earlier for HLW disposal cells, this Fe-affected zone is assumed to have a smaller strength 

than fabricated concrete.  

The left image in Figure 2-24 shows the evolved ILW disposal cell containing spent ion exchange resins. 

Diffusional flow of water into the waste containers is envisaged along interfaces. The oxygen trapped 

during fabrication is consumed by chemical corrosion of the stirrer or traces of pyrite present in the 

cementitious matrix; microbial activity is limited due to the high pH. The porosity of the cementitious 

matrix is considered to be too high to obtain a local reduction of oxygen at the corroding stirrer. After 

oxygen consumption, anaerobic corrosion may have started in the operational phase since the 

saturation degree of water in the cementitious matrix after processing of 90% is sufficiently high for 

corrosion of steel. The corrosion process can stopduring the operational phase, if the consumption of 

water by the corrosion of the stirrer is not sufficiently supplemented by inflow of water into the container. 

Anaerobic corrosion of the steel container and sacrificial stirrer for the spent ion exchange resins 

processed with a cementitious matrix continues in the post-closure phase. The cementitious matrix is 

considered to be sufficiently porous in order to have the evolved hydrogen gas to be dissipated by 

diffusion. The same processes as described in sections 2.2.2 and 2.3.1.1 and shown in Figure 2-16 for 

the concrete-steel interface will take place. 

 

2.3.2.1 Organic ILW 

Organic materials in organic waste can act as food for the growth of microbes. These organic materials 

are altered into another form when used as food. This alteration can have an impact on the potential 

radionuclide release. The MIND project classified the organic waste into two groups (Abrahamsen et al., 

2015): 

1) addition polymers that are resistant to biodegradation for example polystyrene, polyethylene 
and polyvinylchloride; 

2) condensation polymers that are susceptible to biodegradation for example cellulose. 

Resins are polystyrene polymers as explained in section 2.1.2.1. There is no energy for microbes to be 

obtained upon their degradation of these resins (Abrahamsen et al., 2015). Consequently, microbial 

degradation of resins is excluded. Organic ILW was mainly specified as spent ion exchange resins, 

except in the French programme (Neeft et al, 2019). 

Wood, clothing and paper is made of condensation polymers such as cellulose. Contaminated tissues 

and clothing are usually contact-handled waste and can rather be characterised as LLW. The formation 

of iso-saccharinic acid (ISA) during cellulose chemical degradation at alkaline conditions is important for 

the potential radionuclide migration as it forms soluble complexes with radionuclides. The hazard 

potential of LLW is however smaller than ILW. 

Cemented resins have been investigated in CAST (Norris and Capouet, 2018) and are to be studied in 

the EURAD WP Cement Organic Radionuclide Interaction (CORI) (Altmaier et al., 2021). Chemical 

degradation of polymers is initiated by a nucleophilic attack of OH- ions on a carbon atom with a positive 
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partial charge. Such carbon atoms are generally not present in addition polymers (Van Loon and 

Hummel, 1995). The chemical resistance of resins is high. A degradation rate of resins representative 

for the disposal conditions is therefore not yet available. Chemical degradation of resins can therefore 

be excluded as a factor for release of radionuclides such as carbon-14 (Capouet et al., 2018). Resins 

are like clays exchangers and any radionuclide release is expected to require sufficient ingress of anions 

and cations that have a stronger affinity than the sorbed anionic or cationic radionuclides (Neeft, 2018). 

For example, sulphate has a very strong affinity (IAEA, 2002) and sufficient ingress of sulphate at these 

resins will cause an exchange of sorbed anionic radionuclides. 

 

2.3.2.2 Metallic ILW 

2.3.2.2.1 Steel 

The middle image in Figure 2-24 shows the stacking of containers with metallic waste made of steel. 

The entrapped oxygen is expected to be consumed at a very fast rate. There is insufficient inflow of 

water into the container for anaerobic corrosion of all steel surfaces in the operational phase, and 

therefore microbial as well as chemical corrosion is expected to be stopped. In the post-closure phase, 

there can be sufficient inflow of water in ILW disposal cells in granitic host rocks for anaerobic corrosion 

of this waste. The interaction between neutron irradiated Zircaloy and neutron irradiated steel and 

cementitious pore water have been investigated in the CAST project from the FP7 programme (Williams 

and Scourse, 2015; Norris and Capouet 2018). The speciation of radionuclides released from these 

waste forms can be studied in cementitious pore water while it is more complicated to study this 

speciation for metallic material interfacing concrete. Special care has been taken to simulate 

cementitious pore water, i.e. calcium saturated solutions have been used (e.g. Necib et al., 

2018;Cvetković et al. 2018). The calcium-iron spinel type was thermodynamically more stable than 

magnetite in pore solutions containing calcium as shown in Figure 2-15 with which it is assumed that 

the dissolved calcium is crucial for the corrosion process of carbon steel. The spinel-type chromite 

calculated in Figure 2-22 is, however, also in calcium-saturated solutions of 0.02 M Ca2+ 

thermodynamically more stable than CaFe2O4. It is therefore expected that, unlike carbon steel, the 

dissolved amount of calcium in the pore solution has a negligible influence on the corrosion process of 

stainless steel. Another benefit of the performance of corrosion experiments with cementitious pore 

water is that the measurement of the hydrogen release from steel can be used to determine the 

anaerobic corrosion rate. In CAST, these corrosion rates measured in cementitious pore water had a 

maximum of 0.01 µm per year (Mibus et al., 2018). The hydrogen generation rate depends on the 

surface area of metallic waste that can be in direct contact with the pore water and corrosion rate. 

However, the long-term hydrogen generation rate cannot be larger than the consumption rate of water. 

Transport of water in the ILW disposal cells is therefore essential to determine long-term hydrogen 

generation rates.  

 

2.3.2.2.1.1 Impact of alteration of steel on the mechanism for radionuclide release 

There can be radionuclides present in steel waste as a result of contamination as well as neutron 

activated radionuclides . Most short-lived radionuclides have disappeared due to decay. The remaining 

radionuclides as a result of contamination diffuse through the concrete in the moment corrosion has 

started. The remaining neutron activated radionuclides have a similar release pattern as described for 

the vitrified waste form (see section 2.3.1.4); the radionuclides that become present in a cationic 

dissolved form in the corrosion process will be sorbed by corrosion products in the altered or reaction 

layer. The radionuclides that become present in anionic dissolved form in the corrosion process can be 

sorbed by cement minerals, if the pH of the concrete pore water is higher than 11.8, since the zeta 

potential is positive at these pH values (see section 2.3.1.2). These dissolved anionic complexes, 

however, compete with sorption of the metallic-dissolved complexes in equilibrium with the corrosion 

products.  
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2.3.2.2.2 Zircaloy 

For the disposal cell in poorly indurated clay, e.g. the right image in Figure 2-24, the preferential flow of 

clay pore water into the cell is through the joints between concrete segments. The ingress of magnesium 

and bicarbonate into the cementitious materials in the disposal cell is expected to take place at a very 

small speed, but initially faster than in the HLW disposal cells, since there is no heat source desaturating 

these materials. The reaction fronts are similar as described in 2.3.1.2 and Figure 2-20. The 

consumption of entrapped oxygen by chemical corrosion of the canister or traces of pyrite present in the 

mortar may have been completed in the operational phase and the porosity of the mortar may be too 

large to generate a local reduction of oxygen at the corroding canister surfaces. If the mortar has a too 

large porosity to render microbial activity through space restriction, microbial activity within the mortar is 

still limited due to the high pH. Anaerobic corrosion may have started in the operational phase since the 

saturation degree of water in the mortar after processing of about 90% is sufficiently high for the 

corrosion of any metal. The corrosion process can stop during the operational phase, if the consumption 

of water by metal corrosion is not sufficiently supplemented by inflow of water into the container. This 

anaerobic metal corrosion continues in the post-closure phase due to diffusional flow of water from the 

grout backfill into the concrete container. The preferential pathway is at the top of container, e.g. at 

interfaces with a lid. There are two possibilities to have contact with pore water and the metallic waste 

inside the stainless steel canister: 

• Uniform corrosion of the canister walls has been completed. Mechanical support against 
lithostatic load is provided by a sufficient thickness of the concrete container that has ample 
strength; 

• Non-completed uniform corrosion combined with mechanical failure of the stainless steel 
canisters since the thickness of concrete with sufficient strength became too small to provide 
sufficient mechanical support against the lithostatic load. 

With a maximum of 0.01 µm per year as measured in CAST (Mibus et al., 2018), it would take thousands 

of years for a complete uniform corrosion of the 5 mm stainless steel wall. The second possibility 

requires a zonal progression of reaction fronts and the knowledge about the mechanical strength of 

concrete in each zone. The Cebama modelling results showed a progression front of brucite of less than 

20 cm after 100,000 years for concrete interfacing indurated clay Callovo-Oxfordian clay (Idiart et al., 

2019). Assuming loss in strength of concrete with this progression front, the second possibility is more 

likely, i.e. non-complete uniform corrosion combined with mechanical failure of stainless steel for clay 

pore waters with a high magnesium content such as in France, Switzerland and Netherlands (see 

Appendix B). Belgium has however, a far smaller magnesium content; then the first possibility would be 

more probable, i.e. complete uniform corrosion of the canister walls.  

 

Contact between pore water and compacted hulls will cause anaerobic corrosion of Zircaloy. The 

surface charge of the resulting corrosion product is unknown and therefore a credit to sorption of the 

radionuclides contained by Zircaloy cannot be provided. The corrosion rates are however very small, 

i.e. below 1 nm per year (Necib et al., 2018). These very small corrosion rates can also be understood 

from thermodynamic data. Figure 2-25 shows that the solution is supersaturated at Zr concentrations of 

10-7 M. At these concentrations of 10-7 M, a pH dependent stability field for magnetite for carbon steel 

(see Figure 2-15) or chromite for stainless steel (see Figure 2-22) could be seen. The dissolved Zr 

complexes are not visible despite a larger range in pH from 1 to 13 for the Zr speciation instead of 3 to 

13 used for the Fe and Cr speciation. Calculation of a pH dependent stability field for the alteration layer 

of Zircaloy requires far smaller concentration than carbon steel and stainless steel. 
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Figure 2-25: Pourbaix diagrams for the system Zr-H2O with an activity of dissolved species of 10-7 M; 
10-10 M, 0.002 M NaCl is a reasonable concentration for tap water and 0.1 M NaHCO3 is an assumption 
for clay pore water (see Appendix B). Zr(OH)4 (light purple) is ZrO2·H2O in Gras (2014)14.  

 

The ingress of bicarbonate from the clay pore water has an impact on the stability of the alteration layer 

and active corrosion would be present at concentrations of 10-10 M at a pH < 10 (see Figure 2-25, right 

image). The predominant dissolved carbonate species changes from HCO3
- to CO2 at a pH of about 6.4. 

Dissolved zirconium-carbonate complexes cannot be made with CO2. Consequently, the impact of 

bicarbonate on the Zircaloy corrosion rate becomes negligible at a pH < 6.4. 

Like steel as calculated in Figure 2-15, calcium has also been noted to have an effect. However, in this 

case it is a negative effect since the presence of dissolved calcium reduces the stability of the 

passivation layer of zircaloy (Gras, 2014), by which the corrosion rate increases. The required calcium 

concentrations of at least 0.05 M to have an effect on this stability may, however, not occur. Cementitious 

pore water usually have a smaller calcium concentration than host rock pore water and the host rock 

pore waters do not exceed this required concentration of 0.05 M (see Appendix B).  

  

2.3.2.2.2.1 Impact of alteration of Zircaloy on the mechanism for radionuclide release 

The small corrosion rates below 1 nm per year as found in CAST for cementitious pore water (Necib et 

al., 2018), would make that most radionuclides generated by neutron activation will decay within the 

cladding and are not released to the surroundings. These corrosion rates would initially be 

representative for disposal in a clay host rock with a minor concentration of magnesium such as the 

Belgian case, since the concrete surrounding the canister can limit the ingress of bicarbonate from the 

clay pore water towards Zircaloy claddings. Higher corrosion rates are foreseen when the bicarbonate 

concentration at the Zircaloy claddings become larger. The radionuclides, however, may also be absent 

at that time. 

Unlike steel, the generated hydrogen has no impact on the radionuclide release since most of the 

generated hydrogen is not released but picked-up. The Japanese studies measured a hydrogen pick-

up of at least 90% at 30 °C, when Zircaloy is exposed to alkaline water as well as pure water. The 

hydrogen pick-up decreases with increasing temperature (Sakuragi, 2017). Unlike steel, a hydrogen 

measurement from an experiment of Zircaloy in (cementitious) pore water will underestimate the 

corrosion rate since uptake of hydrogen takes place. The possibility of hydride formation in any type of 

 

14 These figures have been made with Phreeplot (Kinniburg and Cooper, 2018), a free available software programme that makes 
geochemical plots using Phreeqc (Parkhurst and Appelo 2013). The SIT database has been used as input for these 
calculations. This database corresponds to the PHREEQCi version of the ThermoChimie V.7.b, developed by Amphos 21, 
BRGM and HydAsa for ANDRA, the French National Radioactive Waste Management Agency. 
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metal has been known for many decades (Lacher, 1937). For iron, hydride formation is not expected. It 

has been found that tritium diffuses through stainless steel in a reactor environment at a high rate, the 

rate being significantly higher than tritium diffusion through zirconium alloys (IAEA, 2004). High diffusion 

rates can be attributed to an insignificant hydride formation. 
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3 How to gain information on the chemical evolution 

The conceptualisations of the chemical evolution of disposal cells have been extracted from 

understanding the experimental results from a geological disposal perspective. Measurements can be 

performed on materials in contact with geological disposal representative environments. Determination 

of the representativeness of these environments requires quantification of the radiological, chemical, 

physical properties of these materials as well as their environments. There is a lot of literature available 

with experimental results in which this quantification, for example, radiological quantification, has not 

been performed. This lack in quantification makes the use of these literature sources for the 

conceptualisation of the chemical evolution of disposal cells purely hypothetical. It may be very likely 

that the described processes do not occur. For example, a too high radiation dose rate had been used, 

or the concentration in dissolved chemical species to which materials have been exposed are too low 

(for example distilled water, lack in dissolved silica) or too high. Also, many measurements have been 

performed under unrealistic physical conditions from a geological disposal perspective, for example, 

polished surfaces of metals. Polishing of metallic ILW is never done before disposal, there is usually an 

existing oxide layer on these metals that limits the corrosion rate. Research time is then devoted into 

generation of this oxide layer that already exists. The experimental results obtained in this period may 

not be representative for disposal of waste. The experimental period may be too small to observe the 

processes relevant for disposal. Archaeological or natural analogues give experimental evidence over 

time scales (much) longer than is typically available in laboratory or in-situ experiments and therefore 

described first in this Chapter in gaining information on the chemical evolution. 

 

3.1 Archaeological and natural analogues 

The information that can be gained from analogues highly depends on the amount of activities that are 

performed in this area. A natural analogue working group was working in the 3rd and 4th framework 

programme and most studies were focussing on representative studies for radionuclide migration. 

NaNET in the 5th framework programme included more work on the durability of materials. They had 

made an analogue matrix for the near-field with analogues for each barrier, and such a matrix for the 

far-field with analogues for radionuclide migration in different types of host rocks. The analogue matrix 

for the near-field contained a specific section of the degradation of the engineered barriers (Nanet, 

2006). Currently, the natural analogue working group operates without funding by the European 

Commission. Their website (www.natural-analogues.com) aims to contain all the available information 

on analogues.  

The archaeological and natural analogues described in this report are limited to the alteration 

mechanisms of engineered materials used in the disposal cells and types of waste discussed in this 

report. The described analogue studies can be used for the description of a conceptual model for their 

alteration mechanism in the chemical evolution of the disposal cells. The alteration rate during disposal 

can in some cases also be determined from natural analogues, provided that the key components for 

their alteration are understood and are representative for disposal. Frequently, however, the initial and 

boundary conditions are not known in sufficient detail to determine this rate. Analogue studies can be 

used to verify the mathematical models that are used to assess  the chemical evolution on the long-

term, i.e. are the processes sufficiently understood. 

 

3.1.1 Vitrified waste form 

Of all natural volcanic glasses, basaltic glass has a similar SiO2 content as the vitrified waste form (e.g. 

(Lutze et al., 1987;  Laciok, 2004; Havlova et al., 2007). The alteration mechanism of basaltic glass is 

the same as expected for the vitrified waste form, except that the alteration product is named differently, 

i.e. palagonite, which is a mixture of clay minerals and zeolites. Palagonite occurs as rims of varying 

thickness around glass fragments. Fe-rich smectites are abundant for basaltic glass interfacing 
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sediments (Fe-Mg saponites being the most common) and zeolites are common in both fresh water and 

sea water altered basaltic glass. These rims are representative for the glass passivation layer that is 

formed when vitrified waste is exposed to pore water. The alteration rate depends on dissolved silica 

concentration. Clay pore water is saturated in dissolved silica (see Appendix B) and then alteration rates 

of 0.1 µm per 1000 years are representative. The rate of palagonitization highly depends on 

temperature, doubling for every 12 °C increase, which is similar to the ‘palagonitization’ of borosilicate 

glass, in which a doubling for the alteration rate of 10 °C has been found. The measured rate at 100 °C 

was 3 µm per year (Lutze et al., 1987).  

There are also two main differences between natural glass and vitrified waste forms: there is no natural 

glass that has the same high boron content or radionuclide content as the vitrified waste form. These 

differences may however have no influences on the alteration mechanism since: 

1) The release of boron from vitrified waste form does not give a representative glass 
dissolution rate, since boron is not contained in the glass passivation layer (Conradt et al., 
1986). Consequently, boron does not take part in a representative glass degradation 
mechanism; 

2) Glass is a metastable solid with no clear crystalline structure in which atoms can be 
displaced from their lattice position to weaken its strength. As explained in section 2.1.1.1, 
the temperature of glass at disposal is too high to have remnants of radiation damage that 
are detrimental to the physical resistance of glass. Radiation rather works as a network 
modifier. The high radionuclide content is only a chemical additional feature and that is also 
present in natural glass. Radioactive and nonradioactive glasses have the same corrosion 
time- and temperature dependence (Vernaz et al., 1996). 

The alteration rates measured for natural basaltic glasses are also more representative for disposal than 

archaeological glasses, since the exposure environments of archaeological glasses are more near the 

surface and less representative for deep disposal with, for example, a higher water circulation and 

oxygenated conditions (Laciok and Dalton, 2005).  

 

3.1.2 Steel 

There are mainly archaeological analogues for steel, since native iron rarely occurs, e.g. upon 

precipitation from a Fe-rich magma that has been isolated from groundwater, it is usually incorporated 

into various oxides and silicate compounds. An exception is Disko Island (Greenland) in which native 

iron has been coated by micrometer sized magnetite and goethite layers (Ahonen, 2004a). The most 

famous archaeological analogues are the 2000 year old iron nails from Inchtuhil (Scotland) that clearly 

provided the evidence for the difference in corrosion rates at oxidising and reducing conditions (Hooker, 

2003c). There are also many other examples that elucidated this feature including the impact of 

cementation and the presence of sulphides (Crossland, 2005; Dillmann et al., 2014). The corrosion 

behaviour of carbon steel has the same behaviour as iron, there are just more slag inclusions in iron 

than in steel.  

The understanding of the corrosion process for carbon steel and interaction with the relevant 

surrounding media clay and concrete that are described in paragraphs sections 2.2.2, 2.2.3 and 2.3.1.1 

could not have been made without the described archaeological analogues (Neff et al., 2004; Chitty et 

al., 2005). The determination of corrosion rates may, however, not be as exact as can be determined 

from laboratory experiments, since the corrosion rates are determined with the amount of measured iron 

near the interface, but the clay and cementitious material can also contain iron, i.e. may not be corroded 

iron, and the dimensions of the iron specimens are not always known. In addition, the initial corrosion 

process can have a corrosion rate that is three orders in magnitude larger than the steady state corrosion 

process. The long-term corrosion rate can then be easily overestimated if the total corroded amount is 

attributed to the whole period.  

Stainless steel has a higher corrosion resistance than carbon steel due to the alloying of iron with 

chromium, nickel and molybdenum. It is a new material for which any archaeological analogue would 
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not be as old as previously described for carbon steel. The corrosion product, chromite, is however 

frequently found, e.g. in mafic and ultramafic rocks (Ahonen, 2004b). Research on such naturally 

occurring compounds revealed that solid solutions of these spinel types frequently exist and that these 

types are hard to distinguish with Raman spectroscopy; additional chemical analysis is necessary to 

identify the chemical compositions of spinel (Wang et al., 2004). These natural analogue studies put the 

laboratory studies performed in the eighties on carbon steel in a slightly different perspective (Naish et 

al., 1991), since only Raman spectroscopy was used to identify the corrosion product but its chemical 

composition can be slightly different from pure magnetite that also have a spinel type structure e.g. 

magnetite containing traces of calcium or perhaps even CaFe2O4. 

 

3.1.3 Bentonite 

Bentonite is an abundant material usually formed by hydrothermal alteration of lavas; there are bentonite 

mines to explore this material. For disposal, bentonite is compressed in order to achieve a sufficient 

high density to limit microbial activity (see section 2.1.1.3), water saturated, in a chemical reducing 

environment. In the early post-closure phase, there is also a thermal transient and associated 

dehydration. In NaNET, characteristics of a few deposits have been identified (Nanet 2006): 

1. deposits which have been intruded by small igneous bodies to generate a thermal peak 
approximating the thermal transient from the waste; 

2. deposits in contact with deep, reducing groundwaters, where groundwater bentonite 
interactions can be studied; 

3. naturally compressed bentonite, where its long-term hydraulic properties may be 
investigated; and 

4. deposits, where bentonite is in contact with other materials, which are analogues to 
components of the engineered barrier system to investigate possible interactions. 

The thermal effect found in natural analogues in Isle of Skye (Scotland) (Wouters and Verheyen, 2004), 

Col du Perthus (France) (Trotignon et al., 2004), Busachi (Italy) (Wouters et al., 2005a) and Kinnekulle 

(Sweden) is the transformation of montmorillonite into illite (Wouters et al., 2005b). The understanding 

of this transformation indicated that a sufficient supply of potassium is needed for this transformation. 

Appendix B shows that granitic and clay pore waters are deficient in potassium, but cementitious pore 

waters are not. The inflow of granitic pore water into bentonite is limited due to desaturation of the buffer 

by the heating power of the waste. The mineralogical transformation is therefore negligible for HLW 

disposal cells in granitic host rocks (Hedin et al., 1999) but this transformation could be relevant for the 

bentonite-shotcrete interface for HLW disposal cells in indurated clay host rocks and concrete-poorly 

indurated clay interfaces.  

Concerning the second aspect, all poorly indurated clay formations at disposal depth are considered 

suitable analogues such as the Boom Clay and Ypresian Clay formation, since the main clay mineral in 

poorly indurated clays is smectite and no mineral transformation is induced by the reducing conditions.  

The analogue for the third aspect is the Dunarobbe Forest (Italy). This analogue is a collection of more 

than 2 million year old trees that had been preserved in compacted clay, due to the prevailing anaerobic 

conditions, limited nutrient supply and diffusion dominant transport regime. The trees were protected 

against microbial degradation and had therefore cellulose contents similar to present-day wood 

(Lombardi and Valentini 1996; De Putter, et al. 1997; Hooker, 2003a).  

The analogues to investigate the possible interactions between bentonite and other components of the 

engineered barrier system are for the investigated disposal cells limited to carbon steel and concrete. 

The interaction between soil and iron (Neff et al., 2004) could be suitable analogues, but the focus was 

mainly on the iron and less on the clay minerals in the soils. Interaction with concrete is described in the 

next paragraph. 
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3.1.4 Concrete 

3.1.4.1 Durability 

The natural analogue for Ordinary Portland cement (OPC), which is the main component for CEM-I 

based cement, is the generation of lime (CaO) by limestone or chalk and a thermal source, i.e. 

metamorphism, and that this lime came in contact with groundwater. The Maqarin (Jordan) natural 

analogue project provided the evidence of three concrete leaching stages as identified earlier (see 

Figure 2-11 and Figure 2-20: a high pH Na/KOH leachates, Ca(OH)2 buffered and silicate-dominated 

leachates. This analogue also shows the formation of thaumasite (Kamei et al., 2010) except that 

thaumasite was here a fracture filling mineral (Milodowski et al., 2015) rather than a mineral that 

deteriorates concrete by its expansive crystallisation volume as modelled for geological disposal 

facilities (Höglund, 2014). When the limestone contains silicates such as flint nodules or chert, the 

metamorphism can result into calcium-silicates such as larnite (β-Ca2SiO4) that upon hydration form C-

S-H gels. Scawt Hill (Northern Ireland) is such a location in which C-S-H gels have been formed about 

58 million years ago. This analogue also showed that precipitated calcite as a result of carbonation may 

surround C-S-H gels by which these poorly-crystalline gels are protected from further carbonation 

(Knight, 2003).  

 

The past Roman Empire has left a lot of archaeological concrete in Europe. One of the most famous 

concrete structures showing the durability of concrete is the Pantheon in Rome (see Figure 3-1). 

Although exposed to ordinary air for almost 1900 years, it clearly shows that carbonation of concrete 

may not impact its performance if well engineered. The inside of the dome is a perfect analogue for the 

operational phase of the disposal facility in which the performance of the lining in the disposal facility 

can be hardly affected by carbonation.  

 

Figure 3-1: Unreinforced concrete dome of the Pantheon in Rome was built in about 120 AD and retains 
its structural load-bearing integrity 1900 years later. Source: Neil Chapman.  
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The outside of the dome is exposed to weathering waters; the resulting leaching process is 

representative for disposal, if the dissolved calcium concentration in host rock pore water is smaller than 

this dissolved concertation in concrete pore water. This case is present for some countries (see 

Appendix B). 

 

3.1.4.1.1 Cement 

The durability of Roman concrete has been attributed to rigid quality control, low water to cement ratio, 

expert placement and compaction and the type of cement. Many Roman concrete is made of cement in 

which a part of the lime (CaO) has been replaced by natural pozzolans (Rassineux et al., 1989). Natural 

pozzolans are siliceous and/or aluminous earth materials: volcanic glass, zeolite minerals, opaline chert, 

and diatomaceous earths. They form part of a broader class of supplemental cementitious materials 

(SCM) such as fly ash and blast furnace slag. These SCMs can be considered as natural pozzolans. 

Concrete made with blended cements such as CEM II and CEM III are therefore more representative to 

Roman concrete than CEM I based concrete. The water in the concrete recipe in old Roman maritime 

concretes was seawater and the formation of Al-tobermite, a C-A-S-H mineral in the cementitious matrix 

has been attributed to its durability (Jackson et al., 2017). Also mortars to bind stone blocks in Hadrian’s 

wall have C-S-H phases (Mallison and Davies, 1987), but these phases were mostly derived from the 

calcination of siliceous limestones during the production of the lime and, to a lesser extent, by reaction 

of fine-grained reactive silicate aggregate (Jull and Lees, 1990; Hooker, 2003b). The aggregate was 

chert (Mallison and Davies, 1987) that has a very high reactive surface area. It can be similar to silica 

fume that is used as an addition to make concrete, e.g. in plugs (Vehmas et al., 2019). It becomes clear 

from the investigations on historical and current concrete that cement containing lime (CaO) and 

pozzolan (very fine-grained reactive SiO2 such as slag) results into C-S-H phases with a refined pore 

structure. This pore structure minimizes the rate of ingress of species that could alter the chemistry of 

concrete and therefore contribute to its durability.  

Stone blocks are held together by a cementitious mortar in Hadrian’s wall from the Roman empire 

(Hooker, 2003b). This wall contains in parts mortars that are still hard and sampling need to be 

performed by coring (Jull and Lees, 1999) ,but also parts that are softer (Mallison and Davies, 1987). 

These parts as well as younger structures, e.g. almost thousand year-old churches such as Reading 

Abbey, are soft and crumble and the concrete structures would not survive the lithostatic load in the 

underground. Apart from carbonation, these cementitious materials are also exposed to weathering 

waters that enhances leaching (Rassineux et al., 1989), since the calcium concentration in, for example, 

rain water is smaller than in concrete pore water.  

The old cements used to manufacture concrete and mortars have larger grains size than modern 

cements (Mallison and Davies, 1987). There were therefore more non-hydrated phases present just 

after manufacturing than modern concrete, which leaves the possibility for fracture sealing.  

Many types of the examination of historical concrete show calcite precipitation by atmospheric 

carbonation, e.g. Hadrian’s wall. The empirical laws for carbonation found in historical concrete can be 

relevant for the operational phase of the disposal facility, e.g. shotcrete. Hardened concrete segments 

and the outside of concrete containers are polished to facilitate their lifting with vacuum techniques for 

their emplacement. The polishing effect for the long-term has been listed for historical concrete by the 

formation of closely knitted carbonation products that reduced the permeability and therefore enhances 

the durability of concrete (Mallison and Davies, 1987).  

Many natural (e.g. Scawt Hill and Maqarin) and archaeological (e.g. Pantheon in Rome) studies, are 

available with a chemical composition for concrete that are used or intend to be used in geological 

disposal facilities but their exposure conditions are usually without ingress of dissolved magnesium and 

chlorine (Milodowski et al., 2015), which is expected for disposal cells in granitic and many clay host 

rocks (see Appendix B, host rock pore water). The exception is the Roman marine infrastructure but that 

type of concrete has been made with seawater and not tap water.  
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Portland cements were first manufactured in the middle of the 19th century (Rassineux et al., 1989) 

around 1840’s (Steadman, 1986). The oldest available materials that can be compared with concrete 

made with modern cements such as CEM I are therefore less than 200 years old.  

 

3.1.4.1.2 Aggregates 

Aggregates are used for all cementitious materials used in the disposal cells, except sometimes for the 

waste form. The strength of concrete is determined by the strength of the aggregates and the bonding 

between the cementitious phase and these aggregates. Aggregates of limestone are used in the 

concrete buffer (Van Humbeeck et al., 2007). These limestones can contribute in buffering the pH 

between 8.5 and 10.5. Aggregates of quartz are used in concrete segments and backfill (Verhoef,et al. 

, 2014). Examined historical concrete contained basalt, granite or feldspars as aggregates by which the 

knowledge on the long-term behaviour of quartz aggregates in a cementitious matrix is scarce. An 

exception is the flint gravel that together with limestone, was used as aggregates for Reading Abbey; a 

church in England built in 1121. Like some of the dressed stones for building Hadrian’s wall, the 

cementitious phase of Reading Abbey has become crumbly and washed away, leaving the appearance 

of these flint aggregates. But also, quartz grains have been flown within the cement mixture to make 

concrete, e.g. Camiros concrete 500 BC (Mallison and Davies 1987). The surface of the grain reacted 

with the cementitious matrix, i.e. ‘was eaten away’. A rim of reacted material is visible since the reaction 

proceeded not further. Such reaction rims have also been observed in Roman concrete with aggregates 

of pumice and feldspars. The idea is that these reaction rims are generated during hardening until 

thickening of a reaction rim of hydrates covers the external surface; the reaction is then slowed down 

considerably and proceeds through a diffusion controlled process (Jackson et al., 2017). The reactive 

surface area of quartz aggregates is insignificant compared to the reactive surface area of fly ash or 

blast furnace slag used in blended cements, so these slags can react completely, while there are only 

rims visible for the aggregates. Again, from Reading Abbey, when the reactive surface area is large as 

in chert, 3 different types of reactions with lime have been identified (Mallison and Davies 1987): 

1) densified carbonate, which may have originally been C-S-H, with a thickness of about 1 mm 
thick; 

2) a porous amorphous rim; 
3) affecting smaller flints, causing internal cracking and leaving the residual material very 

porous.  

Aggregates of silica and feldspars in cementitious matrices usually have a very low porosity and 

examined rims at these dense aggregates have been attributed to reactions taking place during 

hardening (Jackson et al., 2017) (Mallison and Davies, 1987). These reacted rims may provide the 

necessary bonding between aggregates and cementitious phase for the strength of concrete but are 

also hardly noticed in the investigations of concrete. Also limestone, basalt and granitic rock have been 

used as aggregates. Extensive cracking of historical concrete has been attributed to cement shrinkage 

by drying (dehydration) and carbonation leaving voids between aggregates and the cementitious phase 

initially made of pure lime. Aggregates remain mainly unaffected (Mallison and Davies, 1987).  

 

3.1.4.2  Effect of high-pH leachates on clay host rock and granitic host rocks 

Clay host rocks and granitic host rocks are both alumina-silicate bearing rocks. Detailed investigation 

and understanding of the processes taking place in Maqarin (Jordan) elucidated the potential sequence 

of secondary mineral formation by interaction with alkaline fluids and alumina-silicate bearing rocks: C-

S-H phases, low in Ca C-S-H phases, C-A-S-H, low Si/Al zeolite and high Si/Al zeolite as a function of 

pH (Milodowksi et al., 1998; Savage, 1998). This description in Figure 3-2 is similar to the identified 

concrete-bentonite interaction and concrete-granite interaction (see Figure 2-10 and Figure 2-12).  
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Figure 3-2: Schematic diagram of hyperalkaline plume migration from a cementitious repository for 
radioactive wastes, showing hypothesised variation in fluid composition and alteration mineralogy in 
space and time (Savage, 1998). 

 

The sedimentary rock through which the hyperalkaline waters in the Maqarin analogue was more porous 

than the envisaged clay host rocks and the clay mineralogy in this sedimentary rock was dominated by 

illite and kaolinite. These clay minerals are also the dominating ones in indurated clays (see Appendix 

C). The chemical processes are therefore considered to be similar but the speed of the processes is 

significantly smaller, due to the low diffusion values in indurated clays as well as in concrete. Also the 

precipitation of calcite within concrete by ingress of bicarbonate from clay pore water would reduce the 

alkaline leachates. This analogue also revealed the reactivity of different mineralogical components. For 

example, quartz, K-feldspar and plagioclase are present in granitic host rocks (see Appendix C) but 

quartz and K-feldspar react more with hyperalkaline waters than plagioclase. The reactive surface area 

has a high impact on the observed alteration, e.g. chert clasts are composed of fine-grained or 

cryptocrystalline quartz and have reacted into C-S-H gels (Milodowksi et al., 1998). The natural 

analogues in Cyprus and Philippines in which hyperalkaline waters were passing clay deposits, similar 

to bentonite, showed minimal mineralogical alteration in a period of 105-106 years due to the low 

permeability of these clay deposits (Milodowski et al., 2015). 

 

3.1.5 Organic waste 

Organic matter can be considered as a potential food source for microbes, if the usable energy to 

breakdown the organic molecules provide sufficient energy. Microbial degradation of organic waste can 

therefore be a primary process for the potential release of radionuclides. As explained in section 2.3.2.1, 

a division is made between addition polymers and condensation polymers to distinguish the potential 

microbial degradation.  
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An example of an addition polymer that is also a predominant organic ILW-type is spent ion exchange 

resin. Natural resins are solidified products of higher plants with a great resistance to chemical attack 

and resins can also withstand decomposition by microbes. There is however not an analogue for 

cemented resins.  

An example of a condensation polymer is cellulose (e.g. wood, paper). This type of organic waste is in 

exceptional cases ILW (see Chapter 2, Figure 2-1). The Dunarobbe forest analogue, previously 

described in paragraph section 3.1.3, described the good preservation of wood by lack of fluid flow and 

anaerobic conditions. These two features can also be provided by the conditioning grout for organic 

waste; the chemical corrosion of the steel drums can generate the required reducing conditions, if the 

cement did not contain traces of pyrite. There is the potential alteration of vegetable debris, i.e. 

condensation polymers, into polysaccharides by migrating alkaline fluids in Khushaym Matruk (Jordan) 

(Källström and Lindgren, 2014). Such alkaline migration is expected to take place for ILW disposal cells 

in granite, in which the conditioning grout had been extensively fractured due to the lithostatic load and 

mechanical degradation by the ingress of dissolved species that had reacted with the cementitious 

matrix.  

 

3.2 Laboratory experiments / in-situ experiments 

3.2.1 In-situ experiments 

Natural and archaeological analogues are in-situ experiments that last a time frame relevant for the 

long-term in geological disposal of radioactive waste. Features that are important on the long-term such 

as the transformed medium or alteration zone in clay or concrete when exposed to steel can be observed 

(Chitty et al., 2005; Neff et al., 2004; Dillmann et al., 2014). Also the understanding of processes of 

materials interfacing concrete, granite (see section 2.2.5) and clay (see section 2.2.6) have been 

deduced primarily from the investigations on the Maqarin natural analogue. But not every old material 

or site can be an analogue. Quantitative knowledge on the chemical and physical properties of the 

engineered barriers and host rock are needed to justify the research on the materials and site. The 

investigation of sites with natural and archaeological analogues requires an understanding of the 

relevant processes during the implementation of geological disposal of radioactive waste and in the 

phase when the disposal facility is closed. The main disadvantage of analogues is the lack of information 

about the initial conditions, which makes it difficult to extract quantitative information for the performance 

assessment of the disposal of waste.  

Transport properties within the host rock and engineered barriers are a key issue in the chemical 

evolution of disposal cells since it has a high impact on how there can be contact between the pore 

water and the waste form and when. The ‘how’ determines the chemical and physical conditions for the 

alteration mechanism of the waste form. The ‘when’ determines the radionuclides that are left and 

consequently the potential radionuclide release rate. The quantification of the transport properties can 

depend on the sample size since the heterogeneities on a large scale can have a high impact on these 

properties. In-situ experiments can therefore provide the most reliable determination of the (initial) 

transport properties for the chemical evolution of the disposal cells and its consequences on the 

radionuclide release rate from the waste forms as well the as the radionuclide migration rate through 

the engineered and natural barriers.  

 

3.2.2 Laboratory experiments 

There have been many experimental results obtained on a laboratory scale. The initial and boundary 

conditions in a laboratory set-up are usually known, which allows a robust interpretation of the monitored 

parameters. The main disadvantage of laboratory experiments is the small period in time. Extremes in 

radiological, chemical, physical and microbiological conditions are often used in order to observe 
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‘something’ within a few days, months or years. These conditions may not be representative for the 

quantification of processes during geological disposal of radioactive waste. The set-up conditions for a 

laboratory experiment with the purpose to provide a quantification of a process, e.g. the corrosion rate 

of steel, requires quantitative knowledge on the radiological, chemical and physical properties of the 

waste and the chemical and physical properties of the engineered barriers and host rock. An 

assessment of the potential of microbial activity needs to be made for each set-up and also whether 

microbial activity would be relevant for geological disposal of waste and why. Quantification in properties 

has sometimes been made for example (Smart et al, 2017),but frequently this quantification has not 

been made. An example is the refereed literature for the effect of  radiation on the bentonite properties 

in section 2.2.3 of more than 10-20 Gy h-1 or 2.98 kGy h-1. Such high radiation fields may not be relevant 

for disposal of waste (see section 2.3.1; Figure 2-13). Section 2.3.1 also explained why processes such 

as radiation enhanced corrosion of steel are not likely to occur, i.e. the required radiation fields and 

access to water are not present during disposal of waste.  

Laboratory tests require the understanding of the relevant processes in order to structure an 

experimental set-up in which representative results for geological disposal can be generated. Monitoring 

variables need to be carefully selected in order to investigate the phenomena that are relevant. Some 

illustrative examples with an impact on the determination on the radionuclide release rate for vitrified 

waste and the assumed durability for carbon steel overpack are described. 

 

3.2.2.1 Vitrified waste form 

Almost all laboratory studies investigating the interaction of porous media with the vitrified waste form 

are leaching experiments in liquids. The understanding of the alteration mechanism of natural analogue 

studies on basaltic glasses highlighted the importance of silica saturation. All host rock and engineered 

pore waters are saturated in silica and therefore leaching experiments of samples in glass in distilled 

water would overestimate the alteration rate, especially if the leachate solution would be stirred. The 

dissolved concentrations of silicon, sodium, aluminium, iron and calcium in representative blank solution 

are usually too large to monitor a change in their concentrations and therefore the dissolved boron 

concentration is monitored to determine the glass dissolution rate (Van Iseghem et al., 1992). However, 

the dissolved boron does not represent the behaviour of glass dissolution, since the boron is not 

incorporated in the altered glass layers (Conradt et al, 1986). The alteration rate of vitrified waste can 

be determined with rising boron concentration, but this information provides limited knowledge on the 

potential radionuclide release, since the majority of the radionuclides that are dissolved as cationic 

species is sorbed by the alteration layer. The long-term boron release rate measured from vitrified waste 

forms exposed to silicon saturated solutions can therefore only be representative for the radionuclide 

release rate of anionic dissolved species if a reactive solid phase is absent. It requires some time to 

build up the alteration layer by which the early measured boron release rate are too large to be 

representative on the long-term in the post-closure phase.  

These leaching experiments lack solid phases. These phases such as steel and corrosion products are 

present in a HLW disposal cell and their influence may result in larger alteration rates of vitrified waste 

form, due to enhanced sorption of dissolved cationic complexes that can no longer be used for building 

the alteration layer. The glass dissolution rates that are determined without these solid phases may 

initially therefore be too optimistic for geological disposal, if the diffusion of water is not the rate-limiting 

step, since access of water is required for the alteration. The interfacial area between the vitrified waste 

form and steel is, however, limited in the disposal cell. After complete coverage of the corroded steel 

surfaces with dissolved cationic complexes from the vitrified waste form, the glass alteration rate is 

envisaged to decline till the long-term boron release rate.  
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3.2.2.2 Steel 

3.2.2.2.1 Sample preparation and its impact on the corrosion rate 

Most laboratory experiments with steel start with polished surfaces (Swanton et al., 2015) in order to 

have a well-defined initial condition of the sample. This polishing removes the iron oxide-layer that was 

generated by atmospheric dry oxidation before its use, for example to make well-engineered reinforced 

concrete with ribbed carbon steel bars or iron-oxide layers that are formed on stainless steel after 

neutron irradiation in a nuclear plant. These layers can be passivation films that were present prior to 

disposal. The corrosion rate of steel can be several orders in magnitude larger without these films. It 

can take 4-6 months before a constant corrosion rate is observed (Johnson and King, 2008), if no 

dissolved calcium is present in the leachate (Kreis, 1991). This period to obtain a steady state can be 

more than 4 years for compacted clay (Johnson and King, 2008). This period in time is necessary to 

make the passivation film to obtain the long-term corrosion rate that is representative for disposal.  

Another frequently used sample preparation methodology is acid etching. Rinsing with a 10% HCl-

methanol solution is used to remove the iron oxide layer (King et al., 1973) that is naturally present. The 

weight loss from these samples in solutions containing iron sulphides becomes negligible after 30 days, 

probably because steel became passivated during the corrosion process. The impact of such type of 

research is that concrete made with a cement blended with Blast Furnace Slag (BFS) has not been 

accepted for disposal of waste, because iron sulphides within the cement have been observed to 

depolarise the water reduction reaction and thereby accelerate corrosion by absorbing hydrogen (Marsh 

et al., 1986). In reality, the rest potential of carbon steel has been measured to be achieved immediately 

for steel embedded in a grout mixture made with a BFS-blended cement. For carbon steel that is 

surrounded by mixtures of OPC/Pulverized Fly Ash (PFA) and OPC/Lime, it may take some time before 

entrapped oxygen is sufficiently consumed to obtain the rest potential of steel at anaerobic, alkaline 

conditions. Moreover, the iron oxide magnetite is expected for anaerobic, alkaline conditions (Figure 

2-15) and is actually measured by Raman spectroscopy on the surface of carbon steel embedded in 

BFS-blended cement, but not on surfaces of steel that have been embedded in the mixtures OPC/PFA 

and OPC/Lime within the same experimental period (Naish et al., 1991).  

 

3.2.2.2.2 Liquid phase versus solid phase 

The solid phase restricts the access of species that may react with steel. There can be aerobic corrosion 

of steel in the operational phase and also for a small period in the post-closure phase of the chemical 

evolution of disposal cells. This corrosion process can be rendered due to insufficient access of oxygen 

towards steel with which for example the pits in carbon steel are larger for surfaces exposed to solutions 

than to bentonite; after two years exposure the depth of these pits was 3.7 mm for solutions and 0.5 mm 

for bentonite (Marsh et al., 1991). This insufficient access of oxygen towards the steel surface can be 

caused by the slow diffusion of oxygen in water-saturated bentonite as well as traces of pyrite present 

within bentonite that reacted with oxygen. 

The benefit of the performance of the corrosion experiments performed in liquids is that the actual 

corrosion rate can be monitored with the measured hydrogen gas release with negligible loss in time by 

diffusion of hydrogen to the measurement device. The disadvantage of using only liquids is that the solid 

phases can increase the corrosion rate by sorption of dissolved iron if these solid phases contain 

charged minerals such as clay and concrete and if the diffusion of water required for the corrosion 

process is not the rate-limiting step. 

 

3.2.2.2.3 Monitoring variable for the quantification of the corrosion rate 

Long-term corrosion rates for carbon steel exposed to alkaline, anaerobic solutions are smaller than 0.1 

µm per year using hydrogen evolution measurements. Corrosion rates for carbon steel exposed to 

concrete are limited to weight loss and electrochemical measurements (Swanton et al, 2015). 
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Electrochemical measurements overestimate the actual corrosion rate, especially when the corrosion 

rates are smaller than 1 µm per year. Corrosion rates that have achieved steady state have a total 

corrosion rate smaller than 0.57 µm per year using weight loss (Naish et al., 1991). These corrosion 

rates include the initial active corrosion phase in which the corrosion rate has been measured to be 3 

orders in magnitude larger than the steady state corrosion rate. The measured corrosion rates by weight 

loss can at least be one order in magnitude larger than the measured corrosion rate by hydrogen release 

(Kaneko et al., 2004; Kursten and Druyts, 2015). Determination of the corrosion rate with a hydrogen 

evolution measurement has been performed for carbon steel in concrete for a period of 500 days 

(Kaneko et al., 2004) but not for carbon steel in clay. The hydrogen generation rate was extremely small 

despite the fact that accuracy was high, i.e. 0.001 µm per year. Delay in the arrival of hydrogen by the 

measurement device makes it hard to measure the corrosion rate.  

 

3.3 Integration in modelling tools 

Reactive transport models couple transport processes (advection, hydrodynamic dispersion, diffusion) 

with geochemical processes (thermodynamic equilibrium, kinetic processes). Such models are 

emerging for about 40 years and have found applications in many environmental and engineering 

application including geological disposal of radioactive waste. Some recent publications give an 

overview of the background, methods and available codes of reactive transport codes (Steefel et al., 

2015a) and an overview of applications in the field of disposal of radioactive waste (Bildstein et al., 2019; 

Claret et al., 2018; De Windt and Spycher, 2019). Overall, during the last 10 years, coupled reactive 

transport with a large flexibility to include several equilibrium and kinetic processes are applied for many 

engineered systems at different spatial and temporal scales including applications relevant to geological 

disposal of radioactive waste. For background on the mathematical and numerical models, the reader 

is also referred to Anderson and Crerar (1993), Lichtner (1996), Steefel and MacQuarrie (1996) and 

Leal et al. (2017) for the basic mathematical and numerical formulations of geochemical and reactive 

transport equations.   

As described in the previous sections, the chemical evolution in a disposal cell is not only governed by 

transport and geochemical processes, but also by water flow and absorption, multiphase flow 

phenomena and heat transfer. An overview of the key mathematical formulations of these processes is 

given in section 3.3.1. Section 3.3.2.1 describes some selected codes that have been used in the context 

of geological disposal of radioactive waste or to describe relevant processes at interface, waste package 

and disposal cell scales. 

 

3.3.1 Governing equations for simulating water flow, heat transport, solute transport and 
geochemistry 

The key processes in the conceptual model of the chemical evolution at an interface, of waste packages 

(under disposal conditions), or of disposal cells are transport of water (fluid flow), advective and diffuse 

transport of dissolved species (solutes) between the interfacing materials and reactions between these 

dissolved species and minerals within these materials.  

Other processes, such as fluid flow but also sorption determine the speed in which the materials can be 

altered. For HLW, also the impact of temperature on these key processes needs to be assessed. The 

release mechanism and rate of radionuclides from the waste forms are determined by the chemical 

evolution of materials in the vicinity of the waste form in the disposal cell. 
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3.3.1.1 Continuum models 

The scope of the reactive transport models described in this report is limited to continuum-scale models. 

In such approach, the micro-heterogeneities between different phases (e.g., aqueous phase, solids or 

even different minerals) are not represented in an explicit way by geometries and boundaries, but are 

averaged over a representative volume such that the porous medium properties vary continuously in 

space. These averaging can be orientation dependent, i.e. anisotropy of the porous media properties 

can be included to continuum-scale models.  

On the other hand, there are pore-scale models in which pores and solids are represented explicitly, 

which currently are also coupled with geochemical solvers to simulate reactive transport at the pore 

scale (e.g., Molins et al., 2017; Patel et al., 2018; Seigneur et al., 2017). The codes then uses also 

different constitutive equations for flow (Navier-Stokes versus Darcy’s Law) or transport (molecular 

diffusion in liquid phase versus effective diffusion in a porous medium). Obviously, this approach cannot 

be applied to a large scale due to the current computational power and the necessity to achieve 

calculational results within hours, days of perhaps weeks. Computational power will increase by which 

pore-scale models may be used in the future at disposal cell scale.  

3.3.1.2 Fluid flow 

This section describes equation for single-phase flow in porous media and through fractures. The 

mathematical formulation of a multiphase model is not covered; the mathematical model for single-

phase flow of water is given for fully and partially water-saturated porous media. 

3.3.1.2.1 Variably-saturated single-phase flow 

When assuming a passive air phase and neglecting hysteresis, the mass conservation equation 

combined by the Darcy-Buckingham equation results in the Richards equation for variably saturated 

water flow in porous media:  
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  3.1 

where w is the water content (m3 m-3), t is time (s), qw is the vector with the volumetric water flux density 

(m3 kg-2 s), Qw is the sink/source term (m3 m-3 s-1), K is the hydraulic conductivity (m s-1) tensor, h is the 

pressure head (negative for unsaturated conditions) (m), and ez is a unit vector in the vertical direction. 

The water content is sometimes expressed as: 

 w wS =   3.2 

where  is the porosity (m3(void) m-3(system)) and Sw is the degree of water saturation 

(m3(water)m-3(void)). To solve Eq. 3.1, material properties expressing the relation between the water 

content and pressure head (or capillary pressure,  Pa), for negative values of pressure head), called 

the moisture retention curve or the (aqueous) saturation function and the relation between the hydraulic 

conductivity and the pressure head / capillary pressure. These relations are mostly defined as closed-

form formulations with a number of material-specific parameters. For the saturation curves (Sw(h) or 

Sw()) many different functional forms exists; some of them are implemented in reactive transport 

codes, e.g. the formalism of van Genuchten, (1980) or (Brooks and Corey, 1964). The hydraulic 

conductivity curve requires typically the saturated hydraulic conductivity Ks (L m Ts-1) and a functional 

form of the relative conductivity, i.e. the change of hydraulic conductivity with pressure head. The 

standard method is to use a pore-size distribution models that calculates the relative hydraulic 

conductivity from the moisture retention model (e.g., Mualem, 1976; Burdine, 1953, see also van 

Genuchten et al., 1991). 
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3.3.1.2.2 Liquid flow in fully and variably saturated fractured media 

Micro and macro cracks or fractures can develop or are present in engineered (e.g. concrete) and 

geological formations as a result of interactive physical, chemical and mechanical processes. As the 

existence of fracture networks forms preferential pathways for water flow and/or contaminant/constituent 

leaching, such networks are of particular concern for the long-term performance and chemical evolution 

of disposal facilities. 

The effect of fracture networks on the release of contaminant fluxes is not univocal and depends on 

interplay between fracture network characteristics, matrix properties, regional hydraulic conditions and 

location of encapsulated wastes. Different flow patterns develop for different rates of water infiltration. If 

the water flux is low relative to the saturated hydraulic conductivity of the fracture, the fracture will not 

act as a preferential pathway: the fracture will be unsaturated with very low unsaturated hydraulic 

conductivity (only film or corner flow, Or and Tuller (2000), Tuller and Or (2001)). The unsaturated 

hydraulic conductivity of the fracture can be lower than the (un)saturated hydraulic conductivity of the 

matrix and flow might be primarily through the matrix domain (hydraulic conductivity might be very low, 

and transport is then mainly via diffusion). On the other hand, a water flux high enough to saturate the 

fractures might result in fractures becoming effective pathways for rapid advective-dominated migration 

of radionuclides (at least, if saturated hydraulic conductivity of fractures higher is than that of the matrix). 

The relative importance of fracture flow versus matrix in the light of their saturation properties has been 

studied in Cey et al. (2006), Or et al. (2005) or Perko et al. (2017). Under water-saturated conditions, 

the condition to be expected in a geological disposal, flow and transport is mainly in the fractures (when 

saturated hydraulic conductivity of the fractures is larger, see Cey et al. (2006), Or et al. (2005) or Perko 

et al. (2017)). However, under unsaturated conditions, the main flow and transport path can be in the 

matrix domain as well, depending on fracture properties (e.g. roughness), matrix hydraulic properties 

and pressures.  

Several modelling approaches have been proposed to model flow and transport through fractured 

porous media. The hydrogeological mathematical models for flow and transport through fractured 

porous media fall into one of three broad classes: (a) equivalent (or single) continuum models and 

derivatives as dual-porosity and dual-permeability (or multiple) continuum models (e.g. Šimůnek and 

van Genuchten, 2008), (b) discrete network simulation models either as single fracture or fracture 

network models (e.g. Sudicky and Mclaren, 1992), and (c) hybrid models (e.g. Oda, 1985). The 

equivalent continuum models require volume-averaged hydraulic properties that reflect the large-scale 

average effects of fractures whilst the discrete models need mainly information about the geometric 

characteristics of fractures. The hybrid models need both sets of information.  

Explicit modelling of saturated single phase flow in fractured systems  

As an example, governing equations for the explicit representation of flow in fractures and surrounding 

rock matrix are given here. The fractures are assumed to be always saturated although in reality this 

may be unlikely. The saturated hydraulic conductivity of macro fractures with widths of the order of 

hundreds of µm is typically several orders of magnitude larger than that of a porous matrix. This means 

that larger fractures will drain out water quicker than the porous matrix, which holds water by suction. 

The governing equation for the flow is based on Darcy's law in both the matrix (Eq. (3.3)) and in fractures 

(Eq. (3.4)) (Seetharam et al., 2014). The flow through fractures is modelled using tangential derivatives 

which define the flow along the interior boundaries representing fractures within a porous matrix. Eq. 

(3.6) is essentially an averaging of conservation equation across the fracture thickness (see Martin et 

al. (2005), for derivation).  
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where p is the total pressure (Pa) which is the dependent variable, ρl is the density of water (kg m-3), S 

is the storage coefficient (Pa-1), u is the Darcy's velocity vector (m s-1) in the matrix as defined in Eq. 

Erreur ! Source du renvoi introuvable., Ks is the saturated hydraulic conductivity of the concrete 

matrix (m s-1), g is gravitational acceleration (m s-2), df is the fracture width (m), Kf (m s-1) is the hydraulic 

conductivity of a single fracture obtained from Eq. Erreur ! Source du renvoi introuvable. for planar 

fractures (Walton and Seitz, 1991), µ is the dynamic viscosity of water (kgm-1s-1), uT is the tangential 

velocity vector and ∇T denotes the gradient operator restricted to the fracture's tangential plane. The 

dependent variable, p, is same in both the matrix and fractures. The storage coefficient S is put to a very 

low number representing water compressibility. The state-of-the-art report of WP DONUT (Ahusborde 

et al., 2021) gives also an overview on treatment of fractures. 

 

3.3.1.3 Heat transfer 

Taking into account the main heat transport processes (conduction in the solid matrix, transport by the 

fluid phase, conduction in the fluid phase) and assuming a single temperature between the different 

phases, the heat transport equation can be written as:  
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where T is temperature [K], cp is the specific heat capacity of the porous media [J kg-1 K-1], p is the 

mass per unit volume [kg m-3], cw is the specific heat capacity of water [J kg-1 K-1], w is the mass of 

water per unit volume [kg m-3],  is the thermal conductivity tensor [W m-1 K-1] and   is the water content. 

Please note that this heat equation can only be solved by taking into account fluid flow. Excluding the 

fluid flow and solving this equation solely with properties for saturated and non-saturated porous media 

provides a range in temperatures of materials as a function of time. A too low temperature will be 

calculated for properties with saturated media. A too high temperature will be calculated for properties 

with not-saturated media. The range in temperatures in too low and too high temperature can be 

acceptably small enough considering other uncertainties. This is a more simple calculation and less time 

consuming than including fluid flow. In unsaturated porous media, in addition to transport of heat by 

conduction, heat can be transport in the air phase via vapour transport and may become an important 

component of heat transport in unsaturated low permeable media (e.g. Collin et al., 2002). Note that this 

transport process is not included in Eq. 3.8. 

 

3.3.1.4 Solute transport 

In most reactive transport codes, transport is defined in terms of total concentration instead of transport 

of each individual aqueous species. The number of transport equations then equals the number of 
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primary species or components. This number is equal to the total number of aqueous species, Na, minus 

the number of linearly independent reaction equations between species in chemical equilibrium (see 

section 3.3.1.5). As such, the total number of aqueous species, Na, is divided between Np primary 

species and Na – Np = Nx secondary species. The total concentration Cw,i of the ith primary species is 

then defined as: 
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w w w
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where vji is the stoichiometric coefficient (i.e. the number of moles of the ith primary species in the jth 

secondary species). 

The general solute transport equation for transport of mobile components for a single phase system 

(liquid phase) can be written as: 
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where L() is the linear transport operator, and R (mol m-3 s-1)is a sink/source term for geochemical 

reactions (section 3.3.1.5Erreur ! Source du renvoi introuvable.). These reactions can change the 

microstructure e.g. a local change in porosity.  

The transport operator for the aqueous phase consists of a hydrodynamic dispersion and an advective 

component: 

 ( ) ( )w hd w w() i iL C C=   − D q   3.11 

    

where Dhd is the hydrodynamic dispersion tensor (m2 s-1), and the other symbols as defined before. 

The hydrodynamic dispersion includes molecular diffusion in the aqueous phase, corrected for the 

tortuosity of the porous media and mechanical dispersion due to small scale variations in fluid velocities 

and travel paths. 

Tortuosity multiplied with the molecular diffusion coefficient of the aqueous phase is often indicated by 

the term pore diffusion coefficient Dp or diffusion coefficients in porous media. This parameter is crucial 

for the assessment of chemical evolution of disposal cells in a geological disposal system as diffusion 

is often the most important transport process.  Water flow and thus advective transport are usually of 

minor importance for geological disposal systems in clay systems due to the absence of strong hydraulic 

gradients and the low permeable host-rock and engineered barriers; advective flow could be relevant 

for granite host rocks when fractures are present.  

This simpliffied transport operator assumes that individual diffusion coefficients of charged (ions) and 

uncharged complexes in water can be replaced by one average molecular diffusion coefficient for all 

primary species in order to ensure charge neutral transport. Instead of using the phenomenological 

Fick’s law, the Nernst-Planck equations can be used that consider specific diffusion coefficients for each 

ion/complex and achieve charge neutrality of transport by calculation of cross-diffusion coefficients for 

charged species (Samson and Marchand, 2007, Liu et al., 2011; Steefel et al., 2015a). In addition, the 

gradient in the chemical potential gradient instead of the concentration (Steefel et al., 2015a). The 

diffusive term in Eq. (3.11) contains, beside the Fickian diffusion term, a term related to the gradient in 

electrostatic potential (related to Nernst-Planck) and a term related to the gradient in activity coefficients 

(Appelo, 2017; Samson and Marchand, 2007). A recent example of using the Nernst-Planck equation 

(only electrochemical effects, no chemical activity gradient) for geochemical changes over a cement-

clay interface was presented by Idiart et al. (2020). The effect of electrochemical effects was clearly 

visible for non-reactive ions such as the mobility of Cl. When the ions concentrations are controlled by 

mineral phases, the effect of including electrochemical effects is limited.  
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3.3.1.4.1 Microstructure and diffusivity 

Pore diffusion coefficients can be obtained by experimental in- or through diffusion experiments but 

these measurements are only valid for the microstructure of the porous media during the experiment. 

There exist different models to predict the tortuosity from continuum properties of the porous media. For 

saturated media, variants of Archies law (Archie, 1942) using an exponential relation on porosity are 

available in many reactive transport models. Models proposed by Milington and Quirk (Millington and 

Quirk, 1961) or Moldrup (Moldrup et al., 2000; Moldrup et al., 1997) account for water saturation degree 

of the porous media. It is important to note that these models or their parameters are mainly empirical 

in nature and using them predictive outside their calibration or measurement region (other materials or 

other range of porosity) is highly uncertain.  

For cement-based materials, there exist alternative models adapted to the specificities of the material, 

see e.g. Patel et al. (2016) for an overview of models for diffusivity in saturated Portlandite cement and 

concrete. Some models are fitted on numerical (pore-scale models) such as Garboczi and Bentz ( 1992) 

or based on effective media theory, accounting possible accounting for different characteristics as 

different types of porosity, phases and aggregates (e.g., Bejaoui and Bary, 2007; Oh and Jang, 2004; 

Stora et al., 2009a). In general, such models are not always implemented in the numerical codes. 

Geochemical reactions can cause a local change in the microstructure; specifically solid phase 

dissolution/precipitation/transformation reactions (see sections 3.3.1.5.2 and 3.3.1.5.6.1) can locally 

change e.g. the pore size distribution and porosity and thus solute migration can locally decrease or 

increase. The influence on solute diffusion is via the total porosity (area available for diffusion) and the 

tortuosity coefficient (see section 4.1.1.2). 

 

3.3.1.4.2 Mechanical dispersion 

Mechanical dispersion is calculated from the average velocity in the principal direction multiplied by the 

longitudinal or transversal dispersivity, L or T [L] respectively (Bear, 1972). The components of the 

dispersion tensor, Dij, are given by  
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v v
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where v, vi and vj are the average velocity, and the velocity in the i and j direction, respectively, w is the 

aqueous tortuosity factor which depends on microstructure but also on water content, Dw is the molecular 

diffusion coefficient in the aqueous phase, and ij is the Kronecker delta. 

 

3.3.1.5 Geochemical processes 

The geochemical reaction term in Eq. 3.10 Erreur ! Source du renvoi introuvable., Ri, accounts for 

heterogeneous equilibrium or kinetic geochemical reactions or homogeneous kinetic reactions. 

Homogeneous (aqueous) equilibrium reactions do not change the concentration of the primary species 

and therefore, there is no need to include them in a sink/source term in transport equation 3.10 for 

master species. Typical heterogeneous reactions taken into account in reactive transport models are 

(Steefel et al., 2015a) ion exchange, surface complexation, aqueous-gas exchange, mineral dynamics, 

and solid-solutions; most of them treated both in equilibrium or kinetically-controlled. Typical 

homogeneous kinetic reactions are radioactive decay and (microbiologically-mediated) kinetic 

degradation of, e.g. organics, or oxidation-reduction reactions.  
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In what followed, we give an overview of the most important geochemical reactions that are typically 

being accounted for in reactive transport models. We choose here to define express equilibrium in terms 

of the law of mass-action equations.  

 

3.3.1.5.1 Aqueous reactions 

The activity of aqueous species is crucial for many other geochemical processes. Several theories and 

models are published to calculate activity correction coefficients of aqueous species such as based on 

Debye-Hückel theory, specific ion interaction (SIT) model or Pitzer equations. Most basic handbooks on 

aquatic chemistry and geochemistry contain information of the different low and high ionic strength 

activity correction models for aqueous species (Anderson and Crerar, 1993; Appelo and Postma, 2005). 

Thermodynamic equilibrium between the aqueous and the solid phase or kinetic reactions is for example 

expressed in terms of activities rather than component concentration or species concentrations. 

Aqueous equilibrium reactions are written as: 

 𝐴𝑗 = ∑ 𝜈𝑗𝑖𝐴𝑖
𝑁𝑝

𝑖=1
       3.13 

where Ai and Aj are the chemical formulae of the primary and secondary species, respectively. When 

thermodynamic equilibrium is obtained (i.e. at the minimum of the Gibbs free energy of the system), the 

concentration of the secondary species are obtained via the law of mass-action equation as: 

 

( )
p

1

ji

N

i i

i
j

j j

c

c
K





==


      3.14 

where Kj is the equilibrium constant for the reaction and i and j are the activity correction coefficients 

for the primary and secondary species, respectively². Activity correction coefficients relates the 

concentration of the species to the activities which are used in the definition of the equilibrium constant 

(activity ai = ici).  

 

3.3.1.5.2 Mineral precipitation and dissolution 

The composition and amount of the solid phase assemblage and its evolution are important variables 

for flow and transport parameters (as the amount and distribution of solid phases determine the 

microstructure) and for the sorption of aqueous speciation (capacity for sorption is defined by the type 

of minerals and their properties).  

The general equation for a mineral dissolution and precipitation reaction is written as: 

 𝑀𝑙 = ∑ 𝜈𝑘𝑙𝐴𝑘
𝑁𝑙
𝑘=1   3.15 

where M represents the chemical formula of the mineral and Nl is the number of aqueous species in the 

reaction equation. The equilibrium constant is again expressed as the ratio of the activity product of the 

reactants (right hand-side) and the product (the mineral at the left hand side). The activity of a pure 

phase is assumed to be equal to 1, thus at equilibrium, following law of mass-action equation is satisfied: 

 ( )
l

1

kl

N

l k k

k

K c



=

=    3.16 

A solid-solution is a solid phase consisting of variable mixing of pure end-member minerals. The activity 

of an end-member in a solid solution is different from 1 and is related to the mole fraction in the solid-

solution: 
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0/i i i ia X X=   3.17 

where ai is the activity of the end member in solid-solution, Xi is the mole fraction and Xi
0 is the mole 

fraction at standard state (assumed to be 1). In an ideal solid solution, the activity correction factor i 

equals 1 and thus the activity equals the mole fraction of the end member. For a non-ideal solution, the 

activity correction factor is related to the excess free-energy of mixing due to non-ideality. The non-

ideality is described with semi-empirical models for binary, ternary, symmetric and asymmetric systems. 

One of the most often used models to calculate the activity correction factors for a binary non-ideal solid 

solution is based on Guggenheim series expansion (Glynn, 1991) but other models are also included in 

reactive transport models (e.g. via GEM3K (Kulik et al., 2013) and the TSolMod library (Wagner et al., 

2012)). One particularity of non-ideal solid solutions is that the mechanical mixture of the end members 

is sometimes more stable than the one-phase solid solution leading to an immiscibility or a phase 

separation. 

Mineral precipitation and dissolution reactions can alter the microstructure and local porosity and have 

an influence on material properties including permeability and solute transport parameters (see section 

4.1.1) or even heat transport parameters.  

Beside the equilibrium assumption discussed in this section, dissolution or precipitation rates are often 

slow compared to envisaged time scales (e.g. during transport calculations), meaning that time is 

required to reach equilibrium. In that case, a kinetic formulation is required which is discussed in section 

3.3.1.5.6.1 The need to implement kinetic rather than equilibrium reactions depends on many factors 

including the time and spatial scale (experimental studies, ~months to year) at the interface scale may 

need rather a kinetic than equilibrium implementation), minerals involved (fast kinetics such as calcite 

compared to slow kinetics for e.g. clay minerals), and the overall goals/endpoints of a particular 

assessment. The dimensionless Damköhler number expresses the ratio of the transport (advective-

dispersive) time over the reaction time; if this ratio is large, local equilibrium can be assumed (Sanchez-

Vila et al., 2007). Note that small-scale heterogeneity can also contribute to a need to incorporate 

(heterogeneous) kinetics, specifically when mixing in the complete pore space is long compared to 

reaction time (diffusive time over reaction rate, Dentz et al. (2011)). 

 

3.3.1.5.3 Ion exchange 

The ion exchange process is a charge-neutral exchange of ions between the aqueous phase and 

exchange sites at the surface of solid phases. The site capacity of a surface is thus always occupied 

with species of the opposite charge such that the surface is charge neutral. Although this process 

includes also the exchange of anions with a positively charged surface, the cation exchange process 

(exchange of cations with a negatively charged surface of e.g. a clay mineral) is more common. In 

general form, the exchange reaction can be written as: 

 𝜈𝐴𝑗
𝐴𝑘𝑋𝜈𝐴𝑘

+ 𝜈𝐴𝑘
𝐴𝑗 ⇌ 𝜈𝐴𝑘

𝐴𝑗𝑋𝜈𝐴𝑗
+ 𝜈𝐴𝑗

𝐴𝑘     3.18 

where X denotes the ion exchanger (with unit charge), Ak and Aj denote aqueous species with opposite 

charge than that of the exchanger, and vAj and vAk are the stoichiometry coefficients. The equilibrium 

constant is written as:  
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=   3.19 

where () denotes activity. There are different conventions for calculating the activity correction 

coefficients for the exchange coefficients called Gaines-Thomas, Gapon or Vanselow conventions (see 

Appelo and Postma (2005) or Sposito (1981)). The Rothmund-Kornfeld model accounts for changing 

selectivity with site occupancy (Bloom and Mansell, 2001; Bond, 1995). Alternatively, different exchange 
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sites can be defined, each with different selectivity coefficients. At low concentrations, the high selective 

sites are first filled up; less selective sites are filled up at higher concentrations. The three-site exchange 

model for Cs sorption on illite of Bradbury and Baeyens (2000) is often applied to describe Cs in clay 

host formations (e.g. Maes et al., 2008). 

Exchange reactions can be treated kinetically as well, although it is generally assumed that these 

reactions are fast enough to treat as equilibrium reactions. However, in a continuum approach, for 

heterogeneous media, time for mixing of the solutes in the complete pore space might be too long.  

 

3.3.1.5.4 Surface complexation 

Surface complexation is an important process as it describes sorption of major and trace elements as a 

function of the prevailing geochemical conditions near the solid phase surface. A major difference with 

exchange processes is that protons, cations and anions are released without compensation by other 

ions in equivalent properties (as opposed to exchange processes, Appelo and Postma (2005)). The 

surfaces can be positively or negatively charged (variable charged solid) depending on the pH of the 

soil solution. Such variable charged solids exist for both natural and engineered materials. Variable 

charged solids for natural subsurface systems are clays, oxides and organic matter. Also most materials 

for  the technical barriers in an underground surface systems contains such variable charged solids such 

as cement (Missana et al., 2019; Olmeda et al., 2019).  

In surface reactions, aqueous species binds to functional groups on the surface; as an example an 

equation of a metal sorbing on a surface hydroxyl site (OH): 

 ≡ 𝑋𝑂𝐻 + 𝑀𝑧 ↔≡ 𝑋𝑂𝑀𝑧−1 + 𝐻+  3.20 

Similar to aqueous complexes, the degree of surface complexation depends on the chemical affinity 

between the aqueous species and the surface functional group and on the electrostatic effects near the 

solid surface due to the surface charges. These two factors are represented in surface complexation 

models via following mass action analogue: 
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  3.21 

where Ka is the apparent equilibrium constant, Kint is the intrinsic equilibrium constant, and Kcoel 

represents the electrostatic component. Note that the adsorption reaction can also be written in terms 

of Gibbs free energy. The key point is to relate the charge distribution near the solid surface to the 

potential in order to calculate equilibrium. This gives rise to surface complexation models that differ in 

the way the division is made between charged surface and bulk solutions and the charge/potential 

relations that are used. The four most common models are the constant-capacitance model (CCM), the 

diffuse double layer model (DDL), the triple layer model (TLM) and the CD-MUSIC model (Goldberg et 

al., 2007).  

In one layer models, all adsorbed ions are located on a single plane and the surface charge density at 

that single plane is used to calculate the surface potential by assuming a constant capacitance (CCM) 

or a variable capacitance calculated with the potential-charge relationship given by the Gouy-Chapman 

theory that depends on the ionic strength. It represents the diffuse layer of ions balancing the charge of 

the surface. Other models account for sorption directly to the surface (inner complexes, typically for H+ 

and OH-) and one or two additional planes (outer complexes). The Basic Stern Model (BSM) has one 

additional plane (inner plane) with a constant capacitance between the surface and inner planes and 
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neglect any potential change between the inner plane and the outer plane where the diffuse layer starts15. 

The TLM assumes a second capacity between the inner and outer layer. The CD-MUSIC model 

(Hiemstra and Van Riemsdijk, 2006; Hiemstra and Van Riemsdijk, 1996) distributed the charge of an 

adsorbed ion between different planes. 

Most reactive transport models include one or more of these models to calculate Kcoel. However, note 

that surface complexation models are also often implemented neglecting the electrostatic forces (i.e. 

Kcoel = 1) or diffuse layer calculations. 

Surface complexation reactions can be treated kinetically as well, although it is generally assumed that 

these reactions are fast enough to treat as equilibrium reactions. However, in a continuum approach, 

for heterogeneous media, time for mixing of the solutes in the complete pore space might be too long. 

One possible way is for example by a multi-rate multi-transport type of model as illustrated in Greskowiak 

et al. (2015) for U sorption. 

 

3.3.1.5.5 Gas reactions 

When a gaseous phase is present, exchange between a component Gi in the gaseous phase and a 

component Ai in the aqueous phase: 

 𝐺𝑖 ↔ 𝐴𝑖      3.22 

is in most cases treated as equilibrium condition. Equilibrium is obtained when the ratio of the activities 

of the aqueous species in the reaction equation over the ratio of the fugacities of the gaseous species 

equals 1. Under the assumption of a mixture of ideal gases, the fugacity coefficient is 1 and the fugacity 

of a gas equals the partial pressure of the gas. For total gas pressures below 10 atm, the fugacity 

coefficient will be close to 1 (Appelo et al., 2014). For larger total gas pressures, fugacity correction 

factors can be calculated with the Peng and Robinson equation of state (Peng and Robinson, 1976). 

Gaseous components are typically generated or consumed by kinetic reactions such as corrosion or 

degradation of organics acting for example as electron acceptors (see sections 3.3.1.5.6.2 and 

3.3.1.5.6.3). 

 

3.3.1.5.6 Kinetic processes 

3.3.1.5.6.1 Kinetic dissolution/precipitation of solid phases (minerals) 

Dissolution of minerals in porous media is often treated as a kinetic process. The dissolution kinetics 

are controlled by the reactions taken place at the surface of the minerals – surface-controlled reactions 

– and diffusion processes through different layers covering the reactive minerals – transport-controlled 

reactions (Mayer et al., 2002).  Micro-scale transport processes may occur across a stagnant water 

layer or through surface coatings or alteration rims (Murphy et al., 1989). The reader is referred to 

several general textbooks (Brantley et al., 2008; Lasaga, 1998; Rimstidt, 2013) for more details on 

geochemical kinetics in general, and mineral kinetics specifically, and to Cama and Ganor (2015) for 

details on clay minerals. A general form of a surface-controlled kinetic reaction accounting for effect of 

reactive surface areas, temperature, different reaction mechanisms and dependence on solution 

saturation state is (Lasaga, 1998):  

 

15 Terminology indicates also, beside the surface plane, the Inner Helmholtz Plane (IHP) for sorption of the hydrated ions and an 
Outer Helmholtz Plane (OHP) that is the beginning of the diffuse layer. 
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where r is the dissolution/precipitation rate [M T-1 L-3], and the factors at the right hand side are: 

• S – the reactive surface area [L2 L-3] which can be treated as an constant term, or a changing 
value (for spherical particles with uniform dissolution, the value change according to 
(m/m0)^(2/3)  

• Temperature dependence described by Arrhenius equation where parameter Aj is the 
Arrhenius pre-exponential factor [mol L-2 T-1], Ea,j is the apparent activation energy [J mol-1], R 
is the universal gas constant [J mol-1 K-1] and T is temperature [K]  

• One or more terms representing different mechanisms (e.g., different catalyst for dissolution) 
where a is the activity of a given species, and ni,j is an empirical constant. 

• A factor that represents the effect of the saturation state of the solution via saturation ratio . 

The reaction rate for many minerals depends on the pH. Palandri and Kharaka (2004), for example, 

defined 3 terms in Eq. (3.23) related to H+, H2O and OH- promoting reactions for which the coefficients 

ni,j are obtained by a piecewise linear regression on measured reaction rates.  

One of the most commonly used expressions of f() is (Brantley et al., 2008; Oelkers et al., 1994):  

 ( ) ( )1
q

pf  = −    3.24 

where p and q are empirical constants, often assumed to be equal to 1. When an aqueous phase is in 

equilibrium with a mineral, Eq. 3.24equals zero and there reaction rate is zero. The sign of Eq. 3.24 is 

positive or negative in case of, respectively, over- or undersaturation enabling to simulate precipitation 

or dissolution. Note that Eq. 3.24limits the dissolution rate to a constant value when far from equilibrium, 

whereas the precipitation rate will increase with deviation from equilibrium. 

 

3.3.1.5.6.2 Degradation of organics 

The fate of organics present in the waste can be described by kinetic rate equations including Monod 

terms for electron donor and acceptor concentrations (Small and Abrahamsen-Mills, 2018). A general 

from of such equation is:  
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where R is the degradation rate [M T-1 L-3], Qmax is the maximum rate [M MB
-1T-1], B is the biomass [MB 

L-3], [ED] and [EA] are the concentrations of the electron donor and acceptor [M L-3], KD and KA are the 

half-saturation constants for the electron donor and acceptor [M L-3], the factor IB accounts for rate 

reduction when the microbial biomass is too large due to e.g. pore restrictions (see e.g. Brovelli et al. 

(2009), Pham (2018), or Ben Moshe et al., (2021) for different functional forms). IX are inhibition factors, 

typically in the form of (KX / (KX+[X]) with KX the half saturation constant) which can control a redox 

sequence to suppress reactions when higher energy-yielding terminal electron acceptors are still 

present (e.g., de Blanc et al., 1996, Bhanja et al., 2019 or Small and Abrahamsen-Mills 2018), but may 

also include terms related to toxicity or pH (e.g Maia et al. 2016) or Small and Abrahamsen-Mills (2018)). 

Control of the rate by the pore water composition can be done as well by including a thermodynamic 

potential factor into the equation taking into account the Gibbs free energy of the electron transfer 

reaction and energy required for ATP synthesis (Jin and Bethke, 2003, 2005; Jin and Bethke, 2007). 

The last factor fT accounts for temperature effects and is typically described by Arrhenius law. Note also 

that many variants exist for this particular equation, ranging from first-order definition to competitive 

effects (de Blanc et al., 1996). Or et al. (2007) reviews factors that are related to these reactions in 
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unsaturated porous media. Mathematically, a yield factor links the growth of biomass to the rate of 

degradation. 

 

3.3.1.5.6.3 Dissolution of non-porous materials (Steel) 

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 corrosion such as 

generalized or pitting corrosion processes. This disequilibrium also requires a kinetic treatment of these 

type of materials. The challenge is the representation of a non-porous material in a reactive transport 

model at the continuum scale.  

Corrosion of metallic alloys in oxic and anoxic conditions under repository conditions are often simplified 

to (Bildstein et al., 2019):  

•  
3+ -

(s) 2 2(aq)4Fe +6H O+3O 4Fe +12OH→   3.26 

 
2+ -

(s) 2 2(aq)Fe +2H O Fe +2OH +H→   3.27 

Often, steel corrosion in reactive transport models is described with a zero-order constant rate model, 

although some studies also investigated rates depending on solution composition (Wilson et al., 2015) 

or diffusion through the corrosion layer (Peña et al., 2008). The corrosion products are then simulated 

by either assuming equilibrium or kinetic precipitation reactions. In addition, in reactive transport models, 

it is conceptualized as a porous medium to enable transfer from Fe from the solid to the aqueous phase 

and diffusion into the neighbouring cells. Also the movement of the steel interface is a complex and 

challenging aspect not often taken into account in numerical studies on steel-bentonite, steel-clay, steel-

cement and steel-glass. A step forward can be expected when electrochemical corrosion models 

(Bataillon et al., 2010; Macdonald et al., 2011) are introduced into reactive transport models (see also 

state-of-the-art report of WP DONUT, Ahusborde et al. (2021)). 

 

3.3.2 Tools and databases 

3.3.2.1 Codes 

The overview is limited to codes that are expected to be used in ACED. An overview of the processes 
included in these codes is given in Table 3-1. 
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Table 3-1: Overview of processes discussed in section 3.3.1 and feedback between geochemistry and transport properties (see further, section 4.1.1) that are 
included in the different reactive transport codes used in ACED. 

Process CORE2D V5 Crunchflow HPx HYTEC INVERSE-
FADES-
CORE2D V2 

OPENGEOSYS PFLOTRAN PHREEQC-3 

Fluid flow Yes Yes Yes Yes Yes Yes Yes No 

Heat transfer Yes Yes Yes Yes Yes Yes Yes Yes 

Solute transport Yes Yes Yes Yes Yes Yes Yes Yes 

Aqueous 
reactions 

Yes Yes Yes Yes Yes Yes Yes Yes 

Minerals Yes Yes Yes Yes Yes Yes Yes Yes 

Solid solutions No Yes Yes No No Yes No Yes 

Ion exchange Yes Yes Yes Yes Yes Yes Yes Yes 

Surface 
complexation 

Yes Yes Yes Yes Yes Yes Yes Yes 

Gas  Yes Yes Yes Yes Yes Yes Yes Yes 

Kinetics Yes Yes Yes Yes Yes Yes Yes Yes 

Porosity change Yes Yes Yes Yes Yes Yes Yes No 

Tortuosity 
change 

Yes Yes Yes Yes Yes Yes Yes No 

Permeability 
change 

Yes Yes Yes Yes Yes Yes Yes No 
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3.3.2.1.1 Core2D V5 

CORE2D V5 (Fernández, 2017) is a code for transient saturated and unsaturated water flow, heat 

transport and multicomponent reactive solute transport under both local chemical equilibrium and kinetic 

conditions in heterogeneous and anisotropic media. The flow and transport equations are solved with 

Galerkin finite elements and an Euler scheme for time discretization. The solute transport equation 

accounts for advection, molecular diffusion and mechanical dispersion. The chemical formulation is 

based on the ion association theory and uses an extended version of the Debye-Hückel equation (B-

dot) for the activity coefficients of aqueous species. The following chemical reactions are considered: 

aqueous complexation, acid-base, redox, mineral dissolution/precipitation, cation exchange, surface 

complexation and gas dissolution/exsolution. CORE2D V5 relies on the “com” thermodynamic database 

of EQ3/6 (Wollery, 1992). The code also allows the use of other thermodynamic databases. CORE2D 

V5 is based on the sequential iteration approach to solve for chemical reactive solute transport. 

Iterations are repeated until some prescribed convergence criteria are attained (Samper et al., 2009). 

The concentrations of secondary species are computed from the concentrations of primary species 

through appropriate mass action laws (Xu et al., 1999). The concentrations of precipitated, exchanged 

and adsorbed species are computed using similar equations. The Gaines-Thomas convention is used 

for cation exchange. Surface complexation is modelled by using three types of 

protonation/deprotonation sites, SS-OH, SW1-OH and SW2-OH, as proposed by (Bradbury and Baeyens, 

1997). A detailed description of calculations of chemical reactions can be found in Xu et al. (1999). 

CORE2D V5 takes into account the changes in porosity due to mineral dissolution/precipitation reactions 

and their feedback effect on the flow and transport parameters under isothermal and nonisothermal 

conditions (Águila et al., 2020; Fernández, 2017).  

The code has been extensively verified against analytical solutions and other reactive transport codes. 

In addition, the code has been widely used to model laboratory and in situ experiments (Dai et al., 2008; 

Samper et al., 2008b; Samper et al., 2008c; Yang et al., 2008; Zhang et al., 2008), the interactions of 

corrosion products and bentonite (Lu et al., 2011; Samper et al., 2008a), to evaluate the long-term 

geochemical evolution of repositories in granite and clay (Mon et al., 2017; Samper et al., 2016; Yang 

et al., 2008), and model the impact of CO2(g) leakage on groundwater quality (Yang et al., 2015; Yang 

et al., 2013).   

Fernández (2017) updated and improved the THCM conceptual and numerical models and the flow and 

reactive transport codes of the CORE series developed at the University of A Coruña. These activities 

included: (1) Improvements in the code CORE2DV5 dealing with porosity changes due to mineral 

dissolution/precipitation and the feedback effect on flow, transport and chemical parameters; (2) Update 

of CORE2DV5 to use available public-domain post-processing tools; (3) Improve the convergence criteria 

to solve flow in variably saturated porous media in CORE2DV5; and (4) Update of INVERSE-CORE2D 

to estimate large sets of variables. Particularly noteworthy were the improvements implemented by 

Fernández (2017) in CORE2DV5 dealing with porosity changes and its verification. The reactive transport 

code was extended to take into account the porosity changes due to mineral dissolution/precipitation 

and their feedback effect on transport properties. The changes of the porosity in a porous medium due 

to mineral alteration processes, and the associated change of transport parameters are important 

processes which influence the evolution of the engineered barrier systems. If porosity increases 

substantially, preferential fluid migration pathways may be developed, accelerating solute transport. On 

the other hand, a significant porosity decrease may inhibit fluid and solute transport. Clogging occurs 

when the porosity is close to zero and the aqueous phase may completely vanish. The updated version 

of the code CORE2DV5 has been extensively verified against analytical solutions and by benchmarking 

with other reactive transport codes. 
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3.3.2.1.2 Crunchflow 

CrunchFlow16 is a multidimensional reactive transport code in porous media developed by C. Steefel 

and coworkers at LBL (Steefel et al., 2015b). It allows for the simulation of advective, dispersive, and 

diffusive transport in 1D and 2D with a global implicit method and up to 3D using the "operator splitting" 

mode. Of particular interest in the project, diffusive transport and reactions can be treated in non-

isothermal conditions including exchanges at equilibrium between the gas and aqueous phases 

(simulations with partially saturated flow requires a separate software).  

The chemical processes taken into account in Crunchflow include: 

• multicomponent aqueous complexation and redox reactions,  
• ion exchange on multiple sites,  
• surface complexation on multiple sites with or without electrostatic correction based on 

the double layer model (site densities may be linked to mineral amounts),  
• kinetically controlled precipitation and dissolution of minerals based on the Transition 

State Theory, and microbially mediated reactions based on the Monod type formulation, 
• kinetic isotope fractionation associated with mineral reactions. 

For the diffusive transport, the user can also provide different diffusion coefficient for each aqueous 

species. The diffusive flux is then calculated accounting for the electrochemical migration of the ions 

and corrected for electroneutrality using the Nernst-Planck equation. Feedback induced by reactions on 

porosity, permeability, and diffusion can also be treated. Porosity is updated using the volume balance 

of dissolved and precipitated minerals. Diffusion coefficients can be updated using Archie’s law with a 

user defined formation factor or cementation coefficient. 

Crunchflow has been extensively used in a variety of contexts (Steefel et al., 2015b) and, in particular, 

in studies concerning the physicochemical evolution of  disposal cells in deep geological repositories 

(e.g. Bildstein et al., 2016; Bildstein et al., 2006; Marty et al., 2015a; Wersin and Birgersson, 2014; 

Wersin et al., 2008). Two specific features of the code may be exploited in the EURAD/ACED program 

depending on the experimental data available. The first one is the capability of the code to treat the 

alteration of glass with a specific kinetic model, where the dissolution rate is controlled by the diffusion 

of water and ions in a passivating layer (the GRAAL model, Frugier et al. (2018)). The second one is 

the coupling of the code with the electrochemical corrosion model Calipso (Bataillon et al., 2010). 

 

3.3.2.1.3 HPx 

HPx (Jacques et al., 2018; Jacques et al., 2008) couples the flow and transport codes HYDRUS-1D17 

and HYDRUS(2D/3D)18 (Šimůnek et al., 2016) with PHREEQC (Parkhurst and Appelo, 2013) using a 

sequential non-iterative coupling approach as described in Jacques et al. (2006). The HYDRUS-codes 

act as the transport solver solving equations for variable-saturated water flow, advective-dispersive 

transport of solutes, diffusive transport in the gas phase and heat transport. The current version includes 

the latest PHREEQC version (version 3.6.2, see paragraph 3.3.2.1.8). The coupling between HYDRUS 

and PHREEQC is done using hard-coupling and HPx is fully integrated in the graphical user interfaces 

of HYDRUS (see https://www.pc-progress.com/en/default.aspx). Geochemical calculations are 

calculated in parallel using the OpenMP (www.openmp.org) shared memory approach.  

Using the flow and transport capabilities of HYDRUS, flow and transport can be simulated for both large 

scale (different materials) and small scale heterogeneity (spatial-variable hydraulic parameters, mobile-

immobile transport models, dual porosity models) (Šimůnek and van Genuchten, 2008). From a 

geochemical point of view, virtually all geochemical models from PHREEQC can be used within HPx. 

The possibility to have scripts in the input file (similar to PHREEQC) increases the flexibility of the code 

 

16 https://bitbucket.org/crunchflow/crunchtope-dev/wiki/Home 
17 https://www.pc-progress.com/en/Default.aspx?h1d-hp1 
18 https://www.pc-progress.com/en/Default.aspx?h3d2-hp2 
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to handle kinetic rate equations. This functionality is enhanced in HPx by introducing a more flexible 

variant of BASIC scripting (https://github.com/paladin-t/my_basic) or more recently including python 

(version 3.7) as a scripting language. Scripts within an input file can be defined with different 

functionalities for preprocessing and initialization, specific calculations during the transport simulation or 

post-processing.  

HPx allows for to dynamically altering flow and transport properties during the transport simulation. The 

functional form of e.g. the relation between permeability and porosity is not hard-coded but the user 

supply the relations between the geochemical state variables and the transport properties. To model the 

spatial-temporal evolution of flow parameters, the concept of linear scaling of hydraulic properties (Vogel 

et al., 1991) is used. The user thus defines the values of the scaling factors for the porosity, pressure 

head or hydraulic conductivity for each node at each time step using any model ranging from e.g. the 

Kozeny-Carman relation to models given in e.g. Wissmeier and Barry (2009) or Freedman et al. (2004). 

A similar flexibility exists for tortuosity in the aqueous or gaseous phase, dispersivity and parameters 

related to the heat transport equations. 

 

3.3.2.1.4 HYTEC 

The reactive transport code HYTEC (van der Lee et al., 2003) accounts for many commonly 

encountered chemical processes, including interface reactions (surface complexation with electrostatic 

correction and cation exchange), precipitation and dissolution of solid phases (minerals and colloids), 

organic complexation, and redox and microbial reactions. All reactions can be modelled using a full 

equilibrium or a mixed equilibrium–kinetic approach. Thermodynamic data are taken from international 

databases, such as Thermoddem and ThermoChimie.  

The hydrodynamic module of HYTEC is adapted for hydrodynamic conditions commonly encountered 

in the laboratory or in the field. The code allows for dual porosity, saturated, unsaturated or two-phase 

flow, variable boundary conditions, sinks, and sources. 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. 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.  

HYTEC solves this interdependency accurately, which makes the tool particularly useful for, e.g., 

cement alteration at long timescales. Heat-transfer by conduction and convection can also be modelled, 

with chemical and flow/transport parameters that are temperature-dependent. HYTEC has been widely 

used for the long-term safety assessment of nuclear waste disposal, from the waste form and 

engineered barrier to the host-rock (De Windt and Spycher, 2019). 

 

3.3.2.1.5 INVERSE-FADES-CORE-V2 

INVERSE-FADES-CORE V2 (Mon, 2017) is a finite element code for modelling non-isothermal 

multiphase flow, heat transport and multicomponent reactive solute transport under both chemical 

equilibrium and kinetic conditions in deformable media. The code takes into account the mass balance 

of water, air, solid and enthalpy; the transport of solids and the mechanical equilibrium. The solute 

transport equation accounts for advection, molecular diffusion and mechanical dispersion.  

INVERSE-FADES-CORE V2 solves both forward and inverse multiphase flow and multicomponent 

reactive transport problems in 1-, 2- and 3-D axisymmetric porous and fractured media. The code is the 

result of integrating the capabilities of the THM code FADES (Navarro, 1997); the reactive transport 

code CORE2D (Samper et al., 2011), the THMC code FADES-CORE (ENRESA, 2000) and the inverse 

methodology of INVERSE-CORE (Dai and Samper, 2004). The state variables of the forward model 

include the liquid and the gas pressures and temperature, which are solved with a Newton-Raphson 

method. Similar to CORE2D V5, the concentrations of secondary species are computed from the 
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concentrations of primary species. The Gaines-Thomas convention is used for cation exchange. Surface 

complexation is modelled by using three types of protonation/deprotonation sites, SS-OH, SW1-OH and 

SW2-OH. INVERSE-FADES-CORE V2 uses also a sequential iteration approach.   

The equilibrium constants for aqueous complexes and minerals change with temperature under non-

isothermal conditions. They are calculated with an analytical expression, which is valid for temperatures 

ranging from 0 to 300 ºC. The “com” thermodynamic database of EQ3/6 (Wollery, 1992)(Wolery, 1992) 

is used for aqueous complexes and minerals. INVERSE-FADES-CORE V2 also allows the use of other 

thermodynamic databases. 

The inverse problem is solved by minimizing a generalized least-squares criterion with a Gauss-Newton-

Levenberg-Marquardt method (Dai and Samper, 2004). The forward routines of INVERSE-FADES-

CORE have been widely verified with analytical solutions and other reactive transport codes. The main 

applications of INVERSE-FADES-CORE include: the THC and THCM models of the FEBEX in situ test 

(Samper et al., 2008a; 2018a; Zheng et al., 2008a; 2011); the THCM model of the FEBEX mock up test 

(Zheng and Samper, 2008); the THCM model of a heating and hydration lab experiment performed on 

compacted FEBEX bentonite (Zheng et al., 2010; Samper et al., 2018b); and the THC model of the 

Ventilation Experiment on the Opalinus Clay (Zheng et al., 2008b). 

Mon (2017) implemented the reactive gas transport in the reactive transport code INVERSE-FADES-

CORE V2 by including additional mass balance equations for the reactive gaseous species in the 

gaseous phase. The mass balance equation for a given gas accounts for: a) Advection; b) Molecular 

diffusion; c) Mechanical dispersion; and d) Exchange with the liquid phase. The implementation of the 

reactive gas transport was verified by comparing the numerical results of INVERSE-FADES-CORE V2 

with the results computed with TOUGHREACT (Xu et al., 2008) with four test cases. In addition, 

INVERSE-FADES-CORE V2 was benchmarked with other codes for the following two benchmarking 

problems: 1) Modeling the chemical interactions of the concrete liner with the compacted bentonite of 

the engineered barrier and the host clay rock; and 2) Modelling the carbonation of concrete in 

unsaturated conditions during the operational period of a repository. 

 

3.3.2.1.6 OPENGEOSYS 

OpenGeoSys19 (OGS) is a scientific open-source initiative for the numerical simulation of thermo-hydro-

mechanical-chemical (THMC) processes in porous and fractured media. The basic concept of OGS 

consists of providing a flexible numerical framework, using primarily the Finite Element Method (FEM) 

for solving multi-field coupled processes with application in different scientific and technical disciplines. 

For example, OGS has been successfully applied in the fields of regional, contaminant and coastal 

hydrology (Nixdorf et al. 2017; Walther et al. 2017; Jing et al. 2018, 2019), fundamental and geothermal 

energy systems (Chen et al., 2019; Parisio et al., 2019a; 2019b; Meng et al., 2018; Hein et al., 2016), 

geotechnical engineering (Zhu et al., 2020), energy storage (Miao et al., 2019; Lehmann et al., 2019; 

Böttcher et al., 2017; Nagel et al., 2017; Pfeiffer et al., 2016), CO2 sequestration/storage(Liu et al., 2019; 

Li et al., 2014; Beyer et al., 2012) and nuclear waste management and disposal (Shao et al., 2019a, 

2019b).  

Since the mid-eighties (Kolditz, 1990;, Wollrath, 1990; Kroehn, 1991; Helmig, 1993) OpenGeoSys is in 

continuous development evolving through Fortran, C, and C++ implementation with the current released 

version being OpenGeoSys 6.2.2 (Naumov et al., 2020). OpenGeoSys-6 (Naumov et al., 2018; Bilke et 

al. 2019) is a complete re-implementation of OpenGeoSys 5 (Kolditz et al., 2004; Wang and Kolditz, 

2006; Kolditz et al., 2012) which uses advanced methods in software engineering and architecture with 

focus on code quality, modularity, performance and comprehensive documentation. Till the present 

moment, particular emphasis has been placed on the implementation of advanced numerical methods 

for simulating propagation of discontinuities, such as enriched finite element function spaces (Watanabe 

 

19 https://www.opengeosys.org/ 
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et al., 2012), non-local formulations (Parisio et al., 2018) and phase-field models (Yoshioka et al., 2019). 

As in the previous version, OGS-6 is taking advantage of High Performance Computing (HPC) platforms 

on both MPI and OpenMP concepts to analyze realistic complex geosystems (Fischer et al., 2019; Wang 

et al., 2015, 2017). 

Regarding reactive transport processes, different approximations have been implemented in OGS along 

its development in order to consider multicomponent mass transport and bio/geochemical reactions 

(Chen et al., 2020; Boog et al., 2019a, 2019b; Yapparova et al., 2019). For example, Ballarini et al. 

(2014) used an internal OGS library to simulate kinetically controlled biogeochemical reactions. In other 

cases, OGS has been coupled in a sequential non-iterative approach with well-known external 

geochemical solvers (i.e. PHREEQC, GEMS, BRNS and ChemApp). The coupling of these codes are 

referred as OGS-PHREEQC (Xie et al., 2006; He et al., 2015), OGS-GEM (Kosakowski and Watanabe, 

2014), OGS-BRNS (Centler et al., 2010) and OGS-ChemApp (Beyer et al., 2012; Li et al., 2014). Very 

recently, an alternative coupling solution of reactive transport has been developed and implemented by 

approximating the complex chemical reactions into a quickly calculating look-up table (Aguila et al., 

2020; Huang et al., 2018). The novel implementation provides fast and efficient simulations, a feature 

especially relevant for long-term simulations. Reactive transport calculations referred above have been 

mainly performed with OGS-5, although OGS-6-iPHREEQC version is already released (Naumov et al., 

2020). This new version includes a new implementation with direct memory access which allows efficient 

computational simulations. Application of OGS on reactive transport modelling in the framework of 

nuclear waste disposal includes long term cementitious materials/clay interactions (Idiart et al., 2020; 

Kosakowski et al., 2014; Kosakowski and Berner, 2013; Berner et al., 2013; Shao et al. 2013), laboratory 

scale precipitation/dissolution processes in combination with density driven flow and clogging effects 

(Poonoosamy et al., 2020, 2018, 2015) and with mechanical processes (Lu et al., 2018), concrete 

degradation due to reactive aggregates in combination with multi-phase transport of CO2 (Huang et al., 

2018) and radionuclide migration in clays (Aguila et al., 2020). Recently, the look up table approach has 

also been applied to model gas and humidity transport in combination with concrete/ organic matter 

degradation and corrosion of metals in a waste package during 100 years of intermediate storage 

(Huang, et al. 2019). 

Finally, OpenGeoSys is participating in several international model development, validation and 

benchmarking initiatives, e.g., DEVOVALEX (with applications mainly in the assessment of nuclear 

waste repositories (Birkholzer et al., 2018), CO2BENCH (Kolditz et al,. 2012b), SeS Bench (Steefel et 

al., 2015) and HM-Intercomp (Maxwell et al., 2015), providing ongoing series of benchmark books 

(Lehmann et al., 2018) and tutorials (Jang et al., 2017). For more information please refer to the 

OpenGeoSys webpage (www.opengeosys.org). 

 

3.3.2.1.7 PFLOTRAN 

PFLOTRAN20 (Hammond et al., 2014)is an open source, state-of-the-art massively parallel subsurface 

flow and reactive transport code. PFLOTRAN solves a system of generally nonlinear partial differential 

equations describing multiphase, multicomponent and multiscale reactive flow and transport in porous 

materials. The code is designed to run on massively parallel computing architectures as well as 

workstations and laptops. Parallelization is achieved through domain decomposition using the PETSc 

(Portable Extensible Toolkit for Scientific Computation) libraries. PFLOTRAN has been developed from 

the ground up for parallel scalability and has been run on up to 218 processor cores with problem sizes 

up to 2 billion degrees of freedom. PFLOTRAN is written in object oriented, free formatted Fortran 2003. 

The choice of Fortran over C/C++ was based primarily on the need to enlist and preserve tight 

collaboration with experienced domain scientists, without which PFLOTRAN's sophisticated process 

 

20 https://www.pflotran.org/ 

http://www.opengeosys.org/
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models would not exist. The reactive transport equations can be solved using either a fully implicit 

Newton-Raphson algorithm or the less robust operator splitting method. 

 

3.3.2.1.8 PHREEQC-3 

PHREEQC-321 (Parkhurst and Appelo, 2013) is able to perform aqueous geochemical calculations 

including all typical processes relevant for subsurface reactive transport. It includes several options for 

(i) aqueous activity correction calculations (Davies, Debye-Hückel association models, Pitzer and 

specific-ion interaction theory), (ii) exchange models, (iii) surface complexation (diffuse double layer 

model, constant capacitance model, CD-MUSIC model), and (iv) solid solutions (ideal, binary non-ideal 

model). The code allows for calculating temperature and pressure dependence of equilibrium constants 

(Appelo et al., 2014). PHREEQC-3 handles full equilibrium or mixed kinetic-equilibrium reaction 

networks with kinetic homogeneous and heterogeneous rate equations of arbitrary rate equations 

defined via the embedded BASIC interpreter.  

The native transport possibility of PHREEQC-3 allows for one dimensional advection-dispersive 

transport, multi-dimensional diffusion calculation (Appelo and Wersin, 2007; Weetjens et al., 2009) or 

diffusion according the Nerst-Planck equation (Appelo, 2017; Appelo and Wersin, 2007). However, 

PHREEQC-3 is frequently used as the geochemical solver coupled to flow and transport solvers either 

directly via the source code (e.g. HPx, Jacques et al. (2018)), or via the modules IPhreeqc (Charlton 

and Parkhurst, 2011) and PhreeqcRM (Parkhurst and Wissmeier, 2015). Examples of the latter are 

coupling with OPENGEOSYS (He et al., 2015) or with COMSOL (Nardi et al., 2014; Perko et al., 2015; 

Wissmeier and Barry, 2011). 

 

3.3.2.2 Databases 

The engineered materials are not in equilibrium with the host rock. The chemical evolution for the 

disposal cell is slowly progressing towards an equilibrium between the engineered materials and host 

rock. The expected geochemical reactions can be derived by calculating the stability of the evolved 

mineral as a function of pH, redox potential, concentration of dissolved solutes, temperature and 

pressure. There are several thermodynamic databases that have thermodynamic data to calculate the 

stabilities of the minerals. Geochemical models use these thermodynamic data to calculate the 

concentration of solutes in equilibrium with the mineral. Deviation of these concentration of solids will 

result in either a dissolution or precipitation of a mineral. Thermodynamic databases are therefore the 

cornerstone for reaction transport models and the establishment of consistent databases contributed 

significantly to geochemistry and is of uttermost importance for incorporation into reactive transport 

modelling (Oelkers et al., 2009). In many of the above mentioned codes, some available databases are 

derived from the SUPCRT92 thermodynamic database (Johnson et al., 1992) or one of the later versions 

of it (Zimmer et al., 2016). SUPCRT92 or later versions are also available in codes based on 

minimization of Gibbs free energy as GEMS22 (Kulik et al., 2013; Wagner et al., 2012) and Reaktoro 

(Leal et al., 2017). Zhang et al. (2020) provides a software to convert SUPCRTBL (Zimmer et al., 2016) 

to PHREEQC-readable databases in the requested P-T range23 . 

The aim here is not to give an overview of all available database, but just to list a few databases that 

are frequently used in the framework of geological disposal: 

• Thermoddem24: The database is developed by BRGM (Blanc et al., 2012) and contains reactions 
and thermodynamic data for a temperature range up to 300 °C. Phases for cement materials, 
clay minerals and zeolites are included. The database is also extended with information on 

 

21 https://www.usgs.gov/software/phreeqc-version-3 
22 http://gems.web.psi.ch/ 
23 https://models.earth.indiana.edu/superphreeqc.php 
24 https://thermoddem.brgm.fr/ 
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surface complexation and cation exchange reactions. The database is available in the formats 
for PHREEQC, Crunchflow, ToughReact25  (Xu et al., 2006; Xu et al., 2011), Chess(van der Lee, 
1998), and The Geochemist’s Workbench26 .  

• ThermoChimie27 : The database is initiated by Andra in 1995, but also RWM and Ondraf/Niras 
joined the “Thermochimie consortium”. The ThermoChimie databased is specifically developed 
for conditions relevant within radioactive waste repositories, i.e., applied over a pH range 
between 6 to 14, temperatures below 80°C and Eh in the range of -0.5 to +0.5 V (Giffaut et al., 
2014). It includes information on host-rock mineral phases, bentonites, cements and their 
evolving secondary phases (e.g. Blanc et al., 2015), and on radionuclides (Grivé et al., 2015). 
The current version (v10a28 ) is available for several geochemical codes including PHREEQC, 
Crunchflow, ToughReact, Chess and The Geochemist’s Workbench. 

• PSI/Nagra Chemical Thermodynamic Data Base29 : This database is developed in the 
framework of ongoing safety assessments for planned LLW, ILW and HLW repositories in 
Switzerland (Hummel et al., 2002; Thoenen et al., 2014). The database is available in 
PHREEQC and GEMS format. The latest version of the PSI/Nagra chemical thermodynamic 
database 2020 includes an extended list of rock-forming minerals, specifically clays and 
zeolites,  imported from Thermoddem TDB. 

• CEMDATA18.1: This database is specifically for hydrated solid phases in Portland cement 
systems (Lothenbach et al., 2019). It contains thermodynamic data for C-S-H, AFm and AFt 
phases, hydrogarnet, hydrotalcite, zeolites, and M-S-H in a temperature range between 0 and 
100°C. Several solid-solution models are implemented to represent these phases. The 
database is available in GEMS, PHREEQC and Geochemist’s Workbench format. At 25°C, it is 
fully consistent with PSI/Nagra Chemical Thermodynamic Data Base.These databases are 
recently also supplemented by new databases for zeolites30 (Ma and Lothenbach, 2020a,b, 
2021).  

• THERADA31  (Thermodynamic Reference Database): This is a joint effort to build an internally 
consistent reference database that could be used in geochemical and reactive transport codes 
for processes in the near and far field of different host rock types envisaged as potential sites 
for final repositories in Germany, including high concentration conditions (Moog et al., 2015). It 
is available in PHREEQC, Geochemist’s Workbench and ToughReact format. 

• NEA TDB (Nuclear Energy Agency Thermodynamic DataBase): This is a joint effort between 
different countries (nowadays 12) in which thermodynamic data with a sufficient quality are 
included in a database. The elements and compounds that need to be investigated are 
determined by the different countries. The selection of data is performed by a group of experts 
with a high track record in relevant scientific publications. The data have recently been put in a 
Phreeqc-formatted file (Martinez et al., 2019). The database is not complete for a safety 
assessment of geological disposal of radioactive waste, but databases such as Thermochimie 
and PSI/Nagra Chemical Thermodynamic Data Base have included these NEA TDB data due 
to the high quality assurance of the NEA TDB data.  

Some focussed studies compiled thermodynamic information for some specific applications. De Windt 

et al. (2015) compiled data for complexation of short-chained organics in a cementitious system 

(simplified CEM I). 

For chemical kinetics, we mention here two relevant compilations: 

• A compilation by Marty et al. (2015b) for minerals relevant to clay rich rocks and cements. 
Parameters were provided for both the linear regression model and the regression curve model. 
The kinetic parameters are consistent with the ThermoChemie database and are available in 
three different formats (for PHREEQC, CrunchFlow and ToughReact). 

• A compilation for more than 100 minerals provided in PHREEQC format32  by Zhang et al. (2019) 
based on the work of Palandri and Kharaka (2004), mostly based on the kinetic rate equation 
Eq. (3.23).  

 

25 https://tough.lbl.gov/software/toughreact/ 
26 https://www.gwb.com/ 
27 https://www.thermochimie-tdb.com/ 
28 June 2021 
29 https://www.psi.ch/en/les/database 
30 https://www empa.ch/web/s308/zeolite 
31 https://www.thereda.de/en/ 
32 https://github.com/HydrogeoIU/PHREEQC-Kinetic-Library 

https://www/
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For kinetics of dissolution of the C-S-H phase in cement, the study of Trapote-Barreira et al. (2014) 

provides information on rate parameters as function of the Ca/Si ratio of the C-S-H phase. 

 

3.3.3 Modelling the geochemical evolution of materials 

In this section, we discuss shortly some of the approaches for geochemical modelling of relevant 

materials in radioactive waste disposal context. 

 

3.3.3.1 Vitrified glass 

Dissolution of the glass matrix is modelled with relatively simple models using an apparent Si equilibrium 

concentration together with a simple diffusion-based model (Liu et al., 2019; Liu et al., 2015; Mann et 

al., 2019). From a numerical point of view, such a diffusion-based dissolution model only needs one first 

order ordinary differential equation which can be solved, e.g., with Runge-Kutta methods implemented 

as kinetic reaction in PHREEQC. Thus this model can be easily combined into reactive transport models 

based on PHREEQC coupling. On the other hand, GRAAL model (Frugier et al., 2008) includes more 

dissolution mechanisms especially for early dissolution stages. This model assumes that glass 

dissolution is controlled by the affinity of a passivating reactive interface (PRI). This model has been 

successfully integrated into the reactive transport code HYTEC (Frugier et al., 2018) and potentially can 

be integrated into other reactive transport codes as well (e.g. PHREEQC (Debure et al., 2018)). The 

study of Repina et al. (2020) includes fractures in the glass into HYTEC and the GRAAL dissolution 

model. 

 

3.3.3.2 Cement-based materials 

During the last decade, a solid basis for modelling cementitious system in the frame of radioactive waste 

disposal became available, specifically because of the development of consistent and complete 

databases (Lothenbach and Zajac, 2019). Originally, databases were for ordinary Portland cement 

systems, but advancements have been made to include phases relevant for other systems including M-

S-H (Roosz et al., 2018), blended cements, C-(N)-A-S-H (Myers et al., 2013; Roosz et al., 2018), or high 

Na, Cl or nitrate concentrations (Balonis et al., 2010; Balonis et al., 2011; De Weerdt et al., 2019). More 

recently, a sub-lattice C-S-H model was proposed that also includes the uptake of alkalies (Kulik et al., 

2022, Miron et al., 2022). Thermodynamic models are used to define the initial properties (phases, 

cementitious pore water composition, porosity) of the hardened cement paste based on clinker oxide 

composition, supplementary cementitious materials, water cement ratio etc. Lothenbach and Zajac 

(2019) and references therein shows ample of examples. As an alternative for calculating the equilibrium 

assemblage after full hydration, the kinetic hydration processes itself can be modelled as well. This is 

mainly based on empirical rate equations (e.g. Lothenbach and Winnefeld (2006)); some recent tools 

allow for user-friendly environments to calculate these initial conditions or the hydration process, e.g. 

the CemGEMS web app33 (Kulik et al., 2021) or HYDCEM (Holmes et al., 2020). Please note that 

thermodynamic equilibrium may not have been achieved as experimental results of fabricated cement 

paste have shown. Especially the pH of cementitious pore water of fabricated concrete - made with so-

called low pH formulations made with blended cements - can be higher than modelled. 

Chemical evolution of the hydrated cementitious materials due to interaction with the environment is 

often assessed with reaction path type of models in which the evolution of the cement phases and pore 

water composition is expressed as a function of reaction progress such as amount of reacted CO2 

(mimicking carbonation), amount of water (leaching), or specific reactants (NaCl, sulphate) 

 

33 https://cemgems.org/ 
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(Elakneswaran et al., 2018; Han et al., 2021; Jacques et al., 2010; Ke et al., 2020; von Greve-Dierfeld 

et al., 2020). Although transport processes are neglected in a reaction path model, it provides insight 

into some of the complex alterations that can occur during chemical ageing and alteration of 

cementitious materials. Evaluating the stability of cementitious phases with changing temperatures is 

assessed with a reaction path model where the path variable is temperature (Lothenbach et al., 2008).  

Combination of these modelling approaches with a coupled reactive transport model is straightforward 

and has been used in many studies, either by considering the cementitious material only with some 

fixed boundary conditions, either interacting with its surrounding including materials relevant for waste 

disposal (see also sections 2.2.5 and section 3.3.3.4). Again, kinetic hydration processes can be 

combined with thermodynamic equilibrium for hydrated phases, as in Li et al. (2021). 

 

3.3.3.3 Clay-systems 

Porewater chemistry is often calculated based on equilibrium with the primary clay minerals, protonation 

and deprotonation at clay edges (e.g., Bradbury and Baeyens 2003) and cation exchange processes, 

the latter may strongly be coupled to the pore water chemistry as illustrated for Boom Clay (Frederickx 

et al., 2018). Pore water chemistry studies have been done for natural clay systems (see Tournassat et 

al. (2015) for a general overview and for specific clay-rocks COx (Gaucher et al., 2009), Boom Clay (De 

Craen et al., 2004), Opalinus Clay (Pearson et al., 2011), Tournemire (Tremosa et al., 2012)) and 

bentonite (e.g. FEBEX (Fernández et al., 2011)). Thermodynamic data is available in some of the 

databases mentioned in section 3.3.2.2. Additional information on thermodynamic and kinetic data is 

given in Jenni et al. (2019). Recently, Blanc et al., (2021) presented a tool to estimate thermodynamic 

properties of clay minerals, including interstratified illite/smectite minerals and illustrated it in a reactive 

transport model example. 

Modelling evolution of clay systems is mainly based on kinetic dissolution and precipitation of the primary 

clay minerals, their alterations and secondary phase formation using an equation similar to Eq. (3.23) 

for surface controlled kinetics, or alternative forms accounting for diffusion-controlled kinetics (including 

the notion of a shrinking core model, see Mayer et al. (2002), Liu et al. (2014) or Ngo et al. (2015)). In 

addition, other processes are sometimes taken into account such as protonation and deprotonation 

processes at clay edge sites (e.g., Wang et al., 2010), Ostwald ripening processes (e.g., Savage et al. 

2010) and the coupling between precipitation/dissolution and cation exchange (e.g., Benbow et al., 

2019). 

Most modelling work is related to assess the impact of cementitious pore water on the clay mineralogy 

(e.g., Bildstein and Claret, 2015; Marty et al., 2015a; Deissmann et al., 2021 and references therein), 

but also on the fate of Fe in the clay barrier resulting from steel corrosion (see section 3.3.3.4.3).  

 

3.3.3.4 Modelling reactions at the material interfaces 

A recent overview of modelling work on interfaces between different materials relevant for disposal cells 

was given in Deissmann et al. (2021).  

3.3.3.4.1 Glass-steel interface 

The key point in modelling the glass-steel interface is the uptake of Si by the corrosion products as this 

influences the glass dissolution models. Some models accounted for the sorption of Si on the corrosion 

products (De Windt et al., 2006; Grambow, 1987; Grambow et al., 1987; Jordan and Rammensee, 1998; 

Jordan et al., 2007; Mayant, 2009; Mayant et al., 2008; Philippini et al., 2006) which can capture typically 

the glass alteration rate up to a given point at which a certain saturation point is reached of the magnetite 

sites. After that, magnetite could be partially transformed in another iron oxide with larger sorption 

capacity or precipitation of Fe silicates (Godon et al., 2013; Rebiscoul et al., 2015). Including the later 

in the reaction network leaded indeed to better predictions of glass alteration rates (Godon et al., 2013). 
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3.3.3.4.2 Steel-concrete interface 

Up to our best knowledge, no coupled reactive transport simulations for iron/steel corrosion in alkaline 

and anoxic conditions (i.e. for conditions relevant in a disposal cell) have been found in literature. 

 

3.3.3.4.3 Steel-clay interface 

Extensive experimental studies and numerical models of the steel/iron-bentonite interactions under 

typical HLW-EBS conditions and the effects of corrosion products on the bentonite have been performed 

in the last two decades (Bildstein et al., 2016; Bildstein et al., 2006; Lu et al., 2011; Marty et al., 2010; 

Montes-H et al., 2005; Ngo et al., 2015; Ngo et al., 2014; Savage et al., 2010; Wersin et al., 2008; Wilson 

et al., 2006) (Balmer et al., 2017; Cuevas et al., 2016; Fernández et al., 2018a; Kaufhold et al., 2018; 

Mon et al., 2017; Samper et al., 2016). Bildstein et al. (2019) presented a comprehensive review of the 

reactive transport modelling studied at the iron-clay interface at the lab scale and at the scale of the 

disposal cell for waste repositories. They conclude that: (1) The most abundant corrosion product 

predicted by the models in the long-term is magnetite, sometimes with Fe-carbonates (siderite) and Fe-

silicates (greenalite), sometimes incorporating Al (berthierine, cronstedtite); (2) Primary minerals in clay 

are often destabilized in favour of Fe-phyllosilicates or zeolites if they are allowed to precipitate; (3) 

Numerical studies often differ on the precise nature of the main secondary minerals; (4) The 

transformation of clay minerals into Fe-chlorite, and the timing, very much depend on whether it is 

included as a secondary mineral (in which case it is the most stable phase and precipitates from the 

beginning of the simulation) or it results from a ripening process; (5) One of the most sensitive 

parameters is the corrosion rate; (6) The extent of the perturbation is always predicted to be limited to a 

few centimetres, up to 20 centimetres into the clay barrier; and (7) Porosity clogging is considered in 

some simulations under different assumptions. Bildstein et al. (2019) also pointed out that a complete 

inhibition of the corrosion process has never been observed in experiments, even if a dense corrosion 

product layer is often identified, and the ubiquity of magnetite in simulation results as the dominant 

corrosion product in the long-term is questioned by many experimental results and archaeological 

analogues. Section 5.3 in Deissmann et al. (2021) provides further details on different modelling studies 

for this kind of interface. 

 

3.3.3.4.4 Steel-granite interface 

As noted in section 2.2.4, there is not direct interface between steel and granite in repository concepts. 

Therefore, no further discussion on models that would include explicitly this interface is given here. 

 

3.3.3.4.5 Cement(mortar)-clay interface 

This interface has been included in many modelling studies using a continuum-scale approach both for 

laboratory experiments, in-situ studies and long-term predictions. A recent overview of these modelling 

studies was presented in Deissmann et al. (2021). For the concrete part, most studies were done for 

OPC-CEMI (high pH) for which today excellent databases (see section 3.3.2.2) exist, which now include 

also phases previously not considered in simulations (M-S-H phases, several C-A-S-H phases). In 

addition, numerical studies including a concrete/clay interface are available for different host rocks such 

as Boom Clay (Read et al., 2001; Wang et al., 2010), Opalinus Clay (Berner et al., 2013; Dauzeres et 

al., 2016; Jenni et al., 2017; Kosakowski and Berner, 2013; Trotignon et al., 2007), or Callovo-Oxfordian 

clay (Idiart et al., 2020; Marty et al., 2015a; Marty et al., 2014; Marty et al., 2009; Trotignon et al., 2007). 

When compared to experimental results, numerical studies are, in general, able to capture the 

mineralogical transformation pathways and the change in porosity (cf. Bildstein et al., 2019). With 

respect to the long-term predictions, although starting from different geometries and assumptions on 
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evolutionary paths, models predict consistently a limited thickness of the altered zone, type of 

mineralogical transformation and porosity changes. 

 

3.3.3.4.6 Cement(mortar)-granite interface 

As mentioned in section 3.3.2.2, modelling the geochemical alterations in cement-based materials are 

well-established because of the fast development of high-quality thermodynamic databases for cement 

phases (see section 3.3.2.2). Coupling them in a coupled reactive transport model enables prediction of 

the degradation fronts as was done in the study of Höglund (2014) for leaching with a granite type of 

water. Also several modelling studies have been performed for the effect of the alkaline plume on 

crystalline rocks (Soler et al., 2006; Watson et al., 2017). The choice of reactive minerals is crucial to 

assess the extent of the perturbation (Chen et al., 2015). However, simulations shown that the model 

for the evolution of an alkaline plume in a host rock is largely consistent with experimental observations. 
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4 How to use the gained knowledge from assessing the chemical 
evolution? 

This section describes what we can learn from assessing the chemical evolution besides the chemical 

evolution as such. We focus on two topics: how chemical evolution is linked to material properties and 

how it is linked to RN mobility. 

 

4.1 Impact on material properties 

4.1.1 Physical and transport properties 

The geochemical gradients between different materials in a disposal facility induce geochemical 

alterations with logically effects on different physical properties. More and more, reactive transport codes 

implement these coupled effects (Georget et al., 2017; Seigneur et al., 2019; Xie et al., 2015) and studies 

in the framework of radioactive waste disposal apply this in their modelling studies (e.g. (Águila et al., 

2020) and references in section 3.3.2.1). Although the underlying pore-scale is the driver for these 

changes, the discussion focusses here on how it can be implemented in continuum-scale reactive 

transport models. For a recent in-depth discussion on parameterization of evolving porous media, we 

refer to Seigneur et al. (2019). 

 

4.1.1.1 Porosity 

Dissolution and precipitation of solid phases will lead to changes in the porosity of the porous medium. 

At every time and location, the porosity is calculated from: 

 1
mN

i i

i

mV = −    4.1 

where η is the total porosity [L3 L-3], Nm the number of solid phases, mi is the number of moles of a given 

solid phase per unit volume [M L-3] and Vi is the molar volume of the solid phase [L3 M-1]. When the 

continuum domain is split into different domains (dual porosity (Šimůnek and van Genuchten, 2008), 

multiple interacting continua (Pruess and Narasimhan, 1985), multi rate mass transfer framework (de 

Dreuzy et al., 2013; Haggerty and Gorelick, 1995)), a porosity for each domain can be calculated. 

• The simple equation for porosity (Eq. (4.1)) needs some further refinement for some 
particular properties of a porous medium: 

• For a multiscale material as concrete, different types of porosity are defined with gel 
porosity as the porosity that is within the C-S-H phases; one may also distinguish 
between the porosity in the bulk of the hardened cement paste, and a more open 
structure in the interfacial transition zone; 

• Also fractures contribute to porosity, and have to be treated in a continuum model as 
separate domains (as referenced above), or as part of the equivalent continuum model; 

• In swelling materials (clay), fracture opening and porosity depend also on the water 
saturation degree and the aqueous composition. Porosity changes due to bentonite 
swelling was taken into account via a state surface approach in Samper et al. (2020). 

 

4.1.1.2 Diffusion coefficient 

Diffusion coefficients in porous media may vary in time of space due to: 

• Changes in temperature, typically described by an Arrhenius type of equation 
• Changes in water saturation degree, typically described by Millington-Quirk 
• Changes in microstructure and porosity, the former linked to tortuoisity. 
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Reminding the equation of the effective diffusion coefficient: Dp:  

 
p

s p wD D  =   4.2 

where s is the factor accounting for saturation degree [-] and p the factor for the pore structure. The 

most widely used formula to link p to porosity  is Archie’s law (Archie, 1942; Xie et al., 2015): 

 c

p

 =   4.3 

where c is the cementation factor which is an empirical factor. There exist a number of other relations 

as well; some examples are given in Seigneur et al. (2019). Some models use the concept of a critical 

porosity below which diffusion does not occur (e.g., Bentz and Garboczi (1991)).  

Models for tortuosity for cement, mortar and concrete have been developed taking into account the 

multiscale nature of cement (gel pores in C-S-H, capillary porosity) and mortar or concrete (aggregates, 

interfacial transition zone) using so-called effective media theories (see Patel et al. (2016) for a review). 

These models have been evaluated for initial conditions (e.g. after 28 days of hardening), there 

applicability for evolving media is less validated. However, as information on the different mineralogical 

phases are available in reactive transport models, in theory, they can be used in these models as well 

(e.g. Perko et al., 2010). 

Beside parameterization via experimental results, relations and models can be obtained via pore-scale 

or microscale modelling that represent explicitly the underlying microstructure (Matyka et al., 2008). 

Recent pore-scale models for ageing of cement explore the evolution of microstructure and transport 

parameters (Patel et al., 2021; Patel et al., 2018; Seigneur et al., 2017) and derive functional relations 

(Bentz and Garboczi, 1991; Seigneur et al., 2017) (see also state-of-the-art report of WP DONUT, 

Ahusborde et al. (2021)). A new route is to using deep learning techniques to relate tortuosity to porosity 

(Graczyk and Matyka, 2020). 

 

4.1.1.3 Hydraulic conductivity 

Similar to diffusivity, hydraulic conductivity depends also on different factors that may change in time 

and space: 

• Changes in temperature and solution composition that effects e.g. viscosity 
• Changes in water saturation degree, typically described by models based on statistical 

pore size distributions (Burdine, 1953; Mualem, 1976) 
• Changes in microstructure and porosity 

Focussing here on saturated hydraulic conductivity , Ks [L T-1], and changes due to microstructural and 

porosity evolution, the change in Ks can be described by a scaling factor K: 

 
( )( )
( )( )

s

s,0 0

( )
K

f tK t

K f t





= =   4.4 

where the subscript 0 refers to the initial values. The most common models are based on total porosity, 

and the Kozeny-Carman relation one of the most often used:  

 
( )

( )

23

0

23

0

( ) 1 ( )

( ) 1 ( )
K

t t

t t

 


 

−
=

−
  4.5 

However, many relations have been proposed in literature, and we refer to MacQuarrie and Mayer 

(2005) and Hommel et al. (2018) for an overview. 
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Another group of models uses the statistical pore-size distribution rather than the total porosity for 

updating hydraulic conductivity. Precipitation and dissolution will alter the statistical pore size distribution 

because of change in pore radii. Consequently, the saturated and unsaturated hydraulic conductivity 

(and moisture retention characteristic) change when calculated with for example the model of Mualem 

(Mualem, 1976) or Burdini (Burdine, 1953). This approach, introduced for saturated conditions by Taylor 

et al. (1990), has been extended for unsaturated conditions as well by Freedman et al. (2004) and 

Wissmeier and Barry (2009). The latter model, called the selective radius shift model, assumes that 

precipitation/dissolution only occurs in the water-saturated region of the pore size distribution, whereas 

the former did not made a distinction between the wet and dry regions. When applied to the van 

Genuchten pore size distribution model, Wissmeier and Barry (2009) predicted changes in Ks and the 

empirical VG and n parameter of the van Genuchten model (van Genuchten, 1980); however, the 

approach is complicated for unsaturated conditions as a refitting of these parameters is needed when 

the pore-size distribution is altered. For fully saturated conditions, closed-form equations are obtained 

(Wissmeier and Barry, 2010):  
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and 
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where 0 denotes the initial values, and r is the residual water content. This has been implemented to 

simulate leaching from cementitious materials in Perko et al. (2010). A recent application for 

cementitious materials for leaching and carbonation is given in Michel et al. (2021).  

Liquid configuration-based models (Tuller and Or, 2001, 2002) that are based on statistical distributions 

of geometrically objects to represent the pores potentially offer also a basis for recalculating hydraulic 

properties during material alterations, but no applications have been found at this stage in the literature.  

For saturated fractures, a local cubic law for rough fractures (i.e. fractures with spatially variable 

apertures) is used to predict the saturated hydraulic conductivity (Oron and Berkowitz, 1998). Liquid 

configuration-based models offer a physical based approach for estimating unsaturated hydraulic 

properties of a single fracture or a fracture network (Or and Tuller, 2000; Tuller and Or, 2002). We refer 

to Deng and Spycher (2019) for an overview of integrating fracture and geochemical fracture evolution 

into reactive transport models and consequences for the hydraulic (and other) properties. 

 

4.1.2 Mechanical consequences 

It is well acknowledged that the mechanical behaviour of cementitious materials is intimately linked to 

their micro, meso and macrostructural characteristics. These structural characteristics in turn depend 

on the chemical stability of the material. Therefore, any chemical perturbation will have an effect on the 

mechanical behaviour of the material such as strength, stiffness, etc. Moreover, it is the nature of the 

chemical perturbation (e.g. decalcification, sulphate attack) that governs the mechanical behaviour and 

hence the knowledge of evolution of field variables such as chemical concentrations in the liquid or solid 

phase is a pre-requisite. The manner in which the chemical field variables predicted by geochemical 

models (simplified or detailed) are used by some mechanical models are herein demonstrated for two 

degradation processes relevant to geological disposal: (i) decalcification, and (ii) sulphate attack. The 

principle in general remains the same for any other degradation processes such as alkali-aggregate 

reaction, etc. 
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4.1.2.1 Decalcification  

Decalcification is characterized by a decrease in Young's modulus, compressive strength, cohesion, 

failure stress, plastic yield stress in deviatoric shearing and pore collapse yield stress (Carde et al., 

1996; Gerard et al., 1996; Heukamp et al., 2003; Heukamp et al., 2001; Huang and Qian, 2011; Ulm et 

al., 1999; Xie et al., 2008), including decalcification shrinkage (Phung, 2015; Rougelot et al., 2010).  

From an empirical point of view, Walton et al. (Walton et al., 1990) assumed that the concrete loses half 

of its strength when 33% of portlandite (CH) is depleted.  

There are a number of models that estimate specific mechanical properties (e.g. Young’s modulus) as 

a function of leached calcium, which are then used in coupled chemo-mechanical models to study 

mechanical stability of a specimen or a structure. For instance, Gerard et al. (Gerard et al., 1996) 

proposed the following relationship between overall Young’s modulus with the initial Young’s modulus 

of the material and a chemical damage function dch.  

 ( )0 ch1E E d= −   4.8 

(1 − 𝑑ch) vs. liquid Ca2+ is obtained using micro-hardness experiments on leached cement paste 

samples. Similarly, Ulm et al. (Ulm et al., 1999) considered chemical damage and chemical shrinkage 

by considering loss of stiffness as a function of solid Ca concentration using the rule of mixtures and 

homogenization rule as follows:  

 ( ) ( )
3p s1 1E VE V E = + − −   4.9 

where E is the overall modulus, 𝐸p is the modulus of the portlandite, V is the portlandite volume ratio 

and (1 − 𝜂) is the volume ratio occupied by the solid part of modulus 𝐸𝑠. They were also the first to 

propose a link between the solid Ca and irreversible damage of the material referred to as chemical 

softening, within the framework of chemo-plasticity. The latter simply means that the yield function is not 

only a function of stresses (as in typical elasto-plastic approach) but also on solid Ca that can be 

obtained from a geochemical model. 

Stora et al. (2009b) used interaction direct derivation estimate to estimate bulk, shear and Young’s 

modulus of leached concrete, which essentially uses the time dependent volume fractions of CH, 

unhydrated clinkers, capillary pores, AFt, C4AH13, hydrogarnet, AFm and CSH, in combination with 

measured properties of Young’s modulus of the material. These moduli form inputs to a constitutive law 

(effective stress-strain relationship) in the standard mechanical equilibrium equation. 

 

4.1.2.2 Sulphate attack 

Sulphate attack occurs if the C3A concentration has not been limited for the use of concrete in a sulphate 

rich environment (see section 2.1.1.3.2). The formation of ettringite, gypsum or thaumasite will result in 

expansive forces (Bensted et al., 2007). Thus, a key input to all mechanical models of sulphate attack 

is the amount of ettringite formed. Tixier and Mobasher (Tixier and Mobasher, 2003) used the following 

expression to compute volumetric strain, 𝜀𝑣, due to external sulphate attack. 
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where 𝑚v represents the molar volume, P is the specific aluminate phase (C4ASH12, C3A, C4AH13, 

C3AH6), ‘‘a’’ is the stoichiometric proportion of the calcium aluminates and gypsum, 𝐶a0 is the initial 

calcium aluminates, and 𝐶a is the current calcium aluminates – all of which are outputs from a 

geochemical model. The volumetric strain can then be used in the standard mechanical equilibrium 

equation (not shown) to estimate the impact on stresses and cracking.  

Whist the model of Tixier and Mobasher takes into account changes in molar volume of ettringite and 

gypsum, Sarkar et al. (Sarkar et al., 2010) consider the change in molar volume of all solid phases 

(Table 2 in (Sarkar et al., 2010)) in the hardened cement paste and hence their contribution to the overall 

volumetric strain as follows:  

 

( )init

1

v

M

m m

m

V V b V

V


=

  
− −   

  =


  4.12 

where M is the number of solid phases, V is the representative volume element (total volume),  𝑉𝑚
init and 

𝑉𝑚 are the initial and current volume of the mth solid phase, b is a calibration parameter and ∅ is the 

capillary porosity. If the parameter b=1, the newly formed solid phases do not contribute to the overall 

expansion until all the capillary pores are filled with them. Sarkar et al. (Sarkar et al., 2010) used the 

volumetric strain to determine the loss of stiffness of the material, which was then used in the standard 

mechanical equilibrium equation to study damage initiation/growth.  

Bary (Bary, 2008) proposed a combined leaching and external sulphate attack model, which couples 

simplified leaching and sulphate attack reactions with a mechanical model based on combined damage 

and poroelasticity approach. Leaching problem is solved using dissolved Ca2+ as the primary variable 

(e.g. Mainguy et al., 2000) and sulphate attack problem is solved using dissolved SO4
2- as the primary 

variable. Unlike the approaches discussed above, the model here is based on the concept of 

crystallization pressure resulting from interaction between growing AFm crystals and the surrounding C-

S-H matrix, which is hypothesized to generate macroscopic swelling. They use the crystallization 

pressure expressed by Correns’s equation involving the ratio between the activity product 𝑄𝑟𝑒𝑎𝑐  and the 

equilibrium constant of the considered chemical reaction 𝐾𝑟𝑒𝑎𝑐  (Eq. 6 and 7 in  (Bary, 2008)).  
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where 𝑉crysthe molar volume of the growing crystal, R and T is are the gas constant and temperature, 

respectively. The crystallization pressure is substituted in the following effective stress equation based 

on poroelasticity.  

 ( ) ( )AFm c1 D p = − −K : ε 1   4.14 

where D is a scalar damage parameter linked to the elastic constants, K is the standard 4th order 

stiffness tensor, 𝛆 is the standard 2nd order strain tensor, 𝛼AFm is the interaction coefficient of the AFm 

phase, which is essentially a function of the volume fraction of the AFm phase and the microstructure of 
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the hardened cement paste. In conclusion, their model not only requires mass action equations for the 

secondary phases ettringite and gypsum, but also the volume fractions of ettringite. 

 

4.1.2.3 Concluding perspective 

Using the decalcification and sulphate attack mechanisms as examples, this section clearly brought out 

the link between geochemical models (simplified or detailed) and mechanical models proposed by 

various researchers. Note however, that in disposal cells, either other processes might occur as well or 

that they occur simultaneously (e.g. decalcification together with carbonation). Also, by good choice of 

the cement type, some processes are of less importance in some circumstances (e.g. sulphate attack). 

In general, the evolution of liquid concentrations of primary chemical variables, solid phase 

concentrations of the reaction products, molar volumes of solid phases and volume fractions of various 

phases are seen to form minimum inputs to any mechanical model. Although not discussed, many of 

the fully coupled chemo-mechanical models are capable of considering mechanical response on the 

flow and transport behaviour. In such models, either the crack density or the actual crack width forms 

an input to permeability and diffusivity. 

 

4.2 Impact on waste form and RN mobility 

The impact on the fate and mobility of radionuclide in a disposal system is depending on the following 

important aspects: 

• The change in transport properties due to microstructural alterations (see previous 
section) including the physical/mechanical properties of the waste forms themselves  

• The change in speciation of radionuclides due to changes in the aqueous composition 
• The change in amount of sorption sites due to dissolution and precipitation of minerals. 
• Gas generation and transport that may influence transport at the cell disposal scale and 

in the host rock. 

It is not within the scope of this report to summarize these effects for different radionuclides. The main 

message is that, based on a quantification of the above mentioned changes, the effects on radionuclide 

fate and mobility can be assessed in a quantitative way using the same or similar model concepts and 

tools as discussed in section 3.3. Similar to modelling the geochemical evolution of materials, process 

understanding, models, parameters and thermodynamic data are crucial. This has been or is still an 

important research subject. 

Without being exhaustive, we guide the reader to the following information: 

• Cementitious system: information on speciation of radionuclides during different ageing 
stages of concrete, together with processes regarding the sorption or immobilization 
processes, is summarized in Ochs et al. (2016). Results of the CEBAMA project are 
summarized in Grambow et al., (2020). The state-of-the-art report of WP CORI 
(Altmaier et al., 2021) provides additional references including the interaction with 
organics as well. 

• Clay and Crystalline rocks: The theoretical background of sorption on clay minerals is 
given in many textbooks (Appelo and Postma, 2005); the reader is also referenced to 
Borisover and Davis (2015). The state-of-the-art report in the framework of the WP 
FUTURE (Maes et al., 2021) contains a large bibliographic review to many aspects of 
radionuclide fate and mobility. 
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5 Conclusion 

There is a lot of literature available about the alteration processes of engineered barriers and host rocks 

when interfacing solutions and porous media with or without -radiation and microbial activity. 

Quantification of the radiological, chemical and physical properties of the engineered barriers and host 

rocks is necessary in order to deduce whether the described actors for the alteration processes are 

relevant for geological disposal of radioactive waste. From the quantification of the properties of the 

waste and engineered barriers, radiation enhanced alteration of engineered materials can be excluded 

to have an impact on the chemical evolution of HLW disposal cells. Radiation enhanced corrosion of 

metals in ILW disposal cells is also negligible compared to chemical corrosion. Natural and 

archaeological analogues can therefore be used to identify the relevant processes. This identification 

has been performed for the following interfaces: steel-concrete, steel-clay, concrete-clay and concrete-

granite.  

Clay host rocks and granitic host rocks are both alumina-silicate bearing rocks. Detailed investigation 

and understanding of the processes taking place in Maqarin (Jordan) elucidated the potential sequence 

of secondary mineral formation by interaction with alkaline fluids and alumina-silicate bearing rocks: C-

S-H phases, low in Ca C-S-H phases, C-A-S-H, low Si/Al zeolite and high Si/Al zeolite as a function of 

pH. The low permeability in clay host rocks ensures that the mineralogical alteration is minimal in a 

period of 100,000 till 1 million years. The secondary mineral formation takes place within the fractures 

of granitic host rocks.  

Formation of an alteration layer on the surface of steel takes place when steel is in contact with pore 

water. It takes some time to form this alteration layer and to achieve a constant alteration rate in a 

laboratory setup, especially if samples are prepared to obtain a well-defined initial condition for example 

polishing of steel and acid etching. In practice, there is always a metal-oxide layer present on steel 

before disposal.  

An alteration layer is a passivating layer with the smallest possible alteration rate in that medium. 

Another word for alteration layer in the literature is ‘dense product layer’. A constant alteration rate is 

representative for the long-term. This alteration rate is a steady state between the dissolution of the 

alteration layer interfacing a porous medium and the formation of the alteration layer from the virgin 

material. The concentration of dissolved species is in equilibrium with the formed minerals in the 

alteration layer for example magnetite in case of steel. Dissolved species migrate away from the 

interface by diffusion in porous media to areas with a smaller concentration in these dissolved species. 

This migration from the interface can be enhanced by sorption of these dissolved species in porous 

media. Sorption by porous media can therefore result into larger alteration rates.  

The sorbed iron species can alter the clay mineralogy in bentonite and the incorporated iron species are 

assumed to alter the cementitious minerals in concrete. The Fe-affected zone in bentonite and the Fe-

affected zone in concrete are alteration zones. These zones can also be called ‘transformed media’ in 

literature. The available information for the Fe-affected zone in bentonite and its impact is abundant i.e. 

transformation from swelling clay minerals into non-swelling minerals. Its low permeability may be 

maintained in this transformation. For concrete, this information on the Fe-affected zone is limited to 

some chemical characterisations and a published observation of more than 30 years ago of concrete in 

the vicinity of steel being identified as ‘loosely bound material’.  

 

The engineered materials in the HLW disposal cells are the waste form glass, steel, concrete and/or 

bentonite. Microbial induced corrosion is prevented on the short term by the thermal load and can also 

be excluded on the long term by design and quality assurance. In any disposal concept for vitrified HLW, 

a carbon steel overpack is used to prevent contact between the vitrified waste form and pore water until 

the heat emission of the waste has sufficiently been diminished. The period in time for a sufficient decay 

in heat depends on the disposal concept and can be 500 years or more than 1000 years.  
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The carbon steel overpack can be covered by a buffer made from bentonite or concrete. The long-term 

corrosion (alteration) rate of steel interfacing bentonite is about 100 times larger than this rate of steel 

interfacing concrete, i.e. below 10 µm per year and 0.1 µm per year, respectively. By design, the carbon 

steel overpack is therefore thicker in bentonite buffers than concrete buffers.  

Mineralogical changes due to bentonite interfacing the host rocks are not envisaged i.e. the beneficial 

properties of bentonite remain on the long-term. The vitrified waste form comes into contact with pore 

water when the virgin carbon thickness in the bentonite buffer has become too small. This is different 

for concrete.  

The pore water chemistry of the host rock pore water determines the chemical evolution of concrete. In 

well-engineered concrete, sulphate attack can be prevented and the ingress of magnesium from the 

host rock results into Mg-affected concrete with limited mechanical strength compared to fabricated 

concrete strength. The vitrified waste form comes into contact with pore water when the virgin carbon 

thickness has become too small and the Fe-affected zones and Mg-affected zones in the concrete buffer 

have become too large. The mechanical load of the host rock is transferred to the carbon steel overpack 

by the bentonite but the concrete buffer has its own fabricated strength. In this SOTA, it is assumed that 

the strength of the Fe-affected zone in concrete is negligible compared to its fabricated strength. 

The bentonite, concrete and clay host rocks are materials with a low permeability. The chemical 

evolution of the disposal cells is determined by the exchange in dissolved species. The rate in exchange 

of dissolved species is small due to the low permeability. The excavation and drying of the indurated 

clay host rock further minimizes this rate in exchange. Quantification in transport properties and 

saturation degree in these low permeable materials are crucial in the determination when the carbon 

steel overpack has become too thin and the thickness of affected zones in concrete has become too 

large. The calculated periods to have material sufficiently altered in order to have contact between pore 

water and vitrified waste form can supersede the period in which vitrified HLW is more radiotoxic than 

uranium ore.  

Like steel, formation of an alteration layer on the surfaces of glass takes place when glass is in contact 

with pore water, except that the alteration layer is composed of a diffusion gel layer and secondary 

mineral precipitates such as clay minerals and zeolites. Like steel, it may also take some time to form 

this alteration layer and to achieve a constant alteration rate in a laboratory setup. Relevant alteration 

rates have been obtained from natural analogues and depend on the silicon concentration in porous 

media. In a laboratory set-up, the liquids to which a simulant of the vitrified waste form is exposed can 

be chosen to be depleted in dissolved silicon. This set-up will not lead to an alteration rate that is 

representative for disposal since all porous media are saturated in silicon. After fracture of the carbon 

steel overpack, glass in the vicinity of steel can have higher alteration rates. The radionuclides dissolved 

as cationic complexes are, however, incorporated in the alteration layer of glass. Consequently, the 

containment of these radionuclides has been transformed from the engineered waste form into the 

naturally formed secondary mineral precipitates.  

 

The vitrified waste form for HLW is well understood and characterised. Metallic ILW has been identified 

from the contributions provided by the information available from national programmes. The metals in 

cemented metallic ILW are steel (carbon steel and stainless steel) and Zircaloy. Like for carbon steel, 

also for stainless steel and Zircaloy, an alteration layer is formed with a mineral in equilibrium with a 

dissolved metal-complex concentration. The stability of these alteration layers depends on the pH and 

the concentration of dissolved species. The stability is largest at high pH for carbon steel (low alloy steel) 

and stainless steel (high alloy steel). Thermodynamic modelling and experimental studies show that 

dissolved calcium at representative disposal concentrations enhances the formation of this alteration 

layer for carbon steel. This calcium effect has not yet been included in the modelling of the chemical 

evolution at the interface between concrete and steel. Dissolved calcium can hinder the formation of the 

alteration layer for Zircaloy, but the required dissolved calcium concentrations are too high to be 
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representative for disposal. Also for stainless steel, no effect is envisaged with the dissolved calcium 

concentrations in the engineered materials or host rocks.  

Stainless steel and Zircaloy are used in nuclear power reactors due to their high corrosion resistance. 

The envisaged radionuclide release mechanism is the alteration/corrosion rate. The envisaged 

corrosion rates are so small that many radionuclides decay within these neutron irradiated metals. The 

transport of water through the cementitious material from the host rocks can also limit the corrosion 

process since the envisaged anaerobic corrosion process consumes water.  

Organic ILW has also been identified from the contributions provided by the information available from 

national programmes. Organic waste can be considered as a potential food source for microbes if the 

usable energy to breakdown the organic molecules provide sufficient energy. Microbial degradation of 

organic waste can therefore be a primary process for the potential release of radionuclides. Spent ion 

exchange resins are ILW that are processed with cementitious materials. These resins do not provide 

sufficient energy to be broken down and microbial enhanced degradation can therefore be neglected. 

These resins are used to clean nuclear reactor contaminated waters due to their high radiation and 

chemical resistance. The mechanism for radionuclide release may not be relevant with an alteration of 

the resins. Resins are like clays, exchangers. Any radionuclide release can therefore also be envisaged 

to require sufficient ingress of anions and cations that have a stronger affinity than the sorbed anionic 

or cationic radionuclide. Cellulosic waste such as paper and clothing are in exceptional cases also 

characterised as ILW. Microbial degradation of this waste can be a primary process for the potential 

release of radionuclides, provided that the high pH of cementitious materials does not minimize this 

activity. The chemical degradation can be stimulated by the high pH and reduced by the lack of fluid 

flow and anaerobic conditions in geologically disposed of cemented waste packages. The dominant 

processes for the chemical evolution of disposal cells with cellulosic waste are to be identified.  
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Appendix A. Thermal characteristics CSD-v and vitrified waste 
form 

Figure A-5-1 shows the heat generating power per waste canister as a function of time. Decay of many 

short-lived radionuclides takes place in the period smaller than 30 years. Their contribution to the 

thermal power is assumed not be included in Figure A-5-1.  

 

Figure A-5-1: Evolution of the thermal power of a typical residue UOX: 44000 MWd/tU initial enrichment 
3.8% 235U and mixed with MOX: 45.000 MWd/tU initial enrichment (AREVA, 2007). 

 

A polynomial needs to be made for the implementation of the thermal power into a calculation. The 

thermal power is a sum of exponentials:  

𝑄(𝑡) = ∑ 𝐴𝑖𝑒
𝛼𝑖[𝑡+𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒]

𝑖

 

The coefficients obtained with a fit by the eye are shown in Table A-1 for a storage period, tstorage , of 0 

years. A larger storage period of canister results in a smaller thermal power at start of disposal. National 

programmes may have a maximum heat output of a canister, e.g. < 500 W is the acceptance criteria for 

disposal in France that considers clay host rock (ANDRA, 2018), i.e. a storage period between 65 and 

70 years using these coefficients. 

 

Table A-1: Coefficients to use in a sum exponentials for thermal power of CSD-v as a function of time; 

Ai in Watts/CSD-v and  in year-1. 

 A1 A2 A3 1 2 3 

[Watt/canister] 1637 200 15 -0.025 -0.0025 -0.00025 

 

This waste product was named UC-V in the 6th framework programme RED-IMPACT (Greneche et al., 

2007). The thermal power beyond 100 years is larger in the specifications in this CSD-v (AREVA, 2007) 

than investigated in RED-IMPACT (see Figure A-5-2). 
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Figure A-5-2: Evolution of thermal powers in 6th framework programme compared to the more recent 
specifications from the waste product supplier. 

 

The glass density is around 2800 kg m-3. Table A-2 shows the thermal properties as supplied by AREVA, 

nowadays ORANO. 

 

Table A-2: Thermal properties of glass (AREVA, 2007) 

T (C) 100 200 300 400 500 530 < T < 600 

Thermal conductivity 
 [W m-1 K-1] 

1.02 1.13 1.22 1.25 1.25 - 

Specific heat 
[J g-1 K-1] 

0.88 0.97 1.02 1.04 1.14 1.52 
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Table A-3 shows the chemical content for vitrified waste forms. The minimum sum in the wt% of SiO2, 

Al2O3 and B2O3 is 60 (AREVA, 2007). For convenience, the French inactive borosilicate reference glass 

SON 68 is also included (Conradt et al., 1986). A more detailed composition of SON 68 is available (Van 

Iseghem et al., 1992). The R7T7 reference glass studied in the 4th framework programme (Vernaz et al., 

1996) has a broader range in wt% than provided by AREVA and is therefore not listed. 
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Table A-3: Oxides and metal particles in vitrified waste form (AREVA, 2007) and (Conradt, et al., 1986) 

Component Range in wt% of vitrified 
waste form 

SON 68 wt% 

SiO2
 42.4 to 51.7 45.5 

B2O3
 12.4 to 16.5 14.2 

Al2O3
 3.6 to 6.6 4.9 

Fission products and actinides as 
oxides, ZrO & ZrO2 and metal particles 

4.2 to 18.5  

Oxides with Nd, Zr, Mo, Ba and Cs  7.9 

Na2O 8.1 to 11 9.9 

Fe2O3 0 to 4.5 2.9 

NiO 0 to 0.5  

Cr2O3 0 to 0.6  

P2O5 0 to 1  

Li2O 1.6 to 2.4 2.0 

ZnO 2.2 to 2.8 2.5 

CaO 3.5 to 4.8 4.0 

RuO2 + Rh (metal particle) + Pd (metal 
particles 

0 to 3  

rest  6.2 
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Appendix B. Pore water compositions 

Suggestions for the pore water chemistries of the clay and granitic host rocks, the bentonite buffer and 

concrete used for the buffer and other applications are listed here. As much as possible, primary 

references of the published pore water chemistries are used since it seems to be very important how 

the chemistry has been measured and/or modelled.  

 

Clay host rocks 

Measured pore water compositions for clay host rocks are influenced by experimental artefacts e.g. (De 

Craen et al., 2004; Gaucher et al., 2009): 

• the partial pressure of CO2 is larger at depth of the disposal facility and degassing of 
CO2 takes place when the samples are taken. This degassing has an impact on the 
measured bicarbonate (HCO3

-) content and pH in the pore water composition; 
• redox potentials cannot be measured with a sufficient accuracy due to the introduction 

of oxygen during the installation of the measurement device; these potentials are 
therefore usually calculated from a thermodynamic equilibrium; 

• the clay host rock in the deep underground has usually been depleted in oxygen for 
millions of years. Pieces of host rock can be sensitive to the oxidized conditions above 
ground, e.g. pyrite (FeS2) can be oxidized and this oxidizing reaction acidifies the 
sample with which a too high concentration of sulphate (SO4

2-) and cation 
concentrations are measured as a result of dissolution of carbonates. The carbonates 
buffer the decreasing pH.  

Data of clay core samples, e.g. obtained by mechanical squeezing or aqueous leaching, can be used 

as input for the thermodynamic modelling. Table A-4 shows these chemistries for poorly indurated clay, 

i.e. Boom Clay in Belgium (De Craen et al., 2004) and the Netherlands (Griffioen et al., 2017), indurated 

clay, i.e. Callovo-Oxfordian clay (Gaucher et al., 2006; Gaucher et al., 2009), the reference host rock in 

France and Opalinus Clay (Mäder, 2009), the reference host rock in Switzerland. 

 

Table A-4: Modelled pore water chemistries in clay host rocks 

Parameter Unit Belgian Dutch French Swiss 
(reference) 

Swiss 
(sea case) 

Temperature ºC 16 26 25 2534 25 

pH -log(H+) 8.5 6.9 7.28 7.203 7.009 

pe -log(e-) -4.7 -2.8 -2.64 -2.781 -2.563 

pCO2 log(bar) -2.62 -1.5 -1.96 -2.2 -2.5 

Na+ mmol/kg 15.6 460.9 32.1 164.4 527.5 

K+  mmol/kg 0.2 9.8 7.10 2.604 1.77 

Ca2+ mmol/kg 0.05 13.2 15.0 12.51 49.71 

Mg2+ mmol/kg 0.06 56.1 14.2 9.625 37.55 

Sr2+ mmol/kg   1.12 0.2106 0.422 

Fe2+ mmol/kg 0.003 0.0000031 0.332 0.0524 0.246 

Al3+ mmol/kg 0.000024 0.000033 0.00000695   

SiO2 (aq) mmol/kg 0.1 0.3 0.0940 0.1779 0.172 

Cl- mmol/kg 0.7 541.0 30.1 160.0 662.0 

SO4
2- mmol/kg 0.02 28.4 33.9 24.72 21.06 

HCO3
- mmol/kg 14.4 7.2 2.78 2.043 0.631 

 

The concentration of all cations can depend on the measured occupancy and selectivity of the clay 

minerals, but the limiting concentration for the cations Ca2+, Mg2+, Fe2+ and Sr2+ can also be the 

 

34 The pore water chemistries have been calculated at 25C since the temperature dependency of a lot of phases are unknown. 

The deviation is also expected to be sufficiently small if the temperature is within a range of 10 K from 25C (Mäder 2009). 
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formation of carbonates, i.e. calcite (CaCO3), dolomite (CaMg(CO3)2), siderite (FeCO3) and strontianite 

(SrCO3). The aluminium concentration is limited by the dissolution products of clay minerals, e.g. 

kaolinite or chlorite (Mäder, 2009) and the dissolved SiO2 content by the quartz or chalcedony (De Craen 

et al., 2004) solubility. The partial pressure of CO2 determines the bicarbonate concentration and can 

be controlled by the mineral assemblage, (Mäder, 2009), (Wang et al., 2010). The chlorine, Cl-, and 

sulphate, SO4
2-, concentrations can be fixed in the modelling but celestite (SrSO4) may control the 

sulphate concentration (Gaucher et al., 2009; Mäder, 2009). Traces of sulphide are also present in clay 

pore water due to presence of pyrite in the clay mineralogy. The presence of pyrite is the clear indication 

that clay formations have reducing conditions and pyrite can be used in the modelling to determine the 

redox potential. 

 

Granitic host rocks 

For granitic host rocks, the water flowing in a borehole through fractures can be measured. Pumping 

rates are adjusted in order to obtain the representative groundwater samples. There were not always 

modelled pore water chemistries available for granitic rocks, the redox conditions may be controlled by 

microbial activity and the groundwater composition may be also determined by mixing of ground waters 

in these host rocks, i.e. thermodynamic modelling may not always result in representative pore water 

chemistries. Table A-5 shows the measured and modelled pore water chemistries in granitic host rocks 

for granitic rocks in the Czech Republic (Cervinka et al., 2018) in Spain (ENRESA, 2001), in Sweden 

(Laaksoharju et al., 2005; Auqué et al., 2006) and in Finland (Pitkänen et al., 1996) with a temperature 

between 10-11ºC around a depth of 400 metre (Sedighi et al., 2014). 

 

Table A-5: Modelled and measured pore water chemistries in granitic host rocks 

Parameter Unit Czech 
(600 m) 

Czech 
(1000 m) 

Spanish Swedish 
(512 m) 

Finnish 
(446.0-558.5 m) 

Temperature ºC 25 25 30 11.35 11 

pH -log(H+) 8.2 9.4 7.9 7.2 7.9 

pe -log(e-) +4.00 +4.00 -2.907 -2.54 -4.33 

Na+ mmol/kg 0.865 3.81 4.350 89 122 

K+  mmol/kg 0.0537 0.0179 0.05371 0.9 0.35 

Ca2+ mmol/kg 0.864 0.0324 0.1522 23 41.2 

Mg2+ mmol/kg 0.342 0.00412 0.1604 9.3 2.35 

Sr2+ mmol/kg     0.171 

Fe2+ mmol/kg 0.00179 0.00179 0.8953 0.033 0.00013 

Al3+ mmol/kg 0.00371 0.00371   0.002 

SiO2 (aq) mmol/kg 0.520 0.481 0.3761  0.072 

Cl- mmol/kg 0.0931 0.528 0.3949 153 214 

SO4
2- mmol/kg 0.219 0.109 0.01561 5.2 0.114 

HCO3
- mmol/kg 2.77 2.68 5.048 2.2  

 

Bentonite 

Bentonite buffers are usually ‘dry’ emplaced around a steel overpack. Dry can mean for bentonite buffers 

a water content of 17 wt% (e.g. Johannesson et al., 2020) or 10% (e.g. Atabek et al., 1991). The pore 

water chemistry of this engineered barrier is therefore determined by the inflow of granitic water and 

establishment of equilibria between dissolved species present in this host rock water and minerals 

present in the bentonite buffer, i.e. there is no initial pore water chemistry as in concrete buffers. Table 

A-6 shows the pore water composition of bentonite calculated in the Spanish programme with and 

without saturation with granitic host rock pore water (ENRESA, 2001). The comparison of these pore 

water compositions and the knowledge of the available soluble salts in bentonite (see Appendix C) 

clearly indicates that the bentonite pore water becomes more diluted during the chemical interaction 
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between bentonite and the Spanish granitic host rock water. A smaller dilution would be expected for 

the Swedish and Finnish granitic ground waters since these waters are more saline. 

 

Table A-6: Modelled bentonite pore water compositions (ENRESA, 2001) 

Parameter Unit As emplaced After saturation 

Temperature ºC RT 83.07 

pH -log(H+) 7.75 6.6 

pe -log(e-) 12.85 -0.197 

Na+ mmol/kg 145.5 93.42 

K+  mmol/kg 1.253 0.811 

Ca2+ mmol/kg 20.78 11.19 

Mg2+ mmol/kg 22.30 16.07 

Sr2+ mmol/kg   

Fe2+ mmol/kg 1.61210-3 6.58310-2 

Al3+ mmol/kg   

SiO2 (aq) mmol/kg 0.2646 0.9913 

Cl- mmol/kg 159.9 106.2 

SO4
2- mmol/kg 36.59 20.94 

HCO3
- mmol/kg 0.4361 1.714 

 

Cementitious materials 

The concrete pore water compositions may be solely determined by the cement minerals generated 

during hydration assuming that the aggregates have not reacted with cement. Table A-7 shows the 

measured pore water chemistries from cement pastes by which the pore solutions were gained by a 

high-pressure apparatus and the main element concentrations were measured using ICP-OES (Kempl 

and Copuroglu, 2015). The pore solutions obtained with a high-pressure apparatus seem to approximate 

best the pore water chemistries (Atkins et al., 1991) and therefore other techniques to obtain pore 

solutions such as crushing hardened cement paste and contacting the crushed paste with water are not 

considered. The modelled pore water chemistries for CEM-I (Wang, 2009), the French contribution in 

EURAD Deliverable 2.4 (Cochepin et al., 2019) and for CEM-III/B (Cloet et al., 2019).  

 

Table A-7: Modelled and measured pore water chemistries in cements 

Parameter Unit CEM-I CEM-III/B 

Measured Modelled 
(Belgian) 

Modelled 
(French) 

Measured Modelled* 

Temperature ºC RT 25  RT 20 

pH -log(H+) 13.1 13.5 13.26 13.0 12.4 

pe -log(e-) - - 7.74 - -10.3 

Na+ mmol/kg 99.0 141 90 70.9 800 

K+  mmol/kg 68.1 367 220 39.8 800 

Ca2+ mmol/kg 2.1 0.7 1.5 2.8 7 

Mg2+ mmol/kg 0.02 10-7 3.210-7 0.02 610-5 

Sr2+ mmol/kg *  - * - 

Fe2+ mmol/kg *  6.210-4 * - 

Al3+ mmol/kg * 0.06 0.77 * 0.8 

SiO2 (aq) mmol/kg * 0.05/0.3 7.710-2 * 0.1 

Cl- mmol/kg   40  100 

SO4
2- mmol/kg 0.5 2 0.32 1.7 500 

CO3
2- mmol/kg  0.3   0.07 

* Concentrations have been read from Fig. 4.13 in Cloet et al., (2019) assuming mol/m3 to be equal to mol/kg. Note that the 

thermodynamic set-up did not consider alkali or aluminium uptake by CSH. The pH is almost 13 iIn other modelling pore water 

chemistries of CEM III/B e.g. (Lothenbach et al., 2012).  
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A measured pH of concrete pore water larger than 13 is also available for similar cement pastes and 

measured from pore solutions that were gained by a high-pressure apparatus cement pastes containing 

fly ash (e.g. Andersson et al., 1989) but it may be difficult to understand these pore water chemistries 

without X-ray diffraction. Therefore, reference has been made to a paper that contained both pore water 

chemistry as well as X-ray diffraction (Kempl and Copuroglu, 2015).  

The calcium concentrations in Table A-7 are an order in magnitude smaller than the maximum modelled 

concentration of calcium in equilibrium with CSH-gels of 20 mmol/kg (Berner, 1992) and (Vehmas and 

Itälä, 2019) without alkalis since the pH is controlled by the alkali content at a pH > 12.5 (van Eijk and 

Brouwers, 2000). As the alkali content and pH is reduced upon leaching or carbonation, the calcium 

concentration will increase.  

A comparison between the cement pore water chemistries and host rocks shows that the dissolved 

calcium concentration in cement pore water is smaller for the French, Swiss, and Dutch clay host rocks 

and Swedish and Finnish granitic host rocks. Egress of calcium from concrete, i.e. leaching is initially 

not expected until cement is depleted in dissolved alkalis. Alteration of concrete is initially envisaged by 

ingress of dissolved species from the host rocks. The Belgian clay host rock and Czech and Spanish 

host rocks have a smaller dissolved calcium concentration than the cement pore water. Leaching of 

calcium and consequent increase in porosity can be a process in the alteration of concrete from the start 

of the interaction between the concrete and host rock.  

Another important aspect of the cement pore water chemistry for interaction with steel is the redox 

potential. Reducing, i.e. negative, redox potentials for cements were measured for cements containing 

blast furnace slag, otherwise oxidising i.e. positive, redox potentials had been measured (Andersson et 

al., 1989; Atkins et al., 1991). The initial redox potential in concrete strongly depends on the type of 

cement used for its manufacturing. For Ordinary Portland Cement (OPC), i.e. CEM I, CaO is made by 

baking carbonate in limestone without a specific control of the heating environment. Blast furnace slag 

(BFS) is made in reducing environments as a by-product of steel production. OPC concrete lacks 

electroactive species and is therefore largely unbuffered, being slightly oxidizing after fabrication. 

Concrete made with cement in which OPC is blended with BFS contains traces of pyrite, FeS2, and has 

therefore a reducing environment after fabrication. An oxygen penetration front into the concrete is 

observed as a loss of the blueish colour in above ground civil infrastructure. 
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Appendix C. Mineralogy and porosity 

Suggestions for the mineralogy of the clay, the bentonite buffer and concrete used for the buffer and 

other applications are listed here. As much as possible, primary references of the published mineralogy’s 

and porosities are used. 

 

Clay host rocks 

Table A-8 shows the mineralogy of the clay host rocks for poorly indurated clay, i.e. Boom Clay in 

Belgium (Mol) (Honty and De Craen, 2012) and the Netherlands (Griffioen et al., 2017), indurated clay, 

i.e. Callovo-Oxfordian clay (Bure) (Wenk et al., 2008) the reference host rock in France, and Opalinus 

Clay (Traber and Blaser, 2013), the reference host rock in Switzerland. The porosities of the virgin host 

rock are 36-40 vol% for Boom Clay in Belgium at HADES at 223 metres depth (Mol) (De Craen et al., 

2004), 31-35 vol% for Boom Clay in the Netherlands at around 500 metres depth (Verweij et al., 2016), 

17 vol% for Callovo-Oxfordian clay (Gaucher et al., 2009), and 15 vol% for Opalinus Clay (Alcolea et 

al., 2014). 

 

Table A-8: Average or reference mineralogical compositions of clay host rocks in wt% 

Mineral Chemical formula Belgian Dutch French Swiss 

Muscovite KAl2(AlSi3O10)(F,OH)2     

Illite/Muscovite  18.8    

Illite KaAlb3Sic3O10(OH)2  10.9 33.9 24 

Ill/Sm mixed layer  21.8  1.9 9 

Smectitemontmorrilonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2•nH2O  25.4   

Kaolinite Al2Si5O5(OH)4 7.4 4.1 3.3 18 

Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2•(Mg,Fe)3(OH)6 2.2 1.1 3.8 9 

Chl/Sm mixed layer     0 

Clinoptilolite/ 
Heulandite 

((Na,K,Ca)4-6Al6Si30O72•24H2O/ 

((Na,Ca)4-6Al6Si30O72•24H2O 

 0.6 
 

 

Quartz SiO2 38.9 42.0 24.0 20 

Calcite CaCO3 0.6 5.3 24.3 13 

K-feldspar KAlSi3O8 4.8 6.7  2 

Albite NaAlSi3O8 2.0 2.4   

Plagioclase from NaAlSi3O8 till CaAl2Si2O8   3.9 0.9 

Anorthite CaAl2Si2O8      

Dolomite/ankerite CaMg(CO3)2 0.3  3.5 0.4 

Siderite FeCO3 0.1   4 

Pyrite FeS2 2.1 1.4 1.4 1 

Apatite Ca5(PO4)3(F,Cl,OH) 0.2    
a can also be H3O, b can also be Mg or Fe, c can also be Al 

 

Granitic host rocks 

The mineralogy in granitic rocks may not be as relevant for the chemical interaction between the 

engineered barrier system and the host rock as the mineralogy of the fracture fillings. The granitic rock 

is practically impervious due to its porosities of less than 1 vol%; transport of dissolved species mainly 

takes place through fractures. Precipitation of calcite, chlorite and clay minerals can be fracture fillings 

(Drake et al., 2006). Table A-9 shows the mineralogy’s of granitic host rocks for granite in Czech 

Republic with the main mineral components quartz, feldspars, mica and amphibole (Vondrovic, 2015), 

El Berrocal granite in Spain (Siitari-Kauppi, et al. 2007), granite (to granodiorite) at Forsmark with an 

average porosity of 0.43 vol% (Drake et al., 2006), and migmatitic gneiss, the dominant rock type at 

Olkiluoto in Finland (Kärki and Paulamäki, 2006). 
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Table A-9: Average mineralogical compositions of granitic host rocks in vol% 

Mineral Chemical formula Czech Spanish Swedish Finnish 

Quartz SiO2 + 40 35.6 30.3 

Plagioclase from NaAlSi3O8 till CaAl2Si2O8 + 30 35.6 17.0 

K-feldspar KAlSi3O8 + 20 22.5 8.6 

Biotite K(Mg,Fe)3AlSi3O10(OH)2 + + 5.1 22.7 

Muscovite KAl2(Si3Al)O10(OH,F)2 + +  0.9 

Hornblende Ca2(Mg,Fe,Al)5(Al,Si)8O22•(OH)2    0.1 

Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2•(Mg,Fe)3(OH)6 + + 0.2 2.6 

Corderite Mg2Al4Si5O18    4.0 

Pinite Muscovite and clay minerals    5.9 

Sillimanite Al2SiO5    1.8 

Epidote Ca2Al2Fe(SiO4)(Si2O7)(O,OH)2   0.6 0.0 

Apatite Ca5(PO4)3(F,Cl,OH)    0.1 

Saussurite Mixture with epidote and feldspars    3.7 

Sericite Usually muscovite, illite or paragonite with 
small crystals 

  
 

0.8 

Opaques  Mainly magnetite Fe3O4 and small content 
of FeS2 

  
0.3 

1.0 

Titianite / sphene CaTiSiO5   0.2 0.1 

Allanite (Ca,Mn,Ce,La,Y,Th)2(Fe,Ti)(Al,Fe)2O•OH
[Si2O7][SiO4] 

  
0.3 

 

 

Bentonite 

The durability of the carbon steel overpack is determined by the mineralogy of the engineered buffers 

bentonite and concrete, their density, porosity and thickness. Bentonite buffers are compressed blocks 

with a high smectite content of which montmorillonite is the most famous species. The smectite content 

can be 88 wt% as used in the Czech programme in EURAD Deliverable 2.4 (Neeft et al., 2019) and 75 

wt% in the Swiss programme, in which smectite is further specified as Na-montmorillonite in Wyoming 

MX-80 (Müller-Vonmoos and Kahr ,1983). Wyoming MX-80 bentonite is also used in the Swedish 

programme (Wanner et al, 1994). The structural formula for Na-montmorillonite is 

(Si3.96Al0.04)(Al1.55Fe3+
0.20Fe2+

0.01Mg0.24)O10(OH)2Na0.30 (Müller-Vonmoos and Kahr 1983) that seems to 

be later refined into (Si3.98Al0.02)(Al1.55Fe3+
0.09Fe2+

0.08Mg0.28)O10(OH)2Na0.38 (Bradbury et al., 2014). The 

second contributor to the mineralogical composition is quartz. The Wyoming MX-80 bentonite also 

contains feldspar. Carbonates are the third contributor to the mineralogical composition. Pyrite and 

soluble salts (NaCl, KCl, CaSO4) are present in trace amounts in Wyoming MX-80 bentonite and 

bentonite used in the Spanish and Czech programmes. The Czech programme also has the soluble 

salts Mg(NO3)2 and NaHCO3. The porosity, , of bentonite is determined by the dry density,dry, and 

specific density sp (Ochs and Talerico 2004):  

𝜀 = 1 −
𝜌𝑑𝑟𝑦

𝜌𝑠𝑝

 

For example, a specific density of 2760 kg m-3 is made with a dry density of 1590 kg m-3 and the porosity 

becomes 0.43 (43 vol%). There is also a perfect correlation between the dry density and hydraulic 

conductivity, also for MX-80 bentonite, but the stress state is important for determination of the hydraulic 

conductivity (Atabek et al., 1991).  

 

Cementitious materials 

The mineralogy of concrete is determined by the calculated presence of cement minerals and 

aggregates. The calculated presence of cement minerals is determined by the compositions of oxides, 

amount of reacted phases with water and thermodynamic database. Table A-10 shows the compositions 

of oxides as reported by the cement industry, (CCB, 2016; HCM, 2006), the total amount may not 
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approach 100% due to rounding off. The groundwater compositions in clay host rocks and also the 

oxidation of pyrite can generate high sulphate contents. The content of tricalciumaluminate in these 

cements should therefore be small enough to prevent delayed ettringite formation, especially for CEM I 

cements an additional identification is assigned for this chemical resistance: Sulphate Resistance (SR), 

SR3, i.e. a tricalciumcontent smaller than 3 wt%. CEM II and III are blended cements containing a 

fraction of OPCt with either fly ash slag (V) or blast furnace slag to have a sufficient high pH to activate 

reaction of these slags. The amount of clinker in these cements are for CEM I 95-100 wt%, CEM II/B-V 

65 79 wt%, CEM III/ A 35-64 wt% and CEM III/B 20-34 wt% according to this cement classification 

following the European standard EN-197-1. The maximum amount of other additions than slag is 5 wt%. 

The largest proportion is preserved for gypsum (CaSO4•2H2O) or anhydrite (Ca2SO4) that is added to 

cements and determines the SO3 content. The alkalis are also present as readily soluble sulphates. 

Gypsum acts as a retarder but there is a limit of 4 wt% to limit ettringite formation. The alkali equivalents 

(LA) are small enough to prevent alkali-silica reactions if SiO2 aggregates were to be used. The types 

of cement used for the waste packaging or building the disposal facility have the same ingredients but 

with a smaller range in proportions than specified in this European standard. 

 

Table A-10: Average oxide compositions of different types of cement in wt% 

Cement type CaO SiO2 Al2O3 MgO Fe2O3 SO3 Na2O K2O 

CEM I 52.5 N SR3 LA 63.5 21.3 3.5 2.0 4.3 2.6 0.10 0.63 

CEM II/B-V 42.5 N 53 27 6.8 1.2 5.8 2.9 0.30 0.30 

CEM III/A 42.5 N 48 28 9.6 4.9 2.0 2.3 0.16 0.91 

CEM III/B 42.5 N LH/SR LA 48 29 9.9 6.0 1.3 2.4 0.29 0.61 

SR Sulphate resistance to prevent delayed ettringite formations, LA Low alkali to prevent alkali silica 

reaction 

 

The numbers 52.5 and 42.5 refer to the compressive strength that is to be achieved after 28 days. One 

of those specified concretes is the Cebama reference mix that was designed for plugs for a disposal 

facility hosted in granitic rock. The CaO and SiO2 in Cebama reference mix are 36.0 wt% and 50.7 wt% 

based on the specified contents of CEM I, silica fume and blast furnace slag (Vehmas et al., 2019). The 

Ca/Si ratio is significantly smaller than in the cements listed in Table A-10.  

 

Hydration models e.g. (Parrot and Killoh, 1984; van Eijk and Brouwers, 2000) are used to model the 

composition of hydrated cement. The model by Parrot and Killoh is incorporated in GEMS by PSI in 

which CEMDATA18 has been used as a thermodynamic database35. It is a hydration model for OPC 

(CEM I) cementitious materials and requires input as tricalcium silicate (C3S, alite, 3CaO SiO2), 

dicalcium silicate (C2S, belite, 2CaO SiO2), tricalcium aluminate (C3A, aluminate, 3CaO Al2O3) and tetra 

alumina ferrite (C4AF, ferrite, 4CaO Al2O3 Fe2O3). By default, an amount of gypsum is included. Figure 

A-5-3 shows the calculated mineralogy in wt% C3S (alite): 64.6, C2S(belite): 9.3, C3A(aluminate):7.4, 

and C4AF(ferrite):7.8, w/c=0.5 and relative humidity 1 (default input) and right in wt% C3S: 81.3, C3A: 

2.0, and C4AF:4.4 to the oxide compositions for the sulphate resistant cement CEM I in Table A-10.  

 

35 https://digitaltwin.geoml.eu – PREDIS demo  

https://digitaltwin.geoml.eu/
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Figure A-5-3: OPC hydration model from digital twin; left standard input clinker composition, right in 
sulphate resistant cement CEM I 36 

 

Figure A-5-3 clearly shows that alite (C3S) is mainly transformed into portlandite and CSH-phases 

(CSHQ). The CSHQ model is able to describe the entire range of Ca/Si ratios encountered, it is best 

used for high Ca/Si C-S-H, as it still lacks the ability to predict aluminium uptake, which is of less 

importance for Portland cements than for blended cements. C4AsH14 is an AFm phase (monosulphate), 

C3AH6 is a hydrogarnet (Lothenbach et al., 2019). Ettringite is the most common AFt phase (trisulphate).  

Blended cements such as CEM II and CEM III in Table A-10 are more difficult to calculate than OPC, 

i.e. CEM I cements. There are also experimental results to decipher the mineralogy. But X-ray diffraction 

results of hydrated cement and the following Rietveld analysis for CSH identification remains difficult, 

due to their poor crystallinity, complex solid solution formation with alkali elements, occurrence of 

polymorphs and varying water concentrations (Kempl and Copuroglu, 2015). Portlandite, ettringite and 

carbonate minerals can be well measured by X-ray. Portlandite and ettringite are shown in Table A-11 

since calcium carbonate is only measured in carbonated cement samples, i.e. a cement mineral 

composition with calcite (CaCO3) does not represent initial state, although it can be calculated from an 

hydration model (e.g. Höglund, 2014; Cloet et al., 2019). In examination of historical concrete, the 

presence of portlandite, ettringite and calcite are identified with their characteristic temperature peaks 

in the differential thermal analysis (Mallison and Davies, 1987). 

Portlandite is measured in CEM I as well as CEM III/B, the amount is in CEM III/B three times less than 

CEM I (Kempl and Copuroglu, 2015). For the CSH-gels: a CSH-gel high in Ca and a gel low in Ca can 

be used (Neall, 1994). The CSH gels with a Ca/Si ratio of 1.8 (C1.8SH) and 1.1 (C1.1SH) (Höglund, 

2001) in (Höglund, 2014) are used in Table A-11. C1.8SH could also be afwillite (Wang, 2009). Although 

afwillite and other well crystallised minerals are considered in the Rietveld analyses, these well 

crystallised CSH-phases are not measured (Kempl and Copuroglu, 2015; Atkins et al., 1991). The 

presence of portlandite in CEM III/B as measured has been calculated to be dependent on the amount 

of reacted slag. However, slags are relatively CaO-rich and the Ca/Si ratio of C-S-H can decrease in 

OPC-slag blends even in the presence of portlandite. Such a decrease in the Ca/Si ratio in the presence 

of portlandite cannot yet be incorporated in thermodynamic modelling (Lothenbach et al., 2012). The 

blended cements could only contain low Ca-CSH gel in order to have some amount portlandite as 

measured in cement pastes made with CEM III/B (Kempl and Copuroglu, 2015) and to be stoichiometric 

with the average oxide compositions in Table A-10. 

Ettringite is controlled by the added amount of gypsum, hydrotalcite is controlled by the available 

magnesium (Neall, 1994) and the left-over for iron and aluminium control the amount of hydrogarnets. 

Monosulphate is the location for sulphate in hydration models e.g. (Höglund, 2014), (Berner, 1992) but 

 

36 A free available software programme from the PREDIS Demo that makes these hydration plots using GEMS (Gibbs Energy 
Minimization Software for geochemical modelling developed by PSI. The CEMDATA18 database (Lothenbach et al., 2019) 
has been used as input for these calculations. 
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only ettringite has been measured and therefore used as the location for sulphate in the mineralogical 

composition in Table A-11. This is also assumed in the Belgian programme (Wang, 2009). 

Monosulphate is however metastable with respect to ettringite but in some studies monosulphate 

instead of ettringite is measured with XRD (Atkins et al., 1991). All suggested mineralogical 

compositions in Table A-11 are stoichiometric with the average oxide compositions in Table A-10.  

 

Table A-11: Educated guess of the mineralogical composition from average oxides in Table A-10 

Mineral Chemical formula Molar weight 
[gram/mol] 

Mineralogical composition in wt% 

CEM I CEM II/B-V CEM III/A CEM III/B 

Portlandite Ca(OH)2 74.1 18 6 4 5 

CSH-gel C1.8SH1.8 193 55 1 1 0 

Low Ca-CSH 
gel 

C1.1SH1.8 154 0 53 55 56 

Hydrotalcite Mg4Al2O7•10H2O 443 4 3 10 13 

Hydrogarnet (CaO)3Al2O3•3H2O 378 5 16 18 16 

Fe-hydrogarnet (CaO)3Fe2O3•3H2O 436 9 12 4 3 

Ettringite Ca6Al2(SO3)4(OH)12•26H2O 1254 8 9 7 7 

Pyrite FeS2 120 0 0 0.14 0.20 

 

The porosity in the cementitious materials is controlled according to their application. Concrete buffers, 

concrete segments and plugs are made with aggregates that have a negligible porosity. The 

concentration of quartz aggregates ranges between 1700 and 2000 kgm-3. The porosity is mainly located 

within the hydrated cementitious phase provided there is a good bonding between hydrated cement and 

aggregates. Otherwise, there also some additional porosity at the interface between hydrated cement 

and aggregates. Kerosine porosimetry seems to give the best reliable result and a porosity of 12.5% 

was measured for the concrete designed for plugs in the disposal facility for results to be obtained on a 

short time (Vehmas et al., 2019). Reliable porosity measurements can also be gravimetrically 

determined but require a long period in laboratory time.  

Higher porosities are present for cementitious materials that are used as a backfill and shotcrete, e.g. 

between 25-35 vol% (NAGRA, 2008). The porosity of concrete made with blended cements is similar to 

concrete made with OPC based cement with the same factors such as cement content, water/cement 

ratio, curing conditions etc, but CEM I (i.e. OPC) based concrete has a relative open pore structure 

compared to blended cements containing slag. Concrete made with these blended cements are called 

low-permeability concretes due to the refined pore structure (Atkins et al., 1991; Atabek et al., 1991; 

Jackson et al., 2017). 

Cemented metallic and organic waste is investigated for the ILW disposal cells that are studied in ACED. 

Conditioning grout for waste may have a similar concentration of aggregates as concrete and the 

porosity can then assumed to be equal to concrete. Aggregates are usually absent if a waste 

immobilization matrix is made with cementitious materials. 
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