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Executive Summary 

 

The broader scope of the workpackage 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 ILW and HLW disposal concepts representative for different concepts throughout Europe. 

There are a number of elements, especially at the interface scale, which are common for both HLW and 

ILW disposal cells. On the other hand, the disposal cells for ILW and HLW also have specific elements 

only relevant for either one of the two such as involved processes, features et cetera. Therefore having 

both ILW and HLW as separate study objects in the evaluation of the methodologies for process 

integration and model abstraction will allow for a much broader application of the outcomes of this work 

package for the different national programmes. Processed waste is considered in ACED and includes a 

vitrified waste form for High Level Waste (HLW) and a cementitious waste form for Intermediated Level 

Waste (ILW). Disposal of these waste forms in a geological disposal facility hosted in either crystalline 

or sedimentary rock types are investigated. Both rock types are porous materials and the chemical 

composition of their pore waters may induce mineral changes in the engineered barrier system. The 

virgin pore water chemistry in these host rocks is influenced by carbonates and clay minerals but 

thermodynamic modelling is required to determine the pore water chemistry in clay host rocks while this 

modelling may not always be appropriate to determine the pore water chemistry in fractures in crystalline 

rocks due mixing of groundwaters and biological processes that also have an impact on the porewater 

chemistry at the depth of the disposal facility. The evolved pore waters from the engineered system 

chemically affect the host rock locally. A systematic understanding of the chemical evolution from the 

waste form up till the host rock can be used for a robust assessment of the impact of these processes.  

 

Disposal cells in ACED treat the chemical evolution from the waste form until the host rock. An 

integration of the available knowledge of the chemical evolution can be performed in a safety 

assessment. There may be current European practices why the chemical evolutions for disposal are 

included in safety assessments and safety cases and how the chemical evolutions at disposal cell scale 

have been treated. A collection of the conceptualisations of the chemical evolutions and which parts 

have been modelled in Europe could prevent duplication of work already done. Organisations from eight 

EU countries participate in the ACED task for the current handling of the chemical evolution: Belgium, 

Czech, Finland, France, Germany, Lithuania, Netherlands and Spain They have described the 

characteristics of the disposal cells considered in their national programmes and the considered 

chemical evolutions. Organisations from other European countries with nuclear power plants that 

participate in EURAD and Switzerland have been asked to contribute to this deliverable. Waste 

management Organisations (WMOs) usually write the safety cases and the safety assessments is the 

backbone in the safety case. Therefore preferably WMOs from the missing European countries have 

been asked to complete a template in which details were asked, specifically references for the materials 

in the disposal cell, a narrative of the post-closure phase, conceptual and mathematical model for the 

disposal cell. These country contributions in this Deliverable 2.4 as well as Deliverable 2.5: Analysis of 

experiments and numerical studies on interfaces, are contributions to the initial State of the Art 

(Deliverable 2.1). The country contributions can also be used to define experimental conditions that are 

representative for the chemical evolution of the disposal concepts considered in Europe such as 

temperature at interfaces and these contributions have been used to define the disposal cells that are 

used for the modelling work in ACED.  

 

Vitrified HLW 

HLW requires shielding and cooling during handling and storage. The quantities of heat need to be 

included in the design of the disposal facility. The reprocessing of spent fuel removes unused uranium 

and plutonium, which can be used again in fresh fuel. After reprocessing, less than 5% of the initial 
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volume of high-level radioactive waste remains for disposal. One of the waste products is vitrified HLW. 

Vitrified HLW is envisaged to be disposed in a facility at a depth at which the pore water chemistry of 

the host rock is not expected to vary due to climate change at Earthôs surface when the hazard potential 

of this waste is large. The collection in this report shows that all disposal cells can be characterised as 

containing HLW with an encapsulation of the waste canister in a steel overpack to prevent contact 

between pore water and the waste form when the waste generates heat. This overpack is usually 

surrounded by a bentonite buffer or concrete buffer in order to be able to assume a corrosion mechanism 

and a well-chosen corrosion rate to determine the durability of the overpack. These disposal concepts 

and designs ensure that radionuclide release does not occur when thermal gradients in the host rock 

are present; this feature reduces the uncertainty of potential radionuclide migration within the host rocks.  

The eight contributions for heat generating waste show that a temperature limit of 100 C̄ has been set 

for the bentonite buffer as well as concrete buffer in order to preserve its properties on the long-term. 

The chemical evolution is not included in the safety assessment but especially the Spanish and Czech 

contributions show that the chemical interaction between solid materials can be bounded from 

calculating the chemical evolution as a function of time and space. For example, iron corrosion has been 

calculated to reduce the porosity of the bentonite buffer till a maximum of 15 cm after 100.000 years or 

even 1 million years by precipitation of corrosion species and iron-carbonate species; the carbonate 

originates from the granitic pore water i.e. a fraction of the bentonite buffer is chemically affected in the 

local vicinity of the steel-bentonite interface. These calculations are however made at 25ºC since most 

thermodynamic data are related to this temperature.  

Such calculations have not been made for the steel overpack interfacing the concrete buffer in the 

national current treatments of the chemical evolution by the eight organisations participating in ACED. 

There is however information available from the Swedish ILW disposal cells for the chemical evolution 

of the steel-concrete interface. From these participating organistions, the chemical evolution for HLW 

disposal cells has been focussed on the pH of the concrete buffer, the pH as a function of time at the 

interface between the concrete buffer and carbon steel overpack has been calculated in order to 

determine the period for the beneficial alkaline conditions in which steel is passivated and very small 

corrosion rates can be chosen. These alkaline conditions have been calculated to last for 80.000 years 

in the Belgian programme. Constant diffusion values have been used and this may optimize the 

envisaged durability of the concrete buffer especially when the clay pore water is saline even brackish 

since the crystallisation of calcium-sulphate minerals may result in the formation of cracks within the 

concrete buffer. The presence of these cracks changes the transport properties, an  increase in diffusion 

values as identified for the chemical evolution of concrete barriers in the Swedish programme.  

It has been deduced from the references that the Swiss approach is similar to the Spanish and Czech 

approaches i.e. calculating the potential extent of the chemical interaction and determine whether or not 

these effects are safety relevant in order to judge whether or not these chemical processes need to be 

included in the safety assessment. The Spanish, Czech and Swiss programmes calculate the chemical 

evolution of the interface between the steel overpack and bentonite buffer. Mainly anaerobic conditions 

are available in the post-closure phase and the anaerobic corrosion of iron results into the release of 

dissolved iron species, hydrogen gas and hydroxyl ions. An increase of the pH, until a pH of 10, has 

been calculated at the steel-bentonite interface. A potential impact of an increasing pH is the 

transformation of clay minerals in zeolites. The solubility of corrosion species and iron-carbonate species 

is limited by which the concentration of positively charged dissolved iron species is small. The sorption 

capacity of the bentonite buffer can be reduced by sorption of dissolved iron species.  

Eventually, there will be contact between pore water and the vitrified HLW. Glass has been known to be 

very insoluble, A passivation layer on the exposed surfaces of glass has been known to be formed in 

neutral as well as alkaline media. This layer also constitutes a barrier against transport of water towards 

glass and of solvated glass into solution. The long term dissolution rate of the vitrified waste form is 

therefore expected to be very small after fracture of the overpack. Congruent dissolution of glass is used 

to determine the radionuclide release in safety assessments but the incorporation of radionuclides in 

the passivating layer may be element-specific. There will be always steel present when there is contact 
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between pore water and the non-cracked parts of vitrified HLW and the glass dissolution rate is larger 

in the vicinity of steel. The impact of steel on the glass dissolution rate is mainly excluded in the current 

treatment of the chemical evolution. 

 

Chemical interactions between the engineered barrier system and the host rock are also included in 

ACED. The pH of the pore waters in bentonite buffers and crystalline pore waters are similar i.e. there 

can be no alkaline plume. The granitic host rock has only the safety function to isolate the waste. The 

focus in the current handling of the chemical evolution is therefore on the potential changes within the 

bentonite buffer by the advective crystalline water flow. The crystalline chemical pore waters 

compositions in the Czech and Spanish cases are both of sodium bicarbonate types by which there is 

an inflow of bicarbonate into the bentonite buffer and sulphate and chlorine outflow. The sulphate can 

originate from the oxidation of trace amounts of pyrite within the bentonite buffer; the pore water 

chemistry of their granitic rocks is fresh.  

All clay host rocks have disposal concepts in which the clay host rocks interfaces with concrete. The 

alkaline plumes in the clay host rock have been calculated to be limited to 2 to 2.5 meter for poorly 

indurated clay in the Belgian programme after a period of 100.000 years. The porosity of poorly 

indurated clay is between 30-35% and the extent of an alkaline plume was calculated to be 0.7 meter 

after a period of 1 million years in the Spanish programme for such a porous clay. Indurated clay is less 

porous and the alkaline plume extends to less than 0.1 metre in the Swiss programme. Consequently, 

the current handling of disposal cells shows that the extent of the chemical interaction is limited to the 

vicinity of interfaces in a period of 100.000 years or sometimes even 1 million years.  

 

Cemented ILW 

ILW requires shielding during handling and storage. ILW is already disposed in Europe, operational 

facilities are present in Hungary, Slovenia, Sweden, Finland, France and Spain. Following IAEA 

convention, a distinction can be made between short lived and long-lived ILW. Disposal of short-lived 

ILW is usually governed in facilities located at less than 100 metre depth in which the pore water 

chemistry of the host rock can be changed due to climate change at Earthôs surface but the hazard 

potential of this waste has then reduced significantly. The amount of long-lived radionuclides i.e. 

radionuclides with a half-life of about 30 years, is limitedly present. This limited amount mainly 

determines the potential radiological exposure in the long-term period till 100.000 years. For long-lived 

ILW, disposal depths similar to a disposal depth of HLW are studied in Europe as well as smaller than 

the HLW disposal depth but always larger than this depth for short-lived ILW.  

The chemical processes associated with the interactions at the 6 studied interfaces, except glass-steel, 

are assumed to be similar for HLW and ILW. The evolution of the pH of the concrete barriers has been 

studied in-depth e.g. in the Swedish programme since the pH has an impact on the corrosion processes 

affecting the durability of these barriers and concentration of complexing agents for radionuclides.  

 

Fracture of the concrete barriers may take place when the strain associated with an increasing thickness 

of corrosion products surrounding the rebars cannot be accommodated by creep of concrete. 

Passivation layers on steel surfaces can only be present at high pH and anaerobic conditions. Anaerobic 

conditions within the disposal facility can be assumed some time after closure due to consumption of 

the encapsulated oxygen by aerobic corrosion of metals, especially structural steel, and insufficient 

access of oxygen from the environment surrounding the disposal facility. These passivation layers limit 

also the corrosion rate by which the generated corrosion products can sufficiently be dissipated by 

diffusion reducing the potential mechanical stresses within concrete. Also, the hydrogen generation rate 

may be sufficiently small when these passivating layers are present by which damage to these concrete 

barriers by generation of gas is unlikely.  
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Metallic ILW can be steel but also Zircaloy, aluminium and zinc. Zircaloy also has a passivation layer at 

high pH which limits the corrosion rate and the generated hydrogen is picked-up for the formation of 

zirconium-hydride. These passivation layers are not present at high pH for aluminium and zinc. A waste 

product with a sufficient quality may not be achieved during waste processing of these metals with 

cement, especially when the reactive surface area is high. Additives are used to make a passivation 

layer during waste processing such as LiNO3 for processing aluminium to gain cemented waste with a 

sufficient quality. Other chemical interactions between this processed waste and cementitious material 

such as grout than between pure metals and grout need to be included in order to determine the 

chemical evolution of these processed waste types.  

 

The degradation of organic waste results in the formation of complexing organic agents but the 

degradation rates highly depend on the type of organic waste. A reliable degradation rate has not yet 

been defined for spent ion exchange resins because the chemical resistance is so high, also in 

cementitious materials. The formation of organic complexing agents by degradation of these resins does 

not need to be included in a safety assessment. But cellulose degrades faster at high pH and its 

degradation is associated with the formation of iso-saccharinic acid, a complexing agent for 

radionuclides. A high pH and high calcium content reduce the concentration of many of these organic 

complexing agents limiting the radionuclide exposure when ultrafiltration of these complexes does not 

take place by the host rock.  

Ultrafiltration of these organic agents can be excluded as a retardation mechanism in granitic rocks due 

to the presence of fractures but this mechanism can be used for clay host rocks provided that the 

generated gas has not perturbed the clay host rock. Perturbation of the granitic host rock by gas 

generation as a result of degradation of waste can be excluded due to the presence of these fractures 

that allows sufficient fast dissipation of gas.  

 

   



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 8  

 

Table of content 

Executive Summary ................................................................................................................................. 4 

Table of content ....................................................................................................................................... 8 

List of figures ......................................................................................................................................... 13 

List of Tables ......................................................................................................................................... 18 

Glossary ................................................................................................................................................. 20 

1. Introduction .................................................................................................................................... 21 

1.1 Background ............................................................................................................................ 21 

1.2 Objectives .............................................................................................................................. 21 

1.3 Realization ............................................................................................................................. 21 

1.4 Explanation contents ............................................................................................................. 22 

2. Features of facilities in crystalline rock and clay ........................................................................... 23 

2.1 Virgin pore water chemistry, mineralogy and porosity........................................................... 23 

 Clay host rocks .............................................................................................................. 23 

 Crystalline rocks ............................................................................................................ 25 

2.2 Construction ........................................................................................................................... 26 

 Clay host rocks .............................................................................................................. 26 

 Crystalline rocks ............................................................................................................ 28 

2.3 Operation ............................................................................................................................... 28 

2.4 Rock characteristics at start of the post-closure phase ......................................................... 29 

3. Bentonite and concrete .................................................................................................................. 30 

3.1 Bentonite ................................................................................................................................ 30 

 Pore water chemistry ..................................................................................................... 30 

 Mineralogy and porosity ................................................................................................ 30 

3.2 Concrete ................................................................................................................................ 31 

 Pore water chemistry ..................................................................................................... 31 

 Mineralogy and porosity ................................................................................................ 34 

4. Disposal cells with vitrified HLW .................................................................................................... 39 

4.1 Characterization of disposal cells in granite and clay............................................................ 39 

 Interface between carbon steel overpack and buffer .................................................... 42 

 Interface between engineered materials and host rock ................................................. 44 

4.2 Calculated chemical interactions and their impact ................................................................ 44 

 Interface between steel overpack and buffer ................................................................ 44 

 Interface between engineered materials and host rock ................................................. 46 

5. Disposal cells with cemented ILW ................................................................................................. 49 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 9  

5.1 Metallic waste ........................................................................................................................ 50 

5.2 Organic waste ........................................................................................................................ 53 

6. Belgium .......................................................................................................................................... 54 

6.1 Characterization of the HLW disposal cell in clay ................................................................. 54 

 Description of materials in disposal cell......................................................................... 54 

 Thermal gradients / Thermal and hydraulic gradients ................................................... 57 

 Pore water compositions ............................................................................................... 61 

6.2 Chemical evolution of the HLW disposal cell ........................................................................ 62 

 Narrative ........................................................................................................................ 62 

 Conceptual model. ......................................................................................................... 65 

 Mathematical model....................................................................................................... 67 

6.3 Characterization of an ILW disposal cell in clay .................................................................... 68 

 Description of materials in disposal cell......................................................................... 68 

 Hydraulic gradients ........................................................................................................ 69 

 Pore water compositions ............................................................................................... 70 

6.4 Chemical evolution of the ILW disposal cell .................................................................... 70 

 Narrative ........................................................................................................................ 70 

 Conceptual model .......................................................................................................... 70 

7. Bulgaria .......................................................................................................................................... 71 

8. Czech Republic.............................................................................................................................. 72 

8.1 Characterization of the HLW disposal cell in granite ............................................................. 72 

 Description of materials in disposal cell......................................................................... 72 

 Thermal gradients .......................................................................................................... 74 

 Hydraulic gradients ........................................................................................................ 77 

 Pore water compositions ............................................................................................... 78 

8.2 Chemical evolution of the HLW disposal cell ........................................................................ 80 

 Narrative ........................................................................................................................ 80 

 Conceptual model .......................................................................................................... 81 

 Mathematical model....................................................................................................... 83 

 Calculated results .......................................................................................................... 84 

9. Finland ........................................................................................................................................... 91 

9.1 Characterization of an ILW disposal cell in granite ............................................................... 91 

 Description of materials in disposal cell......................................................................... 91 

9.2 Hydraulic gradients ................................................................................................................ 91 

9.3 Pore water compositions ....................................................................................................... 92 

9.4 . Chemical evolution of the ILW disposal cell ........................................................................ 92 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

10  

 Narrative ........................................................................................................................ 92 

 Conceptual model .......................................................................................................... 92 

 Mathematical model....................................................................................................... 93 

 Calculated results .......................................................................................................... 93 

10. France ........................................................................................................................................ 95 

10.1 Characterization of the HLW disposal cell in clay ................................................................. 95 

 Description of materials in disposal cell......................................................................... 95 

 Thermal gradients .......................................................................................................... 98 

 Pore water compositions ............................................................................................... 99 

10.2 Chemical evolution of the HLW disposal cell ...................................................................... 101 

 Narrative ...................................................................................................................... 101 

 Conceptual and mathematical model .......................................................................... 104 

10.3 Characterization of an ILW disposal cell in clay .................................................................. 105 

 Description of materials in disposal cell....................................................................... 105 

 Pore water compositions ............................................................................................. 109 

10.4 Chemical evolution of the ILW disposal cell ........................................................................ 111 

 Narrative ...................................................................................................................... 111 

 Conceptual model ........................................................................................................ 114 

 Mathematical model..................................................................................................... 115 

11. Germany .................................................................................................................................. 116 

11.1 Characterization of the HLW disposal cell in crystalline-and clay- rock .............................. 118 

 Description of materials in disposal cell....................................................................... 118 

 Thermal and hydraulic gradients ................................................................................. 120 

 Pore water compositions ............................................................................................. 120 

11.2 Chemical evolution of the HLW disposal cell ...................................................................... 121 

 Narrative ...................................................................................................................... 121 

 Conceptual model ........................................................................................................ 121 

11.3 Characterization of an ILW disposal cell ............................................................................. 121 

 Description of materials in disposal cell....................................................................... 121 

 Hydraulic gradients ...................................................................................................... 122 

 Pore water compositions ............................................................................................. 122 

11.4 Chemical evolution of the ILW disposal cell ........................................................................ 123 

 Narrative ...................................................................................................................... 123 

 Conceptual model ........................................................................................................ 123 

12. Hungary ................................................................................................................................... 124 

13. Lithuania .................................................................................................................................. 125 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

11  

13.1 Characterization of an ILW disposal cell in granite ............................................................. 125 

 Description of materials in disposal cell....................................................................... 125 

 Hydraulic gradients ...................................................................................................... 126 

 Pore water compositions ............................................................................................. 126 

13.2 Chemical evolution of the ILW disposal cell ........................................................................ 126 

 Narrative ...................................................................................................................... 126 

 Conceptual model ........................................................................................................ 127 

 Mathematical model..................................................................................................... 127 

14. Netherlands ............................................................................................................................. 130 

14.1 Characterization of the HLW disposal cell in clay ............................................................... 130 

 Description of materials in disposal cell....................................................................... 130 

 Thermal gradients ........................................................................................................ 133 

 Pore water compositions and porosity......................................................................... 137 

14.2 Chemical evolution of the HLW disposal cell ...................................................................... 138 

 Narrative ...................................................................................................................... 138 

 Conceptual model ........................................................................................................ 142 

 Mathematical model..................................................................................................... 143 

14.3 Characterization of an ILW disposal cell in clay .................................................................. 143 

 Description of materials in disposal cell....................................................................... 143 

 Pore water compositions ............................................................................................. 144 

14.4 Chemical evolution of the ILW disposal cell ........................................................................ 144 

 Narrative ...................................................................................................................... 144 

 Conceptual model ........................................................................................................ 145 

 Mathematical model..................................................................................................... 145 

15. Romania .................................................................................................................................. 146 

16. Slovenia ................................................................................................................................... 147 

17. Spain ........................................................................................................................................ 148 

17.1 Characterization of the HLW disposal cell in granite ........................................................... 148 

 Description of materials in disposal cell....................................................................... 148 

 Thermal and hydraulic gradients ................................................................................. 151 

 Pore water compositions ............................................................................................. 159 

17.2 Chemical evolution of the HLW disposal cell ...................................................................... 159 

 Narrative ...................................................................................................................... 159 

 Conceptual model ........................................................................................................ 160 

 Mathematical model..................................................................................................... 163 

 Calculated results ........................................................................................................ 163 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

12  

 Recent updates of the predictions of the chemical evolution of the HLW cell in granite

 165 

17.3 Characterization of the HLW disposal cell in clay ............................................................... 167 

 Description of materials in disposal cell....................................................................... 167 

 Thermal and hydraulic gradients ................................................................................. 169 

 Pore water compositions ............................................................................................. 176 

17.4 Chemical evolution of the HLW disposal cell ...................................................................... 177 

 Narrative ...................................................................................................................... 177 

 Conceptual model ........................................................................................................ 177 

 Mathematical model..................................................................................................... 179 

 Calculated results ........................................................................................................ 179 

 Improvements in the chemical evolution of the HLW cell in clay................................. 182 

17.5 Characterization of an ILW disposal cell in clay or granite .................................................. 183 

18. Sweden .................................................................................................................................... 184 

18.1 Characterization of the LILW disposal cell in granite .......................................................... 184 

18.2 Chemical evolution of the ILW disposal cell ........................................................................ 185 

19. Switzerland .............................................................................................................................. 186 

19.1 Characterization of the HLW disposal cell in clay ............................................................... 186 

19.2 Chemical evolution of the HLW disposal cell ...................................................................... 187 

 Clay-cement interaction ............................................................................................... 187 

 Steel-bentonite interaction ........................................................................................... 187 

20. United Kingdom ....................................................................................................................... 188 

21. References .............................................................................................................................. 189 

Appendix A. Presentation kick-off meeting from Hungary ............................................................... 200 

Appendix B. Completed template from Romania ............................................................................. 204 

Appendix C. Presentation kick-off meeting from Slovenia ............................................................... 208 

Appendix D. Mathematical formulation of chemical reactions ......................................................... 212 

Appendix E. Completed template from Sweden .............................................................................. 217 

Appendix F. Completed template from United Kingdom ................................................................. 221 

Appendix G. Complete template from Czech Republic ................................................................ 228 

 

 

  



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

13  

List of figures 

 

Figure 1-1: EU countries with power plants in orange; image from website of the European Nuclear 

Safety Regulators Group (ENSREG). ................................................................................................... 22 

Figure 2-1: 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]. 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. ....................................................................................................... 39 

Figure 2-2: 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. ............................... 41 

Figure 2-3: A conceptual framework for EDZ fracture closure in Opalinus Clay, covering the key 

phenomena and features from the early post excavation phase until static formation pressure recovery 

[Alcolea, 2014]. .............................................................................................. Erreur ! Signet non défini. 

Figure 2-4: Pourbaix diagrams for the system Fe-H2O at 75ęC and 22ęC with an activity of iron dissolved 

species of 10-7; 0.002 M Cl is a reasonable concentration for tap water. Magnetite (green) is Fe3O4(s) 

and Hematite (orange) is Fe2O3(s). ....................................................................................................... 43 

Figure 2-5: Evolution of the pH as a function of the distance from the steel overpack at start 100, 1000, 

10.000 and 100.000 years. .................................................................................................................... 45 

Figure 2-6: Cement-bentonite interaction as a coupled linear system [Savage, 2014] ........................ 48 

Figure 3-1: Abstracted disposal cells containing cemented metallic ILW considered in Europe for the 

host rocks: granite (left) and poorly indurated clay (right). Blue = metallic ILW in tetramoulds left, in CSD-

Côs right, concrete shielding and support (grey), grout = light grey, washed granitic rock = green. ..... 51 

Figure 3-2: Pourbaix diagrams at 22 C̄ for the systems Fe-Cr-H2O and Al-H2O with an activity of iron, 

chromium and aluminium dissolved species of 10-7 M; 0.002 M NaCl is a reasonable concentration for 

tap water. Chromite (green) is FeCrO4(s).............................................................................................. 52 

Figure 4-1: Supercontainer type SC-1 for vitrified HLW (left) and indicative figure of a disposal gallery 

cross-section in Boom clay host rock (right, dimensions not to scale). ................................................. 54 

Figure 4-2: Materials and interfaces in a disposal cell for HLW according to the Belgian disposal design. 

Note that the reference inner diameter for a disposal gallery recently increased from 3.0 m to 3.5 m, 

which would increase the outer radius to 2.05 instead of 1.8 m [ONDRAF/NIRAS, 2019]. .................. 55 

Figure 4-3: Thermal power evolution of a HLW canister (the figure corresponds to a loading of 1.33 

tHM/canister from the reprocessing of spent fuel with a burn-up of 33 GWd/tHM. More details in 

paragraph 2.1 of [Sillen and Marivoet, 2007]. ....................................................................................... 56 

Figure 4-4: Model geometry: only half of a supercontainer needs to be modelled for symmetry reasons.

 ............................................................................................................................................................... 57 

Figure 4-5: Near field temperature profiles for disposal of vitrified HLW in a supercontainer-based 

repository (cooling time: 60 years) ........................................................................................................ 58 

Figure 4-6: Temperature evolution at different interfaces in the near field of a disposal gallery filled with 

vitrified HLW (cooling time: 60 years) .................................................................................................... 61 

Figure 4-7: Main chemical characteristics of concrete (engineered barriers) and clay (host formation) 

pore waters in a HLW disposal cell ....................................................................................................... 62 

Figure 4-8: Evolution of pH at the overpack and the stainless steel (SS) envelope as a function of time 

(X-axis, years); top figures are a zoom of the bottom figures. .............................................................. 66 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

14  

Figure 4-9: pH evolution as function of distance from the concrete ï clay interface in the short term (left) 

and long term (right). ............................................................................................................................. 67 

Figure 4-10: The monolith CB-2 for disposal of compacted waste (left), and cross-section view of a 

typical CSD-C canister .......................................................................................................................... 68 

Figure 4-11: Materials and interfaces in a disposal cell for ILW according to the Belgian disposal design. 

Note that the reference inner diameter for a disposal gallery recently increased from 3.0 m to 3.5 m 

[ONDAF/NIRAS, 2019]. ......................................................................................................................... 68 

Figure 6-1: Scheme for disposal of spent fuel in a horizontal layout..................................................... 73 

Figure 6-2: A simplified scheme of disposal cell ................................................................................... 73 

Figure 6-3: Thermal power of canisters with spent fuel assemblies as a function of time .................... 74 

Figure 6-4: Scheme for calculations of maximal thermal gradients ...................................................... 75 

Figure 6-5: Temperature at the interface between bentonite and host rock for various sites in the 

repository in a  horizontal layout (SIVB2 ï centre of block B2, SIIIB1 ï centre of the block 1, O1 edge of 

block 1, O2 edge of block 2, O3 edge of block 3,.................................................................................. 77 

Figure 6-6: Hydraulic head in the depth of a repository with highlighted polygons representing DGR 

(Milicky, Uhlik et al., 2019) ..................................................................................................................... 78 

Figure 6-7: Geochemical models tested in Czech programme [Ļervinka et al., 2018]. ........................ 81 

Figure 6-8: Domains of 1D and 2D models in the plane of a fracture ................................................... 82 

Figure 6-9: 1D model for reactive modelling ......................................................................................... 82 

Figure 6-10: 2D model domain .............................................................................................................. 83 

Figure 6-11: The results of modelling of the change of pH and Eh after the opening of the undisturbed 

rock ........................................................................................................................................................ 84 

Figure 6-12: Reference model: Evolution of pH, Eh, iron concentration and precipitated magnetite as a 

function of the distance from the corrosion cell at 100, 1,000, 10,000 and 100,000 years from the 

beginning of the simulations .................................................................................................................. 87 

Figure 6-13: Hydraulic head pressures in the model domain with direction of flow and positions of 

observation points A and B .................................................................................................................... 88 

Figure 6-14: Evolution of pH and pe at observation points A and B for model variant under anoxic 

conditions. .............................................................................................................................................. 89 

Figure 7-1: Conceptual representation of components within the disposal system. (Nummi 2018) ..... 91 

Figure 7-2: The modelling chain in the performance assessment.(Nurmi 2018) .................................. 93 

Figure 7-3: Leaching depth of concrete barrier due to groundwater. .................................................... 94 

Figure 8-1: Image of a HLW vitrified waste primary package ............................................................... 95 

Figure 8-2: R7-T7 disposal package with at top right, a detailed view of its gripping groove. .............. 96 

Figure 8-3: Cross section through a HLW1/HLW2 disposal cell: shown here at the end of loading 

(illustration from end of basic engineering design stage). ..................................................................... 97 

Figure 8-4: Section of a HLW disposal cell with identification of the different materials. ...................... 97 

Figure 8-5: Cigéo underground facility. ................................................................................................. 98 

Figure 8-6: Temperature change over time at various points in and around the warmest HLW2 cell 

(temperature change in the clay rock at the cell wall is given by the yellow curve). ............................. 99 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

15  

Figure 8-7: Stages of nuclear glass corrosion and related potential rate-limiting mechanisms (Gin et al., 

2013. .................................................................................................................................................... 104 

Figure 8-8: Alteration of a glass surface and associated release of radionuclides - (1) sealed container 

(2) alteration under unsaturated conditions in the vicinity of the glass Ý no release (3) as resaturation 

occurs near the hydrated glass, release of the radionuclides present in the hydrated glass and alteration 

in V0 (4) alteration in VR - At each moment, until the total resaturation, one part of the glass will alter 

under unsaturated conditions and another part under saturated conditions thus leading to gradual 

release of radionuclides. ...................................................................................................................... 105 

Figure 8-9: Design Principle ILW-LL cell ............................................................................................. 106 

Figure 8-10: Standard section of ILW-LL disposal cell with support and liner. Example of CS1 disposal 

cells (end of basic engineering design stage). .................................................................................... 107 

Figure 8-11: Filling of disposal cells with packages type CS5 (at end of basic engineering design). . 107 

Figure 8-12: CS4 ILW-LL disposal container with lid secured by screws ........................................... 108 

Figure 8-13: Chronogram of main processes occurring in ILW cells during the operating and the post-

closure periods. ................................................................................................................................... 113 

Figure 9-1: Schematic 3D-geological sections (right) of the repository site models for Northern (a) and 

Southern (b) Germany and simplified geological profiles (left) illustrating the position of the clay layers 

(Jobmann et al. 2017b). ....................................................................................................................... 119 

Figure 9-2: Schematic of the concepts for borehole disposal and drift emplacement (Jobmann et al. 

2017b). ................................................................................................................................................. 120 

Figure 11-1: Repository concept ......................................................................................................... 125 

Figure 12-1: Materials used in the disposal cell [Verhoef, 2017] ........................................................ 130 

Figure 12-2: 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]. 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. ..................................................................................................... 132 

Figure 12-3: Schematics of CSD-v; dimensions in millimetres [AREVA, 2007] .................................. 133 

Figure 12-4: Geometry for the calculation of the thermal phase with 100 metre thickness of clay and a 

magnification with the waste (right). Midpoints are calculated with the line in each positive section in 

order to obtain maxima in calculated temperatures. The images should be turned 90 degrees in order 

to visualize these geometries in the disposal concept i.e. horizontal emplacement of disposal packages 

is envisaged. ........................................................................................................................................ 134 

Figure 12-5: Calculated temperatures at different interfaces after a storage period of 130 years for CSD-

v; at midpoints; 2D axi-symmetry with thermal power as supplied by AREVA and cooling period of 130 

years. ................................................................................................................................................... 135 

Figure 12-6: Pore water compositions and CaO/SiO2 ratios for concrete used in the disposal cell. .. 137 

Figure 12-7: Salt deposits at joints between concrete segments in HADES URL. Image from EURIDICE 

website: presentation 01 EURIDICE general. ..................................................................................... 138 

Figure 12-8: Diffusional ingress and egress of dissolved species at start of the post-closure phase . 139 

Figure 12-9: Diffusion of dissolved species and gas generation (left) and thermodynamic calculation 

made with Phreeplot and thermochimie database(right). .................................................................... 140 

Figure 12-10: Diffusion of dissolved species and gas generation at an evolved stage. ..................... 141 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

16  

Figure 12-11: Schematics of CSD-c with 6 pucks (compacted drums); dimensions in millimetres 

[AREVA, 2001] .................................................................................................................................... 144 

Figure 15-1: Underground installations in the Spanish repository concept in granite (ENRESA, 2001).

 ............................................................................................................................................................. 148 

Figure 15-2: Longitudinal section of a disposal drift in the Spanish repository concept in granite 

(ENRESA, 2001). ................................................................................................................................ 149 

Figure 15-3: Dimensions of an individual disposal cell in the Spanish repository concept in granite 

(ENRESA, 2001). ................................................................................................................................ 149 

Figure 15-4: Finite element mesh used in the THM numerical model (ENRESA, 2001). ................... 153 

Figure 15-5: Calculated saturation degree time evolution in the Spanish repository concept in granite 

(ENRESA, 2001). ................................................................................................................................ 156 

Figure 15-6: Calculated temperature time evolution in the Spanish repository concept in granite 

(ENRESA, 2001). ................................................................................................................................ 157 

Figure 15-7: Geometry and 1-D axisymmetric mesh used in the first stage of the geochemical model 

(ENRESA, 2001). ................................................................................................................................ 160 

Figure 15-8: Temperature boundary conditions at the first stage of the geochemical model (ENRESA, 

2001). ................................................................................................................................................... 161 

Figure 15-9: Geometry and 1-D axisymmetric mesh used in the second stage of the geochemical model 

(ENRESA, 2001). ................................................................................................................................ 162 

Figure 15-10: Temperature boundary conditions at the second stage of the geochemical model 

(ENRESA, 2001). ................................................................................................................................ 162 

Figure 15-11: Time evolution of the calculated calcium, magnesium, sodium and potassium at the middle 

point in the bentonite (ENRESA, 2001). .............................................................................................. 164 

Figure 15-12: Time evolution of the calculated bicarbonate, chloride and sulphate at the middle point in 

the bentonite (ENRESA, 2001). .......................................................................................................... 164 

Figure 15-13: Time evolution of the calculated pH and pE at the middle point in the bentonite (ENRESA, 

2001). ................................................................................................................................................... 165 

Figure 15-14: Underground installations in the Spanish repository concept in clay (ENRESA, 2004).

 ............................................................................................................................................................. 167 

Figure 15-15: Schematic diagram of a disposal drift in the Spanish repository concept in clay (ENRESA, 

2004). ................................................................................................................................................... 168 

Figure 15-16: Boundary conditions of the numerical model of the near field (ENRESA, 2004). ........ 171 

Figure 15-17: . Calculated saturation degree time evolution in the Spanish repository concept in clay 

(ENRESA, 2004). ................................................................................................................................ 173 

Figure 15-18: Calculated temperature time evolution in the Spanish repository concept in clay (ENRESA, 

2004). ................................................................................................................................................... 174 

Figure 15-19: Dimensions and 1-D axisymmetric mesh used in the first stage of the geochemical model 

(ENRESA, 2004). ................................................................................................................................ 177 

Figure 15-20: Temperature boundary conditions at the first stage of the geochemical model (ENRESA, 

2004). ................................................................................................................................................... 178 

Figure 15-21: Dimensions and 1-D axisymmetric mesh used in the second stage of the geochemical 

model (ENRESA, 2004). ...................................................................................................................... 178 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

17  

Figure 15-22: Temperature boundary conditions at the second stage of the geochemical model 

(ENRESA, 2004). ................................................................................................................................ 179 

Figure 15-23: Spatial distribution of the calculated calcium, magnesium, sodium, potassium, chloride, 

bicarbonate, sulphate and silica once bentonite is fully saturated (ENRESA, 2004). ......................... 180 

Figure 15-24: Spatial distribution of the calculated pH once bentonite is fully saturated (ENRESA, 2004).

 ............................................................................................................................................................. 180 

Figure 15-25: Spatial distribution of the calculated pH at different times (ENRESA, 2004). .............. 181 

Figure 15-26: Time evolution of the calculated calcium, magnesium, sodium, potassium, chloride, 

bicarbonate, sulphate and silica at a point located at the middle of bentonite (ENRESA, 2004). ...... 182 

Figure 166-16-1: Disposal cell containing ILW operating (left, 1BMA) and considered in Sweden (right, 

2BMA) in the host rock granite, adapted from SKBôs report [SKB, 2014a]. Blue = cemented ILW and 

steel ILW, black = steel sacrificial stirrer, rebar or walls tetramoulds, crushed rock (green), air (white), 

shotcrete = light grey. A constraining wall of concrete is casted to prevent crushed rock entering the 

access tunnels. A concrete plug and bentonite seals are fabricated against the constraining wall. ... 185 

Figure 17-1: Disposal cell containing vitrified HLW considered in Switzerland for the host rock indurated 

clay. Grey = vitrified HLW, black = steel overpack, bentonite (purple) surrounds the overpack and 

cementitious liner = light grey. ............................................................................................................. 186 

 

 
  



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

18  

List of Tables 

 

Table 4-1: Characteristics and role of the components in a disposal cell for HLW according to the Belgian 

disposal design and safety concept. Information taken from [ONDRAF/NIRAS 2017a,b, von Lensa et al. 

2008]. ..................................................................................................................................................... 55 

Table 4-2: Description of parameters for thermal gradients .................................................................. 59 

Table 4-3: Characteristics and role of the components in a disposal cell for ILW according to the Belgian 

disposal design and safety concept. Information taken from [ONDRAF/NIRAS 2017bc, von Lensa et al 

2008]. ..................................................................................................................................................... 69 

Table 6-1: The change of maximal temperature at the surface of canisters on the change of thermal 

conductivity of compacted bentonite ..................................................................................................... 74 

Table 6-2: Description of parameters for thermal gradients .................................................................. 76 

Table 6-3: Initial physico-chemical parameters and chemical composition of different types of waters 

which were used for geochemical modelling ......................................................................................... 80 

Table 6-4: Parameters of the geochemical porewater model for the bentonite .................................... 86 

Table 8-1: Number of packages per disposal cell and distance between cells for disposal of highly 

exothermic HLW approximately 100m long ........................................................................................... 99 

Table 8-2: Example of mineralogical composition of the Callovo-Oxfordian claystone and molar volumes 

of the different minerals and secondary minerals (Marty et al. 2014a) ............................................... 100 

Table 8-3: Example of exchangers composition of the Callovo-Oxfordian claystone (Idiart & Laviña; 

2019) .................................................................................................................................................... 100 

Table 8-4: Example of water composition of the Callovo-Oxfordian claystone (Marty et al. 2014a) .. 100 

Table 8-5: Simplified mineralogical composition of concrete CEM I considering amorphous "CSH 1,6" 

(the high proportion of calcite is related to the nature of the aggregate incorporated in the concrete).

 ............................................................................................................................................................. 110 

Table 8-6: Simplified mineralogical composition of concrete CEM V considering amorphous "CSH 1,6" 

(the high proportion of calcite is related to the nature of the aggregate incorporated in the concrete).

 ............................................................................................................................................................. 110 

Table 8-7: Examples of water composition of CEM I and CEM V cement modelled with ThermoChimie

 ............................................................................................................................................................. 111 

Table 9-1: Prediction of the amounts of waste expected from reprocessing that will have to be disposed 

of in the Federal Republic of Germany (BMUB, 2015a) ...................................................................... 117 

Table 9-2: Waste containers permitted for the Konrad repository (BfS, 2014). .................................. 122 

Table 9-3: Mine water composition (Brewitz, 1982 and Tittel et al., 1986) ......................................... 122 

Table 9-4: Element specific time for radionuclide mobilisation form the waste. .................................. 123 

Table 9-5: Solubility limits used for the near field within the permitting process for Konrad. .............. 123 

Table 11-1: Groundwater composition [Vaitkeviciene, 2017] .............................................................. 127 

Table 11-2: MX-80 data [Ochs, 2004] ................................................................................................. 128 

Table 11-3: Data for chemical reactions .............................................................................................. 128 

Table 12-1: Dimensions for the supercontainer for CSD-v ................................................................. 131 

Table 12-2: Description of parameters for thermal gradients .............................................................. 136 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

19  

Table 12-3: Pore water compositions at start of the post-closure phase ............................................ 137 

Table 15-1: Bentonite parameters used in the THM numerical model (ENRESA, 2001) ................... 154 

Table 15-2: Description of parameters for thermal gradients .............................................................. 158 

Table 15-3: Initial chemical composition of the bentonite porewater and the granite hydration water 

(ENRESA, 2001). ................................................................................................................................ 159 

Table 15-4: Initial mineral volume fraction in the bentonite (ENRESA, 2001) .................................... 159 

Table 15-5: Calculated chemical composition of the bentonite porewater after saturation (ENRESA, 

2001). ................................................................................................................................................... 163 

Table 15-6: Main parameter considered in the THM model of the Spanish reference concept in clay 

(ENRESA, 2004). ................................................................................................................................ 172 

Table 15-7: Mechanical parameters of the cansiter, bentonite and clay of the Spanish reference concept 

in clay (ENRESA, 2004). ..................................................................................................................... 172 

Table 15-8: Description of parameters for thermal gradients .............................................................. 175 

Table 15-9: Initial chemical composition (mol/L) of the bentonite porewater, the concrete water and the 

clay porewater at 25 ºC (ENRESA, 2004). .......................................................................................... 176 

Table 15-10: Initial mineral volumen fraction in the bentonite, the concrete and the clay (ENRESA, 2004)

 ............................................................................................................................................................. 176 

  



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

20  

Glossary 

BWR  Boiling Water Reactor 
CP  Corrosion Product 
CSD-V /ƻƴǘŜƴŜǳǊ {ǘŀƴŘŀǊŘ ŘŜ 5ŞŎƘŜǘǎ ±ƛǘǊƛŦƛŞǎΩ 
CSD-C Conteneur Standard de Déchets Compactés 
CSH  calcium silicate hydrate 
DGR  Deep Geological Repository  
DSSC  Disposal System Safety Case 
EBS  Engineered Barrier System 
EDZ   Excavation Damaged Zone 
ENSREG European Nuclear Safety Regulators Group 
GDF  Geological Disposal Facility 
HLW  High level waste 
HM  Heavy Metal 
ILW  Intermediate Level Waste 
ISA  Iso-saccharinic acid 
KBS-3  kärnbränslesäkerhet (Swedish nuclear fuel safety) version 3 
LILW-LL Low and Intermediate level waste ς Long Lived 
LWR  Light Water Reactor 
MOX  uranium/plutonium mixed oxide 
MSA  Monosulphoaluminate 
MTR  Materials Testing Reactor 
NPP  Nuclear Power Plant 
NRVB  Nirex Reference Vault Backfill 
OPC   Ordinary Portland Cement 
PEHD  PolyEthylene High Density 
SC   Supercontainer 
SCC   Supercontainer concrete 
SGW  Synthetic granite groundwater 
SFR Slutförvaret för kortlivat radioaktivt avfall; disposal facility for short lived LILW 

in Sweden 
SNF  Spent Nuclear Fuel 
TDS  Total Dissolved Solutes 
URF  Underground Research Facility 
URL  Underground Research Laboratory 
WMO  Waste Management Organisation  
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1. Introduction 

1.1 Background 

Waste management organisations prepare safety reports or safety cases to show how and why disposal 

of waste is to be safely performed. The backbone of a safety case is a safety assessment. This 

assessment quantifies the containment behaviour of natural and engineered barriers to calculate 

potential releases of radionuclides from the waste into the accessible human environment and the 

resulting radiation exposures which are then compared with a yardstick e.g., a dose constraint. The 

information needed to quantify the behaviour of the barriers is varied and is subject to different types 

and levels of uncertainty. A balanced view between realism (somewhere close to the expected 

behaviour) and showing robustly and simply that the system is safe, even with in-built conservatism is 

necessary to make informed decisions on design optimisation and, eventually, on acceptable site 

characteristics. ACED is seeking which geochemical processes need to be included for representative 

assessments of the chemical evolution. The investigated geological disposal facilities are hosted in 

either crystalline or sedimentary rock types. Disposal cells containing vitrified HLW and cemented ILW 

are considered in this EURAD Work Package.  

 

1.2 Objectives 

There may be current European practices why the chemical evolutions for disposal are included and 

how the chemical evolutions at disposal cell scale have been treated. A collection of the 

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

already conducted work and could prevent duplication of work. The aim of this report is to describe the 

current handling of the chemical evolutions of disposal cells in national programmes. Every geological 

disposal facility is unique but there are many similarities between disposal cells and an attempt has 

been made to integrate the collected country contributions into three disposal cells for GDFs hosted in 

crystalline rock, indurated clay and poorly indurated clay. Also a disposal cell with a different approach 

to other national programmes, from France, has been included. These descriptions of chemical 

evolutions involving interacting materials and how these are derived from scientic bases serves as input 

for the desk-top studies in the initial State-of the Art (SOTA), Deliverable 2.1. Deliverable 2.5: 

Experiments and numerical model studies on interfaces is also a contribution to this initial SOTA. 

 

1.3 Realization 

Characteristics of disposal cells from eleven national programmes have been presented at the ACED 

kick-off meeting held in July 2019, 10 EU countries and Switzerland. The expected contributions from 

ACED was also collected in order to get a grasp of potential end-user aspects. Organisations from eight 

of these countries have been given one month to describe the characteristics of the disposal cells 

considered in their national programmes and chemical evolutions of these disposal cells. Four of these 

countries do not need to dispose vitrified HLW but spent nuclear power fuel. An agreement was made 

on the table of contents for each country contribution at the kick-off meeting; aspects of disposal of spent 

fuel that are of interest to ACED is the heat generation by spent fuel and the temperature evolution at 

one of the following six interfaces: glass-steel, cementitious material-granite, cementitious material-clay, 

steel or iron-bentonite, steel or iron-cementitious material and steel or iron-granite and the associated 

chemical interactions. A one page description is made of presentations that have given permission to 

be used in this deliverable; the presentation can be found in the Appendix. But there are more than 11 

EU countries that need to deal with disposal of radioactive waste. Figure 1-1 shows that there are 16 

EU countries with nuclear power plants.  
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Figure 1-1: EU countries with power plants in orange; image from website of the European Nuclear 
Safety Regulators Group (ENSREG).  

 

Contacts for the missing 6 EU countries have been found from the list of the EURAD General Assembly, 

except for Croatia because there is no Croatian organisation taking part in EURAD. Waste Management 

Organisations usually coordinate research programmes and write the safety cases and therefore 

preferably WMOs from these other countries have been asked to complete a template in which details 

were asked, specifically references for the materials in the disposal cell, a narrative of the post-closure 

phase, conceptual and mathematical model for the disposal cell. A one or two-page document has been 

made from the completed template and reading the references; the completed templates can also be 

found in the Appendix.  

 

1.4 Explanation contents 

The integration of the collected country contributions into disposal cells for GDFs hosted in crystalline 

rock, indurated clay and poorly indurated clay is shown in the chapter 2, 3, 4 and 5. These chapters are 

followed by the current handling of the chemical evolution in each country that provided contributions.  
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2. Features of facilities in crystalline rock and clay 

Disposal cells in ACED treat the chemical evolution from the waste form until the host rock. The chemical 

alteration of the host rock due to climate change is not considerd in ACED. Vitrified HLW and long-lived 

ILW are disposed at such large depth that climate changes foreseen in the next 100.000 years have a 

negligible impact on the chemistry of the host rocks. The geochemical evolution of engineered materials 

can be highly influenced by the properties of the host rock. 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. This Chapter describes the characteristics of crystalline rocks and clay rocks 

that have been and can be used as input of the host rock to model the chemical evolution of facilties 

containing waste in these host rocks as well as the extent of changes in these properties by constructing 

and operating the facility for the chemical evolution in the post-closure phase.   

 

2.1 Virgin pore water chemistry, mineralogy and porosity 

The chemical gradients in pore water compositions between engineered porous material and host rocks 

are usually the driving forces for the chemical evolution. The following two paragraphs show the 

chemical characteristics of clay and crystalline host rocks. As much as possible, primary references of 

the published pore water chemistries, porosity and mineralogy have been used.  

 

 Clay host rocks 

Measured pore water compositions for clay host rocks are influenced by experimental artefacts e.g. [De 

Craen, 2004], [Gaucher, 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 and therefore these potentials 

are 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 pH.  

Data of clay core samples e.g. obtained by mechanical squeezing or aqueous leaching can be used as 

input for the thermodynamic modelling. These chemistries for poorly indurated clay i.e. Boom Clay in 

Belgium [De Craen, 2004] and Netherlands [Griffioen, 2017], indurated clay i.e. Callovo-Oxfordian clay 

[Gaucher, 2006/2009] , the reference host rock in France and Opalinus Clay [Mäder, 2009], the 

reference host rock in Switzerland, are shown in the next table. 
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Table 2-1: Modelled pore water chemistries in clay host rocks 

Parameter Unit Belgian Dutch French Swiss 
(reference) 

Swiss 
(sea case) 

Temperature ºC 16 26 25 251 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 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, 2004] 

solubility. The partial pressure of CO2 determines the bicarbonate concentration and can be controlled 

by a mineral assemblage [Mäder, 2009], [Wang, 2010]. The chlorine, Cl-, and sulphate, SO4
2-, 

concentrations can be fixed in the modelling but celestite (SrSO4) may control the sulphate concentration 

[Gaucher, 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. 

The mineralogy of the clay host rocks for poorly indurated clay i.e. Boom Clay in Belgium (Mol) [Honty, 

2012] and Netherlands [Griffioen, 2017]. indurated clay i.e. Callovo-Oxfordian clay (Bure) [Wenk, 2008], 

the reference host rock in France and Opalinus Clay [Traber, 2013], the reference host rock in 

Switzerland are shown in the next table. 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 2004], 31-35 vol% for Boom Clay in 

the Netherlands at around 500 metres depth [Verweij, 2016] 17 vol% for Callovo-Oxfordian clay 

[Gaucher, 2009] and 15 vol% for Opalinus Clay [Alcolea, 2014]. 

 

  

                                                      

1 The pore water chemistries have been calculated at 25 C̄ since the temperature dependency of a lot of phases are unknown. 

The deviation is also expected to be sufficiently small if the temperature is wihtin a range of 10 K from 25 C̄ [Mäder, 2009]. 
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Table 2-2: 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, can also be Al 

 

 Crystalline rocks 

The water flowing in a borehole through fractures can be measured in granitic rocks. 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. 

The measured and modelled pore water chemistries in granitic host rocks pore water chemistries for 

granitic rocks in Czech [Ļervinka, 2018] in Spain [ENRESA, 2001], in Sweden [SKB, 2005] [Auqué, 

2006] and in Finland [Pitkänen, 1996] with a temperature between 10-11ºC around a depth of 400 metre 

[Sedighi, 2014] are shown in the next table.  

 

Table 2-3: 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  
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The following table shows the mineralogyôs 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, 2007], granite (to granodiorite) at Forsmark with an average porosity of 0.43 

vol% [Drake, 2006] and migmatitic gneiss, the dominant rock type at Olkiluoto in Finland [Kärki, 2006]. 

But, the mineralogy in granitic rocks may not be as relevant as the mineralogy of the fracture fillings for 

the pore water chemistry in granitic rocks. 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, 2006]. 

 

Table 2-4 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 

 

 

2.2 Construction  

The construction of the disposal facility requires excavation of the rock. The excavation technique and 

excavation diameter determines the extent of fractures that have been generated in host rocks. 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 dipose ILW. Bolts for mechanical support need to be used for ILW disposal cells in 

indurated clay as well as crystalline rocks. The change in properties of the host rock by construction in 

the vicinity of the engineered barrier sytem can be relevant for the chemical evolution at disposal cell 

scale.  

 

 Clay host rocks 

Fractures in the surrounding of a gallery are made during excavation of clay host rocks but the water 

flow through these fractures diminishes as a function of time. The characterisation of the EDZ in clay 

host rocks has been investigated in the 5th framework programme SELFRAC [Bernier, 2007]. Poorly 

indurated clays have a high self-healing capacity due to their high content of swelling clay minerals 

such as smectite of which montmorillonite is the most famous species. The occurrence of swelling clay 

minerals is limited in indurated clays [Mazurek, 2011] (see also   
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Table 2-2) and those clays exhibit only self-sealing of fractures i.e. self-sealed fractures are preferential 

pathways for new fracturing. Three fracture zones can be distinguished: a zone with interconnected 

fractures, a zone with discrete fractures that are not interconnected and a zone without macroscopic 

fractures but a slightly higher permeability than the virgin permeability of the host rock. The zone with 

interconnected fractures is the EDZ [Bock, 2010].  

The driving forces for the closure of the generated fractures are compressive load or confining pressure 

and access to water. The closure of fractures can be measured as the increase in pore water pressure. 

The conceptual understanding has been provided in the Swiss programme [Alcolea, 2014] in which 

water suction towards the generated fractures occurs; these fractures have an atmospheric pressure 

(Patm) immediately after excavation. Equilibrium has been achieved when the formation pressure (Pfmt) 

is achieved.  

 

Figure 2-1: A conceptual framework for EDZ fracture closure in Opalinus Clay, covering the key 
phenomena and features from the early post excavation phase until static formation pressure recovery 
[Alcolea, 2014].  

 

For modelling the chemical evolution of the disposal cell, the EDZ can be characterised as a zone with 

a larger porosity and permeability than the virgin host rock and can be abstracted from the fracture 

pattern; the heterogeneous distribution of hydraulic properties is then averaged by integration of the 

axial flux around the tunnel. The values for hydraulic conductivity or permeability are largest near the 

interface between concrete and clay. These values asymptotically reduce as a function of the radial 

distance till the values measured for the virgin host rock after about 6 metres from this interface. For 

indurated clay such as Opalinus Clay, the measured local transmissivities as a representation for the 

hydraulic properties were from a maximum distance of the gallery wall of 1.25 metre and characterized 

as the EDZ: 10-10 to 5×10-7 m2/s while the measured range was 5×10-13 to 10-12 m2/s at a distance of the 

gallery wall between 2.00 and 4.00 metre [Bock, 2010]. In-situ permeability measurements show that 

the permeability is increased by several (up to 6 or 7) orders of magnitude within 20 to 40 cm from the 

tunnel wall. The hydraulic conductivity for virgin indurated clay such as Opalinus clay is 4.4×10-14 m/s 

[Alcolea, 2014].  

Larger hydraulic conductivities are measured for virgin poorly indurated clay e.g. the geometric mean of 

the vertical hydraulic conductivity over the thickness of the Boom Clay in Mol is 1.7³10-12 m/s [NIROND, 

2013] and specifically near the HADES facility about 6³10-12 m/s and the self-healing process for poorly 

indurated clay can be fast e.g. the connecting gallery in HADES (Mol) with an external diameter of 4.6 

metre showed an EDZ of 1 metre after excavation that diminished to less than 60 cm after 2 years 

[Bernier, 2007]. The research in HADES also provided experimental evidence that the fracture extent 
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depends on the excavation technique and excavated diameter. In poorly indurated clay, the connecting 

gallery was constructed with a larger overcut than the PRACLAY gallery [NIROND, 2013] i.e. diminishing 

the necessary stress release. The PRACLAY gallery has an external diameter of 2.5 metre. The 

measured hydraulic properties near the interface between concrete and clay has been measured to be 

similar to these properties measured further away from this interface [Dizier, 2017]. A larger hydraulic 

conductivity has been measured for clay near the concrete liner for the larger gallery of 4.6 metre i.e. 

less than a factor of 3 at less than 1.5 metres from the interface between concrete and clay i.e. outside 

the interconnected fracture zone, after a few months and less than a factor of 2 after 8 years [Bernier, 

2007; NIROND 2013].  

 

All clay host rocks considered for geological disposal have reached reducing chemical conditions by 

which sulphide-minerals are present e.g. pyrite. The excavation may result in sufficient access of oxygen 

to these minerals and the oxidation reaction releases acid. Grouts are sprayed on indurated clay 

surfaces after excavation of the indurated clay rocks. The grout is injected to neutralise the potential 

acidity in the French disposal design. The Swiss disposal design and procedures are different and he 

Swiss research results indicate that only 1% of the pyrite originally present in the EDZ will be altered for 

a HLW disposal gallery i.e. the long term impact will be insignificant in their disposal design. This 

bounding is based on field studies of tunnels open for a few years in an Underground Research Lab in 

Switzerland (Mont Terri) and a traffic tunnel open for more than 100 years [Leupin, 2016a]. The 

cementitious liner in the Swiss disposal design has a mechanical support function during construction 

and operation. Abstractions of both disposal designs are presented in Chapter 4.  

Direct emplacement of hardened concrete segments is necessary against the convergence of poorly 

indurated clay and this procedure also limits the further oxidation of clay. The oxidation induced by 

construction is believed to be limited to a zone of about 1 meter around the disposal galleries in the 

Belgian programme.  

 

The ILW disposal cells are lined with concrete in-situ for indurated clay sometime after excavation; bolts 

made of injected resins may be needed for indurated clay host rock before the liner is casted as shown 

in the French disposal design. Bolts, also called anchors, are also used in Slovenia for constructing a 

silo. Also for ILW disposal cells, hardened concrete segments are directly emplaced after excavating 

poorly indurated clay. . 

 

 Crystalline rocks 

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 [e.g. Baxter, 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, 2003].  Excavation of rock to construct disposal galleries for short-lived ILW 

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

non-reinforced or or reinforced shotcrete is determined by the fracture extent of the rock [e.g. Carlsson, 

2007].  

 

2.3 Operation 

The constructed disposal galleries within clay host rocks are kept dry by ventilation. The porosity and 

permeability of the concrete liner used for indurated clay host rocks is larger than the (virgin) porosity 

and permeability of the clay host rock. Some drying of the indurated clay host rock takes place in the 

operational phase leading potentially to shrinkage cracks.  
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The porosity and permeability of the concrete segments in the liner used for poorly indurated clay host 

rocks is smaller than the (virgin) porosity and permeability of poorly indurated clay. Salt deposits become 

visible at the joints between concrete segments. These deposits arise due to clay pore water flowing 

into the disposal gallery and interacting with air, concrete segments and evaporation. The small inflow 

of poorly indurated clay pore water at the joints between the concrete segments is evaporated by 

ventiliation i.e. pumping of water out of facility within the clay host rock is not necessary.  

Pumps need to be used to keep the disposal facility in crystalline rock dry. The main inflow of water into 

this facility are the access tunnels, not the disposal galleries [Carlsson, 2007] [SKB, 2015]. 

All the chemical changes by the clay host rock induced by the oxygen in the ventilation air is similar to 

the earlier processes described for construction and paragraph 2.1.1.  

 

2.4 Rock characteristics at start of the post-closure phase 

The processes previously described for the construction and operation of the disposal facility can have 

an impact on the characteristics of the host rock for the chemical evolution of the disposal cell in the 

post-closure phase.  

The indurated clay in the vicinity of the disposal section of the facility has been dried in the operational 

phase. The start of the post-closure phase is characterised with resaturation, the period in time to 

achieve the formation water pressure has been estimated to be 10.000 years in the French contribution 

for ILW disposal cells. The limited access of water for indurated clays in the construction and operational 

phase makes that the self-sealing process of these clays in the vicinity of the engineered materials may 

start somewhere in the post-closure phase. The thickness of the EDZ for the long-term for a disposal 

gallery for HLW was estimated to be 1.25 metre with an increase in porosity of 3% i.e. 15% instead of 

12% for the virgin host rock. The calculated averaged hydraulic conductivity was 2³10-13 m/s, 4.4³10-14 

m/s is the hydraulic conductivity for the virgin host rock [Leupin, 2016a]. Apart from some unrecovered 

cracks, the potential diffusional path of water from this clay host rock into the engineered materials is 

rather homogeneous since there are no large discrete features.  

The poorly indurated clay is not dried during the operational phase by ventilation since the immediate 

placement of the thick concrete segments that are necessary against the fast convergence of these 

clays also prevents drying of these clays due to their small water permeability. The clays have a water 

higher permeability than the concrete segments and there is evidence of water inflow of clay pore water 

at the joints between concrete segments. There seems to be no limited access of water in the operational 

phase for self-healing of these clays. A permeability of the clay host rock equal to the virgin permeability 

may already be assumed at the start of the post-closure phase, especially for galleries made for disposal 

of HLW since their diameter can as small as the PRACLAY gallery. The potential diffusional path of 

water from this clay host rock into the disposal cell is heterogeneous since the joints between the 

concrete segments can be considered as the preferential pathways. This in-diffusion is restricted by the 

pore structure of the clay host rock.  

The crystalline host rocks are also considered to be as wet as the virgin host rock except with some 

additional fractures caused by excavation of the host rock. Existing and made fractures are the 

preferential pathwats for unrestricted diffusional flow of water into the disposal cell. In the long-term, 

fractures can be filled with carbonates and clay minerals i.e. a self-sealing process that diminishes the 

water flow from the crystalline rock into the engineered materials of the disposal cell.  

Apart from a change in physical properties, there can also be a change in chemistry. The difference 

between the clay host rock in the vicinity of engineered materials due to operation and construction and 

the virgin clay host rock are a higher concentration of sulphates in the pore water chemistry due to pyrite 

oxidation and higher cation concentrations as a result of dissolution of carbonates to buffer the 

associated decrease in pH by this oxidation. Gypsum is precipitated especially on fractured clay 

surfaces.   
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3. Bentonite and concrete 

Bentonite and concrete are frequently used as engineered materials in disposal cells. A grasp of the 

potential chemical gradients between the host rocks and these engineered materials can be deduced 

from a description of the pore water chemistry of these engineered materials.  

 

3.1 Bentonite 

 Pore water chemistry 

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

wt% e.g. [Johannson, 2020] or 10% e.g. [Atabek, 1991]. 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. There is a 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 clearly indicates that the bentonite pore water becomes more diluted during the chemical 

interaction between bentonite and the Spanish granitic host rock water as shown in the following table. 

A smaller dilution would be expected for the Swedish and Finnish granitic ground waters since these 

waters are more saline.  

 

Table 3-1: 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 1.612³10-3 6.583³10-2 

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 

 

 Mineralogy and porosity 

Bentonite has a high smectite content of which montmorillonite is the most famous species. 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, 1983]. Wyoming MX-80 

bentonite is also used in the Swedish programme [Wanner, 1994]. The structural formula for Na-

montmorillonite is (Si3.96Al0.04)(Al1.55Fe3+
0.20Fe2+

0.01Mg0.24)O10(OH)2Na0.30 [Müller-Vonmoos, 1983] that 

seems to be later refined into (Si3.98Al0.02)(Al1.55Fe3+
0.09Fe2+

0.08Mg0.28)O10(OH)2Na0.38 [Bradbury, 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 
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salts Mg(NO3)2 and NaHCO3. The porosity, e, of bentonite is determined by the dry density,rdry, and 

specific density rsp [Ochs, 2004]: 

‐ ρ
”

”
 

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, 1991] 

 

3.2 Concrete 

 Pore water chemistry  

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.   
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Table 3-3 and   
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Table 3-4 show different types of cement according to the cement classification EN-197-1. The pH of 

the concrete pore water depends on the presence of portlandite(Ca(OH)2) i.e. a pH > 12.5 is possible if 

this cement mineral is present. This presence is measured using X-ray diffraction in CEM I as well as 

CEM III/B [Kempl, 2015] although the calcium/silicium ratio in CEM III/B is smaller than 3. In 

thermodynamic modelling of completely reacted phases, portlandite is not present in CEM III/B and this 

absence of portlandite also gives calculated pH values below 12.5 e.g. 12.4 in CEM III/B [Cloet, 2019]. 

The following table 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, 2015] and the modelled pore water chemistries for CEM-I [Wang, 

2009], the French contribution and for CEM-III/B [Cloet, 2019]2. The pore solutions obtained with a high-

pressure apparatus seem to approximate best the pore water chemistries [Atkins, 1991] and therefore 

other techniques to obtain pore solutions such as crushing hardened cement paste and let the crushed 

paste come into contact with water are not considered.  

 

Table 3-2: 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 º10-7 3.2³10-7 0.02 6³10-5 

Sr2+ mmol/kg *  - * - 

Fe2+ mmol/kg *  6.2³10-4 * - 

Al3+ mmol/kg * 0.06 0.77 * 0.8 

SiO2 (aq) mmol/kg * 0.05/0.3 7.7³10-2 * 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 

 

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, 1989] but it is 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, 2015]. 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, 1989] [Atkins, 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. OPC concrete lacks electroactive species and is therefore 

largely unbuffered, being slightly oxidizing after fabrication. Blast furnace slag (BFS) is made in reducing 

environments as a by-product of steel. 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. 

 

                                                      

2 Concentrations for the Table in this report have been read from Fig 4.13 in this report assuming mol/m3 º mmol/kg 



EURAD  Deliverable 2.4 ï Treatment of chemical evolutions in national programmes 

EURAD (Deliverable n° 2.4) - Treatment of chemical evolutions in national programmes 
Dissemination level: PU 
Date of issue of this report: 08/12/2020   

Page 

34  

The calcium concentrations in this Table 3-2 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, 2019a] without alkalis since the pH is controlled by the alkali content at a pH > 12.5 [van Eijk, 

2000]. As the alkali content and pH is reduced upon leaching, the calcium concentration will increase. 

 

 Mineralogy and porosity 

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. The following table shows the 

compositions of oxides as reported by the cement industry [CCM, 2016], [HCM, 2020] the total amount 

may not 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 portlandite cement 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.  
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Table 3-3: 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 

 

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, 

2019b]. The Ca/Si ratio is significantly smaller than the cements listed in   
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Table 3-3.  

Hydration models are used to model the composition of hydrated cement but the calculated mineralogy 

may not be validated and may be less representative for geological disposal than measured 

mineralogyôs. There are many articles of X-ray diffraction results of hydrated cement and the following 

Rietveld analysis but Calcium Silicate Hydrates identification remains difficult due to their poor 

crystallinity, complex solid solution formation with alkali elements, occurrence of polymorphs and varying 

water concentrations [Kempl, 2015]. Portlandite, Ettringite and carbonate minerals can be well 

measured. Portlandite and Ettringite are shown in the following table since calciumcarbonate 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] 

and [Cloet, 2019]. In historical concrete, the presence of portlandite, ettringite and calcite are identified 

with their characteristic temperature peaks in the differential thermal analysis [Mallison, 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, 2015]. 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. These phases have been calculated e.g. [Höglund, 2014] and [Neall, 

1994]. A CSH-gel and a low Ca-CSH gel have been used earlier [Neall, 1994] and in the following 

table the CSH gels that are C1.8SH and C1.1SH [Höglund, 2014] are used. C1.8SH could also be 

afwillite [Wang, 2009]. Although afwillite and other well crystallised minerals are considered in the 

analyses, these well crystallised CSH-phases are not measured [Kempl, 2015] [Atkins, 1991]. The 

weights in   
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Table 3-3 and molar weights of cement minerals have been used to determine the mineralogical 

compositions in the following table.  
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Table 3-4: Mineralogical composition from average oxide compositions 

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¶26H

2O 

1254 8 9 7 7 

Pyrite FeS2 120 0 0 0.14 0.20 

 

The ratio of portlandite and CSH-gel is similar as calculated with the hydration model [Höglund, 2014]. 

Monosulphate is the location for sulphate in hydration models e.g.[Höglund, 2014], [Berner, 1992] but 

only ettringite has been measured and therefore used as the location for sulphate in the mineralogical 

composition. 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, 1991]. All suggested mineralogical compositions are stoichiometric with the average 

oxide compositions but the blended cements could only contain low Ca-CSH gel in order to have some 

portlandite as measured in cement pastes made with CEM III/B [Kempl, 2015].  

 

The porosity in the cementitious materials is controlled according to their application. Concrete buffers, 

concrete segments and plugs are made with aggregates that usually have no 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, 2019b]. 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 et cetera 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, 1991] [Atabek, 1991] [Jackson, 2017].  
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4. Disposal cells with vitrified HLW 

The spent fuel from nuclear power plants (NPP) can be reprocessed. Reprocessing involves extracting 

fissile materials (uranium and plutonium) for recycling to reduce the volume of high-level waste. The 

main process for reprocessing is Plutonium Uranium Refining Extraction (PUREX), in which spent fuel 

is dissolved in nitric acid and tri-butyl-phosphate is used to extract the actinides [Gruppelaar, 1998]. The 

High-Level Liquid Waste (HLLW) contains fission products. Actinides and traces of plutonium and 

uranium are present in the liquid as well. For vitrified HLW present in Western European countries, 

HLLW has been poured with a melted glass frit into a stainless steel container. The result is vitrified 

waste in which radionuclides are homogeneously distributed in a borosilicate glass matrix. In a few 

Eastern European countries, there are existing treaties with the Russian Federation and the negotiations 

of the waste form in which the radionuclides are to be incorporated after reprocessing, are currently 

running. In this ACED deliverable, we study the vitrified waste products as made in Sellafield and la 

Hague. 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.  

 

4.1 Characterization of disposal cells in granite and clay 

The heat generating power of vitrified HLW diminishes as a function of time by decay of radionuclides. 

The following figure shows the heat generating power per waste canister as a function of time.  

 

 

Figure 4-1: 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]. 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. 

 

The heat generating power induces thermal and hydraulic gradients within the disposal cell and the 

participating organisations have been asked to provide information on these gradients in order to obtain 

a general view of these gradients of the chemical processes. The following table shows the provided 

information. ACED evaluates the chemical evolution for vitrified HLW but heat generated by spent fuel 
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can be of also be of interest to ACED provided that information concerning the temperature is available 

for at least one of the six interfaces investigated in ACED:  

¶ glass-steel 

¶ cementitious material-granite 

¶ cementitious material-clay 

¶ steel or iron-bentonite 

¶ steel or iron-cementitious material 

¶ steel or iron-granite 

 

Table 4-1: Provided information about thermal and hydraulic gradients for HLW disposal cell 

Country Organisation HLW Calculated information concerning 
gradients 

Belgium SCKCEN Vitrified  Temperature 

Czech SURAO Spent fuel Temperature 

Finland VTT No contribution for HLW disposal cell None of the six interfaces 

investigated in ACED may be present in the Finnish programme for spent fuel. 

France ANDRA Vitrified Temperature 

Germany FZJ & UFZ Vitrified No calculated information 

Lithuania LEI No contribution for HLW disposal cell  

Netherlands COVRA Vitrified HLW Temperature 

Spain ENRESA & UDC Spent fuel Temperature and saturation degree 

 

From the table it becomes clear that from the participating organisations only the Spanish contribution 

can be used to provide information on hydraulic gradients within the disposal cell, the saturation degree 

at several positions in the bentonite buffer as a function of time has been calculated including the steel-

bentonite interface. The Spanish contribution calculated that the required time for saturation of the 

bentonite buffer is 16.4 years for disposal cells hosted in granitic host rocks and 18.2 years for disposal 

cells hosted in plastic (i.e poorly indurated) clays. Consequently, hydraulic gradients within the disposal 

cell may be negligible for post-closure phase in these host rocks. The diffusional inflow of water from 

indurated clays is smaller than granitic and poorly indurated clays and larger periods in time for 

saturation are therefore expected as explained in paragraph 2.4.  

Almost any disposal cell has a steel overpack that encapsulates the waste canisters for this heat 

generating period in order to prevent contact between any pore water and the vitrified waste form. 

Potential migration of radionuclides in the host rock can then only take place without thermal gradients 

which reduces the parameter uncertainty and model uncertainty in safety assessments. The period in 

time it requires to have no thermal gradients in the host rock also maximises the temperature of glass 

when it would in contact with pore water. The temperature of glass would at least be less than 35 

degrees Celsius when the thermal gradient in the clay host rock is negligible as calculated in the Dutch 

and Belgian case. The French case has a waste temperature criterion i.e. 50 degrees Celsius for vitrified 

waste disposed before 2075 and 70 degrees Celsius for waste disposed after 2075. The higher 

temperature criterion after 2075 is explained by the advances in knowledge about the behaviour of 

vitrified waste and of radionuclides in solution. The following figure shows an abstraction of the disposal 

cells considered in Europe for the following host rocks: granite, poorly indurated clay and indurated clay.  
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Figure 4-2: Abstracted disposal cells containing vitrified HLW considered in Europe for the host rocks: 
granite, poorly indurated clay and indurated clay. Blue = vitrified HLW, orange = void, black = steel, 
bentonite (purple) or concrete buffer (grey) surrounds the overpack and grout = light grey.  

 

The carbon steel overpack is usually surrounded by a buffer that provides beneficial conditions for the 

durability of the overpack. Bentonite buffers are used in the Czech, English, German, Spanish and Swiss 

program and concrete buffers are considered in Belgian and Dutch disposal programmes. An exception 

is the French programme, in which the carbon steel overpack is not surrounded by a buffer; there is a 

void between the steel overpack and steel tube in order to facilitate retrieval of the waste package.   

Grouts are envisaged to be injected in most disposal facilities hosted in clay host rocks, the only found 

exception is the Spanish disposal cell that envisages a disposal concept in which bentonite interfaces 

concrete hardened segments. The reason for grouting in facilities built in poorly indurated clay is to 

eliminate empty volume in order to have sufficient heat dissipation to the host rock. The French 

programme considers a mixture of bentonite and cement interfacing the clay host rock in order to 
























































































































































































































































































































































































