
0 
 

 

 

 

 

  



1 
 

Title: Proceedings of the 2nd Petrus-OPERA PhD and  

early stage researcher conference 2016 

Date: 27th June 2016 

Editors: P.J. Vardon, D. Bykov 

Publisher: Delft University of Technology 

ISBN/EAN: 978-94-6186-669-1 

 

 

Photo credits: 

Front top: Delft Research Reactor, RID, TU Delft; Front bottom: HADES underground laboratory at SCK•CEN, 
P Vardon; Back: TU Delft campus, TU Delft. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preface  

This school and conference come from two different directions, a European project to develop methods of 
education in radioactive waste disposal (the PETRUS project) and the Dutch national research programme into 
radioactive waste disposal (OPERA).  Both of us work in both education and research at TU Delft and in the 
OPERA project, therefore it was a good opportunity to host such a conference and school here in Delft. 

 

We intend this conference, not to be a formal ‘show and tell’ of research, but to try to make a dynamic event, 
with aspects of schools, conferences, field trips and most importantly plenty of time and opportunity for 
discussion and networking.  We hope that we have instigated an informal atmosphere for you to discuss work 
with experts in the field and for the experts to meet the next generation. 

 

This event could not occur without a large amount of time, effort and enthusiasm being donated by the lecturers, 
programme committee and a large amount of time, effort and enthusiasm being spent by the participants.  
Moreover, this event could not be free to attend without support of the funders: the EU, COVRA, TU Delft and 
the lecturers companies. 

 

We hope you enjoy the conference! 

 

P.J. Vardon & D. Bykov (eds.) 
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Programme  

Locations 

Registration, coffee breaks, drinks and snacks: Ground floor hall, Culture Centre TU Delft 

Lectures and presentations: Theaterzaal, Culture Centre TU Delft 

Poster session Day 3: Balletzaal (including extended lunch), Culture Centre TU Delft 

 

Day 1 

Introduction 

Chair: D. Bykov 

 

0900 – 0930 ------------Registration and coffee------------ 

0930 – 0945 
 Welcome 
 Representative from OPERA/PETRUS/organising committee 

0945 – 1030  Origin of radioactive waste, classification, solutions.  
Lecturer: Denis Bykov, TU Delft 

1030 – 1115  Principles of radioactive waste disposal 
Lecturer: Monika Skrzeczkowska, IAEA 

1115 – 1130 ------------Coffee------------ 

1130 – 1215  Waste management, storage and disposal programme 
Lecturer: Ewoud Verhoef, COVRA 

1215 – 1300 
 How to develop a source term for disposal of waste (waste families, 

inventory) 
Lecturer: Erika Neeft, COVRA 

1300 – 1400 ------------Lunch------------ 

1400 – 1630 

PhD/early stage researcher presentations  
(20mins each including questions) 

 
 Thermal Treatment of UK Magnox Sludge: Sean Barlow 

 
 Dismantling of the graphite pile of Latina NPP: characterization and 

handling/removal equipment for single brick or multi-bricks: 
Giuseppe Canzone 
 

 Good practices in free release of materials: Evelina Ionescu 
 

------------Coffee------------ 
 

 Radiological characterization of radioactive waste produced in 
particle accelerators: Biagio Zaffora 
 

 Multi-scale investigation of fracture apertures in clay rock subjected 
to desiccation: Anne-Laure Fauchille 
 

 Thermo-hydro-mechanical behaviour of compacted MX80 bentonite 
at 150°C: Panagiotis Stratos 

 

1630 - 1800 ------------Welcome drinks and snacks------------ 

 

 

 

 

Day 2 

Field trip 

 

 

0630 start  
(Buses leave at 
0645 sharp. We 
cannot wait for 
people who are 

late!) 

 
 Storage facilities at COVRA (Central Organisation for Radioactive 

Waste) in Vlissingen, the Netherlands 
 

 The underground research laboratory HADES at SCK•CEN in Mol, 
Belgium 
 

Travel by bus.  Groups will be announced on the first day at registration. Due 
to pre-registration please ensure that you travel with the correct group. 
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Day 3 

Short-term 
behaviour 

Chair: P. Vardon 

 

0815 – 0900  Underground disposal: design, construction and mechanical behaviour 
Lecturer: Phil Vardon, TU Delft 

0900 – 0945  Cementitious materials for repositories  
Lecturer: Rob Wiegers, IBR Consult BV 

0945 – 1000 ------------Coffee------------ 

1000 – 1045  Microbes, barrier functions and nuclear safety cases  
 Lecturer: Karsten Pedersen, Microbial Analytics Sweden AB 

1045 – 1130  Why does heat matter in radioactive waste disposal? 
Lecturer: Alex Bond, Quintessa and DECOVALEX 

1130 – 1430 
------------Extended lunch and poster session------------ 

2 minute poster pitches starting at 1145 

1430 – 1630 

 Visits to the Delft nuclear reactor  
Groups and exact timings to be announced on the first day at registration. Due 
to pre-registration please ensure that you travel with the correct group. 

Due to technical reasons, these trips may be altered or cancelled at any time. 

1930 – 2200 
------------ Networking Dinner ------------ 

Location: Prinsenkelder, Delft 
 

List of posters 

1. Radionuclide transport model of the near field and far field of geological repository 
D. Barátová, V. Nečas 

 

2. Complexation and Adsorption of [152Eu]Eu to Superplasticizers and Bentonite at Variable Salt Concentrations 
M. Becker, H. Lippold 

 

3. Sorption properties of granitic rock from potential deep geological repository site in Czech Republic 
V. Brynych, K. Kolomá, V. Havlová 

 

4. Coupled Thermo–Hydro–Mechanical Processes for the Dutch Radioactive Waste Repository 
P.Buragohain, P.J. Vardon, M.A. Hicks 

 

5. Effect of open-gaps in nuclear spent fuel disposal containers storage 
I.P. Damians, S. Olivella, X. Pintado 

 

6. Final disposal of SNF - solutions and trends 
A.M. Dima 

 

7. Relationships between cracking, strains and proportions of clay matrix and rigid inclusions in Tournemire clay 
rock 
A.-L. Fauchille, S. Hedan, V. Valle, D. Pret, J. Cabrera, P. Cosenza 

 

8. Intrinsic dissolution rate determination of vitrified high level waste 
A.J. Fisher, C.L. Corkhill, R.J. Hand & N.C. Hyatt 

 

9. Numerical study of bentonite confined hydration 
G.M. Ghiadistri 

 

10. Application of BIB–SEM technology to characterize microstructure and pores in mudstone at a range of scales 
J. Klaver, J. Schmatz, G. Desbois, S. Hemes, J.L. Urai 

 

11. Experimental and digital characterisations of the hydro-mechanical behaviour of a heterogeneous powder/pellet 
bentonite material 
A. Molinero Guerra, N. Mokni, Y.-J. Cui, A. M. Tang, P. Delage, P. Aimedieu, F. Bernier, M. Bornert 

 

12. Water transport across concrete studied by means of Neutron Imaging 
A. Sabău, Y. Yigittop, D. Bykov, J. Plomp, L. van Eijck, J.L. Kloosterman 
 

13. Long term evaluation on the groundwater chemistry due to cement materials with numerical simulation  
D. Sampietro, E. Abarca, M. Bayer, S. Jordana, J. Molinero, T. Tanaka, S. Hashimoto, T. Iwatsuki, H. Onoe 

 

14. Characterization of microbial communities in raw and homogenized bentonite samples 
R. Shrestha, J. Steinová, L. Falteisek, D. Vlková, A. Ševců 

 

15. Experimental study of mechanical behaviour of compacted Czech Bentonite 75 
H. Sun, D. Mašín, J. Boháč 

 

16. Sorption of Uranium on Polyamide and Graphen Oxide Composite Material 
Z. Tomášová, V. Brynych, J. Pospěchová, P. Ecorchard, J. Tolasz 

 

17. Damage model contribution on shape and extension of failure zone in quasi-brittle rocks 
A. Pouya, E. Trivellato, M. Ngoc Vu 

 

18. Radiological characterization of graphite from thermal column of VVR-S research reactor in view of 
intermediary storage 
V. Fugaru, C. Postolache, C. Tuca, M. Dragusin, E. Ionescu and R. Deju 

 

19. Radiological characterization of radioactive waste produced in particle accelerators 
B. Zaffora, M. Magistris 
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Day 4 

Long-term 
behaviour  

Chair: D. Bykov 

0900 – 0945 

 The hydro-geological setting – present state and predictions of the 
future 
Lecturer: Johan H. ten Veen, TNO – Geological Survey of the 
Netherlands 

0945 – 1030  Waste packaging and degradation 
Lecturer: Guido Deissmann, Brenk Systemplanung GmbH 

1030 – 1100 ------------Coffee------------ 

1100 – 1145  Speciation of actinides during migration in argillaceous rocks  
Lecturer: Tobias Reich, Johannes Gutenberg-Universität 

1145 – 1230  Radionuclide transport and retardation 
Lecturer: Hans Meeussen, NRG 

1230 – 1400 ------------Lunch------------ 

1400 – 1630 

PhD/early stage researcher presentations  
(20mins each including questions) 

 
 Numerical study of bentonite confined hydration: Giulia Ghiadistri 

 
 Modelling the excavation damaged zone using a hydro-mechanical 

double-scale model: Bram van den Eijnden 
 

 Probabilistic performance assessment of a deep tunnel for a 
radioactive waste repository in French COx claystone: Yajun Li 

 
------------Coffee------------ 

 
 Time-dependent mechanical and transport behaviors of Callovo-

Oxfordian argillite: Zaobao Liu 
 

 Transient boundary conditions in the frame of high level 
radioactive waste disposal at deep geological repository: Abhishek 
Rawat 
 

 Application of BIB–SEM technology to characterize 
microstructure and pores in mudstone at a range of scales: Jop 
Klaver 
 

 Proposed method for semantic mapping of communities of practice 
in the nuclear industry for alignment of education:Vincent Kuo 

 

 

Day 5 

Safety 

Chair: P. Vardon 

0900 – 0945  Natural Analogues 
Lecturer: Ulrich Noseck, GRS 

0945 – 1030 
 Radioactive Waste Management and Geological Disposal: a long term 

socio-technical challenge 
Lecturer: Anne Bergmans, University of Antwerp 

1030 – 1045 ------------Coffee------------ 

1045 – 1130  Role and purpose of the Safety Case 
Lecturer: Lucy Bailey, RWM 

1130 – 1215  Modelling to underpin the Safety Case 
Lecturer: Sarah Watson, Quintessa 

1215 – 1300  Confidence building in the presence of uncertainties 
 Lecturer: Klaus-Jurgen Rohlig, TU Claustal 

1300 – 1330 
 Prizes for best poster / presentation 
 Wrap-up discussion 

1330 – 1430  ------------Lunch------------ 

1430 ------------ End of the event ------------ 
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Denis Bykov 

 
Postdoctoral Researcher, Delft University of 
Technology, Department of Radiation 
Science and Technology, Section Nuclear 
Energy and Radiation Applications (NERA) 

Area of work: Radioactive waste 
immobilization and disposal.   

Dr. Denis Bykov holds a PhD degree in inorganic chemistry from 
the State University of Nizhny Novgorod, Russia. His research 
interests include retention and transport properties of 
radionuclides in geological media and engineered barrier 
materials, as well as materials aspects of chemical forms for 
radioactive waste solidification.. He is responsible for the 
education on geological disposal at the RST department of TU 
Delft and teaches courses “Chemistry of the Nuclear Fuel Cycle” 
and “Chemistry and Physics of Actinides”. He is supervising a 
number of student research projects on the nuclear waste disposal, 
both on bachelor and master levels. 

 

 

 

 

Guido Deissmann 

 
Senior Scientist, Forschungszentrum Jülich 
GmbH, Institute of Energy and Climate 
Research: Nuclear Waste Management and 
Reactor Safety (IEK-6) 

Area of work: Geological disposal of nuclear 
wastes 

PhD in Geochemistry from RWTH Aachen University, Germany. 
More than 20 years professional experience with issues related to 
radioactive waste disposal (LLW/ILW/HLW) such as the 
assessment of waste form durability and engineered barrier 
systems, evaluation and modelling of key processes governing 
radionuclide migration in the near and far field, and the 
development and evaluation of safety cases and performance 
assessments for geological disposal facilities. Further expertise 
comprises the assessment of problems related to NORM/TENORM 
in the mining industry, and the evaluation and modelling of acid 
mine drainage and radionuclide/contaminant mobilisation and 
migration at uranium mining and milling sites. After 17 years of 
scientific consulting work with Brenk Systemplanung, Aachen, 
Germany, he joined Forschungszentrum Jülich as Senior Scientist 
in 2013. 
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Hans Meeussen 

 
Senior Researcher/Consultant, NRG Petten 

Areas of work: Reactive transport processes 
in the context of geological waste disposal. 

Hans Meeussen  holds a PhD in soil chemistry, from Wageningen 
University. His main research interest are reactive transport 
processes, which is the exciting interdisciplinary  area that is 
dominated by interaction between chemical, physical and 
biological processes. Reactive transport processes  determine long 
term migration rates of radionuclides through clay and concrete, 
but also migration of nutrients from soil to plant roots. He is author 
of the ORCHESTRA modelling framework, a software tool that 
makes it possible to combine process models from different 
disciplines into combined simulation models.  He has (co)authored  
more than 50 papers in this area. 

 

Erika Neeft 

 
Researcher, COVRA  

Areas of work: geological disposal of 
radioactive waste. 

Dr. Neeft is the technical coordinator of the Dutch research 
programme into geological disposal of radioactive waste at the 
waste management organisation COVRA. She holds a MSc degree 
in Earth Sciences from Utrecht University and a PhD in reactor 
physics (transmutation of nuclear waste) from Delft University of 
Technology. 

 

Ulrich Noseck 

 
Senior Scientist, Final Repository Safety 
Research Division, Gesellschaft für Anlagen- 
und Reaktorsicherheit (GRS) mbH 

Professional experience for more than 20 years in development of methods 
for the safety case, safety assessments of repositories for radioactive 
wastes, groundwater and contaminant transport modelling and natural 
analogue studies. Project leader in many national and international 
projects. 

Member of the NEA working group IGSC (Integrated Group for the Safety 
Case) and the German expert group on high level waste (Arbeitskreis 
HAW-Produkte). 

Guest lecturer at University of Braunschweig on Waste Disposal in Deep 
Geological Formations 
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Karsten Pedersen 

 
Senior Principle Scientist, Microbial Analytics 
Sweden AB 

Areas of work: Microbiology in radioactive 
waste disposal 

Karsten Pedersen obtained his PhD degree 1982 at Department of 
Microbiology, University of Gothenburg, Sweden with a thesis on 
microbial biofilms in seawater. His present affiliation is senior 
principal scientist at Microbial Analytics Sweden AB, 
www.micans.se. Pedersen has 30 years of experience of research 
and education regarding microbiology in radioactive waste 
disposal. He has presently published more than 100 papers, 
reviews and book chapters in peer-reviewed international scientific 
press and he has written many reports for national and 
international nuclear waste disposal organizations. 

 

 

 

 

 

Tobias Reich 

 
Managing Director of the Institute of Nuclear 
Chemistry, Professor for Nuclear Chemistry, 
Johannes Gutenberg University Mainz 

Areas of work: Nuclear Chemistry, Actinide 
Chemistry, Spectroscopy, Analytics 

Tobias Reich is the Managing  Director of the Institute of Nuclear 
Chemistry at the University of Mainz.  He holds a diploma from the 
University of Leipzig and carried out his doctoral research in the 
Russian Academy of Sciences in Moscow.  Following this is was a 
postdoctoral fellow at the Lawrence Berkeley Laboratory moving 
then to the Research Center Rossendorf.  Since 2002 he’s been a 
professor at the University of Mainz and since 2009 has been the 
Managing Director of the Institute of Nuclear Chemistry. He serves 
on several scientific committees, was a member of the review 
committee for the Diamond Light Source facility and a member of 
the scientific advisory board of the European Network of 
Excellence ACTINET-I3 and TALISMAN. 

 

 

 

 

 



2nd Petrus-OPERA Conference on Radioactive Waste Management and Geological Disposal 

12 
 

Klaus-Jürgen Röhlig 

 
University Professor, Institute of Disposal 
Research, Clausthal University of Technology 

Areas of work: Long-term safety assessment, 
socio-technical issues 

Klaus-Jürgen Röhlig holds a diploma (1985) and a PhD (1989) in 
Mathematics from TU Bergakademie Freiberg. From 1991 to 
2007, he was employed by Gesellschaft für Anlagen- und 
Reaktorsicherheit (GRS) gGmbH. His work included research 
and technical advice to the German Federal Ministry for 
Environment, Nature Conservation and Nuclear Safety (BMU) in 
fields such as safety assessment and safety criteria for radioactive 
waste repositories, policy, regulatory and licensing issues. Since 
2007, he is Professor for Repository Systems at the Institute of 
Disposal Research, Clausthal University of Technology. He 
performs research on safety case methodology, analytical 
assessment of repository systems as well as on socio-technical 
issues and lectures on radioactive waste management and safety 
assessment. 

From 2010 to 2015, he served as Chair of the Integration Group 
for the Safety Case (IGSC) at OECD/NEA. He is a member of 
several advisory bodies, including the Radioactive Waste 
Management Commission (ESK), an advisory body to BMU 
(2008-2010 deputy chair and chair of its Committee on Final 
Disposal). He participated in international peer reviews of safety 
reports produced in France, Sweden, and in the UK. 

 

Monika Skrzeczkowska 

 
International Atomic Energy Agency (IAEA)  

Monika Skrzeczkowska – geologist, MSc in geochemistry, 
mineralogy & petrology, focusing on drivers for long-term 
radionuclide dispersion in post-accident conditions (Chornobyl). 
Worked in National Atomic Energy Agency, (Polish nuclear 
regulatory authority), where among others, was involved in 
updates of legislative framework (focus on siting of nuclear 
facilities and radioactive waste disposal). Before joining IAEA 
worked at the Polish Geological Institute – geological survey of 
Poland, with focus on radioactive waste disposal (projects related 
to the existing surface repository, site selection & 
characterization for a new surface radioactive waste repository, 
desk studies for geological disposal). Member of team designated 
for preparation of National Radioactive Waste and Spent Nuclear 
Fuel Management Plan by the Minister of Economy (focus on 
geological disposal). Participated in a number of EIAs and 
strategic EIAs, including the Polish Nuclear Power Programme, 
as well as facilities or programs of European countries. 

 

Philip Vardon 

 
Assistant Professor, Delft University of 
Technology 

Areas of work: Coupled numerical modelling, 
Thermo-Hydro-Mechanical processes. 

“I am an Assistant Professor in Geo-Engineering at Delft 
University of Technology.  My main interest is in the development 
of numerical models for coupled processes occurring in soils and 
rocks.  This is when one process occurring affects another 
occurring at the same time. 

Over the past 10 years I’ve applied this techniques to radioactive 
waste disposal, ground source heat, mine wastes and slopes.  In 
the past few years I’ve been working on OPERA, the Dutch 
national research programme for radioactive waste disposal, on 
the technical feasibility of the proposed repository.   

In education, I teach ‘Numerical Modelling’ and ‘Soil 
Mechanics’ and internationally I’m involved in the PETRUS 
European consortium which examines ways to provide education 
for radioactive waste disposal at a European level.  This course is 
part of both the OPERA programme and the PETRUS 
consortium’s work.” 
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Sarah Watson 

 
Principal Consultant, Quintessa Limited 

Areas of work: Development of safety cases 
for the disposal of radioactive waste 

Sarah is an experienced geoscientist who has, since the 
mid-1990s, worked on numerous safety assessments / 
performance assessments, mostly in the radioactive waste 
management sector.  She specialises in integrating 
information from different technical areas (e.g. site 
characterisation, waste packaging, wasteform behaviour, 
performance of engineered barriers, biosphere) to develop 
safety arguments and explore the ‘couplings’ between 
different technical areas to build evidence based safety 
arguments that are broad-based and explore their potential 
long-term performance of disposal systems. 

 

 

 

 

Rob Wiegers 

 
Managing Director, IBR Consult 

Areas of work: Material sciences with an 
emphasis on building materials and 
radioactive aspects of materials 

Rob Wiegers studied at the TUE for building material 
engineer and worked for both institutes and industry, Since 
1992 he is partner in IBR Consult bv which is specialized in 
building product development. Furthermore, Rob Wiegers is 
active in the field of the nuclear aspects of materials 
especially NORM materials and is involved in several 
national and international gremia on this subject as well as 
research projects  amongst which the OPERA research 
project. 
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Radionuclide transport model of the near field and far field of geological 
repository 

D. Barátová, V. Nečas 

Slovak University of Technology in Bratislava,  
Institute of Nuclear and Physical Engineering, Bratislava, Slovakia 

Abstract 

The results on the analysis of radionuclide release from the geosphere of hypothetical 
repository in crystalline rocks are presented. Radionuclides with poor retentive properties (C-14, 
I-129, Cl-36, Cs-135), represent the largest contribution to the total release rate from the 
geosphere. The release rates of radionuclides with low solubility limits can be significantly 
reduced. The presence of stable isotopes of the same element has the effect of reducing the 
solubility of safety relevant radionuclides. The calculations of release rates were carried out for 
one disposal container using the simulation software GoldSim. 

Introduction  

In Slovakia, a preferred alternative of long-term spent fuel management is a direct disposal of spent nuclear 
fuel which will be disposed together with radioactive waste which is not suitable for the National Radioactive 
Waste Repository in Mochovce (near-surface repository).  

Within the deep geological repository development program in the Slovak Republic between years 1996 and 
2001 were in a gradual site selection process selected five reconnaissance localities in the environment of 
crystalline and sedimentary rocks. Since 2010, company JAVYS, a.s. has become the implementer of deep 
geological disposal in the Slovak Republic and the deep geological repository program was renewed [1].   

Disposal system  

Spent fuel (from VVER-440 reactors) is considered to be disposed in containers made of stainless steel 
(inner part) and carbon steel (outer part). The disposal capacity of one container is 7 fuel assemblies [2].  

Within this assessment the calculations were performed for the spent fuel with an initial average enrichment 
of 4.87 % of U-235 and burnup 60 MWd/kgU .The analysis was carried out for one disposal container (7 fuel 
assemblies). The storage time before the final disposal is 60 years. Disposal container is surrounded by a 
bentonite buffer with a wall thickness of 300 mm.  

In Slovakia, there has not been selected a final locality for the geological disposal facility. Due to this fact, the 
assessment of long-term safety was performed for a hypothetical geological repository located in crystalline 
rocks and by using also the international research achievements (Czech Republic, Switzerland, Sweden, Japan). 
Transport pathways are in crystalline rocks represented by individual fractures.  

Conceptual model  

Spent fuel is a complex and heterogeneous system and therefore was within the model conceptually divided 
into the structural material, UO2 matrix and instant release fraction. Instant release fraction is a fraction of 
inventory which is after water contact released rapidly, in the term of long-term safety instantaneously. Then 
the long-term release occurs congruently with the degradation of the fuel matrix and structural material. 

After the disposal canister fails due to normal evolution processes (1000 years) and water comes into 
contact with the source term (fuel and structural material), released radionuclides start to migrate through the 
bentonite buffer, excavation disturbed zone (EDZ) and crystalline host rock. Concentrations of radionuclides 
in the void volume of the disposal container and in the bentonite buffer are limited by the solubility of each 
chemical element. The solubility limit is partitioned between stable and radioactive isotopes of the elements. 
Since it is considered that the buffer is fully water-saturated, nuclides migrate through the bentonite buffer by 
radial diffusion and are retarded by sorption on the buffer material. 

Host rock is modelled like a fractured zone where each transport pathway has a different transmissivity. The 
variability in transmissivity of individual transport pathways is represented by using a log-normal distribution 
[3], [4]. The transport pathways have a length of 100 m and flow into the major water-conducting fault whose 
length is 300 m. In the individual fractures of the host rock as well as in the major-conducting fault, the  
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Thermal Treatment of UK Magnox Sludge 
Sean T. Barlow1*, Martin C. Stennett1, Russell J. Hand1, Sean P. Morgan2 & Neil C. Hyatt1  

1. Department of Materials Science & Engineering, The University of Sheffield, Sheffield S1 3JD, UK 
2. Sellafield Ltd., Hinton House, Risley, Warrington WA3 6GR, UK 

Abstract 

Magnox sludge waste is a major radiological hazard which needs containing. Vitrification is a 
viable alternative to the current baseline plan and is demonstrated here. Significant quantities of 
uranium and magnesium metal were successfully digested into glass melts and mostly 
amorphous material formed. Dissolution of the glass samples was found to be low in 
borosilicate samples but aluminosilicate samples deemed not as desirable due to higher melting 
temperatures and increased dissolution.  

Introduction  

 

Figure 1: The last Magnox nuclear power station to shutdown at Wylfa, Anglesey, UK [1]  

 

The United Kingdom’s first generation of nuclear power stations built at the dawn of the atomic age from 
1953 were of the graphite moderated, gas cooled reactor design incorporating unenriched uranium metal 
fuel clad in a magnesium non-oxidising (Magnox) alloy [2] [3]. This type of reactor has operated successfully 
at stations such as Wylfa in Anglesey, North Wales for over 40 years (Figure 1). 

The spent fuel from Magnox reactors across the UK was sent to the reprocessing plant at Sellafield to 
recycle uranium and plutonium. During the coal miners’ strikes of the 1970s and 1980s, spent fuel for 
reprocessing built up at a quicker rate than predicted due to fuel elements being used more swiftly in power 
stations to generate the extra electricity needed to keep the country running. Spent fuel was stored for longer 
than anticipated in the open-air water filled cooling ponds causing corrosion of the magnesium based alloy 
cladding the fuel; forming a primarily magnesium hydroxide sludge covering the floor of the ponds [4]. The 
inclusion of uranium into some 3,148 m3 of sludge in the First Generation Magnox Storage Ponds and Swarf 
Storage Silos is one of its biggest problems Sellafield is facing to date [5].    

Magnox sludge is planned to be removed from the ponds and placed in a new engineered facility whilst 
awaiting encapsulation in a cement matrix, as with most intermediate level waste (ILW). Whilst being 
relatively cost effective in the short term, cementation increases the volume of the waste to be disposed by 
over 300% increasing the cost of final disposal in the UK’s planned geological disposal facility (GDF). 
Vitrification technologies offer higher waste loadings, volume reduction and greater durability by chemically 
bonding waste into the structure of a glass. 

 

Methods  

Two bounding extremes for the waste found within the First Generation Magnox Storage Ponds were 
proposed, one with 80% corroded Magnox cladding [Mg(OH)2], 10% corroded uranium [U3O8] and 10% 
metallic content (U & Mg) and the other composed of 80% metallic content and 20% corroded Magnox 
cladding, see Table 1. 
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Table 1: Waste Composition 

 Mg Mg(OH)2 U U3O8 

Metallic waste 12 20 68 0 

Corroded waste 5 80 5 10 

 

Borosilicate and Aluminosilicate glass was created by adding glass formers SiO2, B2O3, Al2O3 and network 
modifiers such as MgO and Na2O to the waste stream in compositions based off the MgO-Al2O3-SiO2 (MAS) 
and MgO-B2O3-SiO2 (MBS) phase diagrams. Well mixed stoichiometric batches were melted in a muffle 
furnace for 3 hours at 1250 °C (borosilicate) or 5 hours at 1500 °C (aluminosilicate) before casting and 
annealing for 1 hour. 

Characterisation was accomplished using a wide variety of techniques including X-ray diffraction (XRD) and 
scanning electron microscopy with energy dispersive X-rays detection (SEM-EDX) to identify phases 
present. X-ray absorption near edge structure analysis (XANES) was used to identify the uranium oxidation 
state and differential thermal analysis (DTA) used to find the glass transition point, any crystallisation 
temperatures and final melting point.  

Long term durability of glass samples performed according to ASTM product consistency test B experiments 
(PCT-B) was ran at 90 °C for 28 days with sampling on days 1, 3, 7, 14, 21 and 28. Aliquots of solution from 
each sampling point were analysed on an inductively coupled plasma optical emission spectrometer (ICP-
OES) to determine the amount of material transferred from glass into solution. Cross-sectional SEM on the 
altered glass particles was used to identify any alteration layers formed at the glass surface interface.   

 

Results/Discussion  

Borosilicate glass samples melted successfully at 1250 °C forming a very fluid melt that was easy to cast 
whilst aluminosilicate glass samples required heating to 1500 °C in order to form a fluid melt. Visual 
observations of glass batched with the high metallic waste showed phase separation and a high degree of 
crystallisation whereas glass created from the corroded waste stream appeared single phase with little to no 
crystallisation, confirmed by XRD (Figure 2).  

Crystallisation in samples from the metallic waste stream was found to take the form of UO2 and U3O8 which 
was also evident in SEM-EDX imaging in the form of fused and dendritic crystals, see Figure 3. These are 
likely to have formed during the melting process and allowed to grow during casting and annealing. 

 

Figure 2: Diffuse scattering of X-rays, indicative of amorphous materials, from MAS corroded waste 
glass sample 
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Figure 3: Dendritic UO2 crystals found within MBS metallic waste glass 

 

XANES on the U LIII edge compared to U (IV), (V) & (VI) reference samples proved U had been passively 
oxidised and digested in the glass with an oxidation state varying from 4.97 for the MBS metallic waste 
sample to 5.74 for the MAS corroded waste stream sample. Higher melting temperature and duration is the 
cause for the higher oxidation state in MAS samples.  Glass transition occurs between 617 °C and 631 °C in 
MAS samples and from 672 °C in MBS samples with two distinct crystallisation points. The point at which the 
glass became a liquidus melt did not occur until 1420 °C in MAS samples and at between 1135 °C and 1153 
°C for MBS samples. The lower melting point in the MBS system is attributed to the high (>21 mol%) boron 
content which acts as both a flux and a glass former. MAS samples have a higher content of Al2O3 acting as 
an intermediate glass former but also a refractory increasing the melt temperature significantly. 

Dissolution of the MBS glass over 28 days was observed to be very low with little to no release of U into 
solution. The pH of the solution was buffered to 8.5 whilst MAS samples buffered the solution to above pH 
12 causing higher rates of glass dissolution. Boron release rates were over three times higher in MAS 
samples compared with the MBS samples. U was detected from MAS samples in significant quantities rising 
sharply during the first 7 days before reaching a steady rate due to the formation of alteration layers that 
reduce further dissolution (Figure 4). SEM-EDX analysis of the 28 day altered samples confirms the 
presence of alteration layers on the surface extending for approximately 10 µm. The alteration layer is 
composed of Mg, Al and Si with trace amounts of Na and U at the glass-surface transition indicating these 
elements pass through the alteration layer. No U was detected in solution from MBS samples until day 28 
and the rate is almost negligible, with no major alteration layers observable via SEM.   

 

Figure 4: Normalised mass loss of uranium from all samples 
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Conclusion  

Durable glass waste forms for the immobilisation of Magnox sludge ILW have been developed with the MBS 
glasses showing considerable promise. Homogeneous glass that can be melted over a reasonable 
composition range at temperatures below 1200 °C was created that provides flexibility with respect to this 
particular waste stream. MAS samples have proven to not be as successful due to the higher melting 
temperatures (~1500 °C) and the increased leaching of boron and uranium compared to the MBS system. 
This project has also demonstrated the passive oxidation and digestion of uranium and other metals into the 
melt without any mechanical aid which could be useful for the intended application. High leaching rates for 
boron and uranium in MAS samples was attributed to the composition and melting parameters as well as 
uranium oxidation state with alteration layers on the surface of the glass particles forming a protective barrier 
to further dissolution, evident in the steady-state stage of dissolution after approximately 7 days. Volume 
reduction achieved by vitrification of Magnox sludge could be as great as 80% compared to the current 
baseline plan with a cost saving of approximately £83 million for long term storage.  
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Complexation and Adsorption of [152Eu]Eu to Superplasticizers and 
Bentonite at Variable Salt Concentrations 

M. Becker1, H. Lippold1 
1Helmholtz-Zentrum Dresden-Rossendorf, Institute of Resource Ecology-, (Reactive Transport Division), 

Permoserstr. 15, 04318 Leipzig, Germany 

Abstract 

The preferred method for the storage of spent nuclear fuel (HLW) is the disposal in deep 
geological formations. The repository will consist not only of the geological barrier but also of an 
engineered barrier and has to isolate the waste for at least 106 years from the biosphere [1]. In 
this barrier, several materials like concrete or bentonite are effective in retention of 
radionuclides. In modern concrete, several additives are used to improve the properties of the 
cement paste. Superplasticizers of the polycarboxylateether (PCE)-family are widely used for 
this purpose [2]. These organic materials might have an influence on the mobility of 
radionuclides. Hence, it is necessary to study their complexation and adsorption behaviour with 
radionuclides, cement-phases like C-S-H and buffer materials like bentonite considering a 
possible leaching of PCE from cement in consequence of water influx. In this study, the 
complexation and adsorption behaviour of the superplasticizer MasterGlenium® 51 was 
investigated by means of the radionuclide 152Eu, which is an analogue for trivalent actinides 
such as Cm(III) or Am(III), at a fixed pH and  variable salt concentrations (NaCl, CaCl2). 
Complexation constant and loading capacity for the PCE with [152Eu]Eu were determined on the 
basis of the Langmuir isotherm equation as well as of the charge neutralisation model [3]. 
Furthermore the adsorption behaviour of [152Eu]Eu to bentonite with and without 
MasterGlenium51® in the presence of different background electrolytes was studied.  

 

Introduction   

Considering the situation of a deep geological repository for spent nuclear fuel, possible water intrusion and 
therefore the corrosion of the engineered barriers like the waste bearing canisters may take place in a few 
hundreds of years after inclosure of the waste. As a consequence, radionuclides may be released into the 
nearfield of the repository. The mobility of the radionuclides in presence of superplasticizers under alkaline 
conditions and high salinity up to 4 mol/L has to be investigated to evaluate the performance of the 
engineered barrier consisting of cement-phases like C-S-H and buffer materials such as bentonite. 
Complexation and adsorption of [152Eu]Eu with MasterGlenium® 51 and bentonite were studied in batch 
experiments.   

Methods  

A stock solution of [152Eu]Eu(NO3)3 was prepared with a concentration of 2 · 10-4 mol/L and an activity of 0.3 
MBq. The solution was adjusted to pH 3 to avoid formation of colloids and wall adsorption. For recording an 
isotherm of binding of Eu to the superplasticizer, solutions with different concentrations of Eu(NO3)3 were 
prepared ranging from 10-7 mol/L down to 10-2 mol/L spiked with 152Eu at an activity of 0.6 kBq. Experiments 
on the effect of electrolytes (NaCl and CaCl2 up to 4 M) on complexation were carried out at a fixed [152Eu]Eu 
concentration of 10-6 M. The superplasticizer was added as last component, resulting in a concentration of 
100 mg/L. Separation of bound and non-bound Eu was carried out after 24 hours of contact time by 
ultrafiltration with polyethersulfon-membrane centrifuge filters (Vivaspin, Sartorius) with an MWCO of 3kDa. 
Concentrations of Eu in the filtrate were determined relative to reference samples with a Perkin Elmer Wizard 
1470 automatic γ-counter in an energy window of 0 - 2 keV. Wall adsorption during equilibration in 4 mL PP 
tubes was found to be negligible. The amount of [152Eu]Eu complexed to the superplasticizer was calculated 
from the difference in the count rates between reference and filtrates. To determine the carboxyl-content of 
the superplasticizer a direct titration with 0.1 M NaOH was carried out in 0.1 M NaClO4 under a N2 
atmosphere using a WTW inoLab 720 pH meter [4]. For batch adsorption experiments, two stock 
suspensions of 5.05 g/L bentonite without and with NaCl or CaCl2 (4.5 mol/L) were mixed at variable ratios 
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before adding [152Eu]Eu and MasterGlenium® 51 at concentrations of 10-6 M and 100 mg/L, respectively.  
After 24 hours of end-over-end rotation at 20 rpm, the samples were centrifuged at 7000 rpm for 60 min. 3 
mL of the supernatant solution where taken for analysis by γ-counting relative to reference solutions. 

Results/Discussion  

Titration of the superplasticizer MasterGlenium® 51 resulted in a carboxylgroup-content of (1.17 ± 0.01) 
meq/g, taken from an equivalence-point at pH 9.3. The isotherm of binding of [152Eu]Eu to the organic 
material exhibits a linear range from 10-7 mol/L up to 10-4 mol/L with the Langmuir parameters Γmax = (0.32 ± 
0.01) mmol/g Eu and KL = (15.59 ± 0.01) L/mmol at pH 5.8. According to the charge neutralization model the 
maximum loading Γmax is expressed as a loading capacity (LC), which is normalized to the measured content 
of carboxyl groups. It represents the molar fraction of the maximum available complexing sites under the 
given setup of experimental conditions. The Langmuir constant KL is normalized to the charge of the cation 
giving a stability constant β. A good agreement was obtained for the constants derived from the Langmuir 
isotherm equation and from charge neutralization model with LC = 0.827 ± 0.003 and β = (12.86 ± 0.01) 
L/mmol. Batch sorption experiments with bentonite, MasterGlenium® 51 and [152Eu]Eu show a quantitative 
adsorption of Eu for all concentrations of NaCl, whereas for the CaCl2 system, a pronounced decrease in 
adsorption was found for higher salt concentrations (down to 20 % of total Eu). The effect the 
superplasticizer is relatively small in both cases, resulting in an increase in Eu adsorption approximately 5 %.  

Conclusion  

For the first time, metal complexation with a polycarboxylateether (superplasticizer) was quantitatively 
investigated for the example of the system Eu / MasterGlenium® 51. Interaction parameters based on the 
Langmuir isotherm equation and the charge neutralisation model were shown to analogue. Competition 
effects of NaCl and CaCl2 with respect to complexation and adsorption turned out to be very different. At the 
chosen pH of 5.8, the influence of the superplasticizer on adsorption of Eu onto bentonite is rather small, in 
spite of significant complexation. Further experiments are planned at alkaline conditions (pH 9 – 13), 
including the adsorption behaviour of the organic component, which will allow an eludication of its effect on 
Eu adsorption. 
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Abstract 

Results of radionuclide batch sorption experiments for Czech rock samples will be present on 
the poster. Sorption of radionuclides, relevant for deep geological repository (DGR) safety 
(137Cs, Se, U), will be studied on granitic rock material from DGR potential site.  

 

Introduction  

Granite is considered as a host rock for deep geological disposal of spent nuclear fuel and high radioactive 
waste in Czech Republic.  The deep geological repository concept assumes that waste packages containing 
spent nuclear fuel (SNF) assemblies will be enclosed in steel-based canisters placed in vertical or horizontal 
boreholes at a depth of ~ 500 m below the earth’s surface. The space between the canisters and the host 
crystalline rock will be backfilled with compacted bentonite which will make up the final engineered barrier. 
Seven sites have been pre-selected as potential ones for DGR sitting in Czech Republic.  

DGR itself is constructed as a multibarrier system, aiming to fulfill the main safety function: To provide 
protection to human and environment in such a way that even considering all the risk during operational and 
post-closure period the effective dose 0,25 mSv per year for critical group of inhabitant will be not exceeded 
[1]. One of the host rock safety functions within the multibarrier system is  to restrict and delay radionuclide 
transport due to the effect of physical and chemical processes in the geosphere [1]. One of the most 
important processes contributing to the function is radionuclide sorption on mineral phases. On the other 
hand, 137Cs, 79Se and U isotopes belong to the most relevant radionuclides, being present in spent nuclear 
waste that can potentially contribute significantly to the potential danger for human and biota.  

Rock samples 

The sites, preselected as potential ones for DGR sitting, are mostly located in granitic rock massifs. The only 
one, Kravi hora, is located within a metamorphosed rock massive. Sorption properties of potential site 
granitic rock materials will be studied within the Czech R&D project [2]. Horka site samples (marked as  
PZV1) were chosen for the first round of batch sorption experiments. Rock samples from PZV1 borehole 
were milled and sieved into defined fractions. Each fraction mineral composition was determined using XRD 
(see Tab. 1). 

 Table 1: Mineral composition of Horka site samples 

Sample  Fraction (mm)  Quartz  Plagioclase K‐feldspar Chlorite Amphibole  Mica (biotite)

PZV1‐A  <0.063  24  20 22.5 1 19.5  13

PZV1‐B  0.125‐0.063  23  21 22.5 ‐ 20.5  13

PZV1‐C  0.63‐0.125  24.5  21 20 ‐ 15  19.5

PZV1‐D  0.8‐0.63  25  24.5 26 ‐ 14.5  10

PZV1‐E  >0.8 20  29 30 ‐ 13.5  7.5

 

Fractions C and D were chosen for further sorption studies.  

 

Solution  

Synthetic groundwater SGW2, based on Ca-HCO3 groundwater from 600 m depth in Rozna mine (CZ), was 
proposed and prepared in [2]. The chemical composition is reported in Tab. 2. SGW2 was used then as a 
solution for tracer solution preparation. The salts of CsCl, Na2SeO3 (or Na2SeO4) and UO2(NO3)2 were added 
to SGW2 in order to form solution with following concentrations 2·10-5 mol/L (Cs), 2·10-5 mol/L (SeIV or SeVI) 
and 2.6·10-4 mol/L (U), respectively. The solution of CsCl was spiked with 137Cs. 
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Table 2: Synthetic groundwater SGW2 chemical composition 

 pH Na+ K+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- 

SGW2 8.2 16.5 2.1 34.6 8.3 3.3 21.0 168.7 

 

Bath sorption experiments 

The sorption on selected materials was studied by batch method. The batch method is based on the contact 
of solid material with tracer solution and measurement of tracer concentration (activity) decrease in solution. 
s/L ratio was 1 :10.  Sorption experiments were carried out at 24 °C under atmospheric conditions and lasted 
7 days. After the adsorption, the suspension was centrifuged and an aliquot of the supernatant was 
measured by different method for each sorbate. 137Cs was measured on Perkin Elmer 1480 Wizard 3" 
Gamma counter (Wallac Oy, Finland). The Se was measured by ICP-MS (Inductively coupled plasma mass 
spectrometry), Elan DRC-e (Perkin Elmer, USA). U was measured on UV-Vis spectrometer Uvi Light PC 2, 
(Secoma) with Arsenazo III disodium salt which gives marked colour reactions with uranium. Finally the 
value of sorption distribution coefficient Kd was calculated. 

Results/Discussion  

The results of the batch sorption experiments will be presented on the poster. 

The kinetics of Cs, Se and U sorption on the rock samples for one week period will be reported. Resulting Kd 
values will be compared with batch sorption experiments (Czech granites, Grimsel test site samples, Aspo 
Hard Rock laboratory samples).  

Conclusion  

Description of sorption kinetics is the first step in determination of radionuclide sorption process. Sorption 
isotherms will be determined in the next step for studied radionuclides and rock material. The identical 
studies for rock material from further DGR sites will then follow.   
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Abstract 

Disposal of spent nuclear fuel and long lived radioactive waste in deep clay geological 
formations is one of the promising options worldwide.  In this concept of the geological disposal 
system, the Boom Clay is considered as a potential host rock when designing a generic waste 
repository in the Netherlands. For design and evaluation of a repository for geologic disposal of 
nuclear wastes  one of its principal concern is  the thermal loading. High-level radioactive waste 
and spent fuel generate considerable amounts of heat. When those waste types are disposed in 
a geological repository the elevated thermal effect on the behaviour of soils surrounding nuclear 
waste disposal give rise to change in hydraulic and mechanical properties is a significant factor 
for repository design. Understanding these time-dependent phenomena processes in relation to 
both the effects of pore water dissipation and of the thermal expansion  is essential for reliably 
assessing repository performance and evaluating the safety case. This paper presents some of 
the investigation on the thermal processes with emphasis on the coupled Thermo-Hydro- 
Mechanical (THM) processes for the disposal concept of a radioactive waste disposal facility, in 
Boom Clay at a depth of about 500m.   

 
Keywords: radioactive waste, disposal, Boom clay, thermal, thermo-hydro-mechanical behaviour. 
 
Introduction 
Deep geological disposal of high level radioactive waste and spent fuel is considered the safest and most 
sustainable option long term nuclear waste containment and isolation. The Boom Clay is considered as a 
potential host rock when designing a generic waste repository in the Netherlands.  As a starting point in the 
third Dutch research programme OPERA, in a Dutch disposal concept, a geological disposal facility is 
assumed to be constructed in bedrock 500 meters depth and with a stratum thickness of about 100m. As the 
high level nuclear waste generates a great amount of heat it needs to be temporarily stored for some years 
before disposal. For Netherlands the interim storage period is for 100 years. However even after this, the 
residual heat production is expected to produce a raise of temperature in the near as well as the far field. 
Various coupled mechanical (M), hydraulic (H) and thermal (T) perturbations will be induced in the 
surrounding clay host rocks and create a disturbed zone, during the various stages of the repository 
evolution: the excavation, construction, emplacement and post-closure. Of particular importance in such a 
clay rock is the zone surrounding the disposal galleries, which will have plastic deformations, influencing the 
stability of the tunnel and the hydraulic conductivity of the rock. The prediction of the evolution of various 
changes in properties within this zone are major issues especially in the context of underground nuclear 
waste disposal. To further planning and design the Boom Clay response for coupled THM is terms of 
performance and safety functions, as well as financial and engineering feasibility is addressed in this paper. 

Methods  

A 2D plane strain model was utilised, as the disposal tunnels are designed to be 50 m in length. An elasto-
plastic hardening material model, the Hardening Soil (HS) model, was previously calibrated for Boom Clay 
behaviour [1] from limited experimental data and these parameters are utilised here. An initial mechanical 
and thermal assessment, taking into account the uncertainties in the material behaviour is presented in [1] 
and this paper extends that work to consider the thermo-hydro-mechanical (THM) coupled behaviour. The 
major THM coupled processes are first presented and then a numerical simulation utilising a commercial 
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geotechnical numerical model [2] for this specific case is presented. The model incorporated the excavation, 
construction and post-closure stages of the repository.   

The domain of the numerical model was 80 × 160m, discretised using 15-node triangular elements 
and refined in the close vicinity of the tunnel, excavated at a 500 m depth and with a 1.6 m radius, in the 
Boom Clay layer. The initial vertical effective stress in the domain was set to increase with depth (10 kPa/m) 
with a total vertical stress of 4.2 MPa applied along the top boundary, the pore pressure was initially 
hydrostatic and the initial temperature set to 295 K. The bottom mechanical boundary was fixed, the left-side 
and right-side boundaries were fixed in the horizontal direction (due to symmetry) and free in the vertical 
direction. The analysis was conducted in 3 stages: (i) a K0 stage, where the horizontal stresses were 
calculated, (ii) an excavation and construction stage, where the tunnel lining was included and contracted 
representing rock relaxation, and (iii) a heating THM stage, where a heat flux representing the flux from the 
emplaced waste was applied to the tunnel boundary. An initial heat flux of 11 W/m2 was applied and reduced 
over time, based upon the expected radioactive decay. 
Results and Discussions  
Figure 1 presents contour plots of the drained response showing the variation of (a) the pore pressures at 
the end of 30 years, (b) the temperatures at the end of 30 years when the temperature is at its peak, and (c) 
the plastic and failure points of the model after construction and after 30 years.  The results are presented in 
terms of the pore pressures changes, the stress/strain response, the temperature and the plastic zone 
development. The simulated results indicated a rapid increase in pore water pressure during the first few 
decades in conjunction with temperature increase, followed by stabilisation and decay of both. This sharp 
initial increase in pore water pressure and the occurrence of thermal consolidation at the beginning is 
explained to the slower water dissipation rate of the Boom Clay. This is followed by a rapid increase in pore 
water pressure.  

 
 
Figure 1.  Contour plots of (a) pore water pressure at 30 years, (b) temperature at 30 years, and (c) 
plastic zone after construction and at 30 years 
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The study indicated that the magnitude of the excessive pore pressure depends not only on the temperature 
increase, but is sensitive to the hydraulic conductivity.  It can be seen that at 30 years the extent of the 
hardening zone (plastic points) increases negligibly in the vertical direction and decreases in the horizontal 
direction. This reduction in the plastic zone is due to the thermal expansion of the liner and an increase in the 
confining pressure. This pore pressure increase causes a decrease in the mean effective stress, albeit with 
the impact reduced by an increase in confining pressures by the thermal expansion of the tunnel lining.  This 
leads to an increase in the plastic shear deformation and the extent of the plastic zone and an increase in 
total stresses on the liner. The hydraulic conductivity plays a critical role in the development of the plastic 
zone, as this controls how easily the thermally induced excess pore pressures are dissipated. 

Conclusion  

The stability of the performance and safety assessment during operation and post-closure stage was 
addressed in this study. Coupled Thermo-hydro-mechanical behaviour of the boom clay was utilised as well 
as studies related to peak temperature, thermally induced pressurization of boom clay pore water,  on the 
repository design was analysed. The modelling results demonstrated there exists a strong coupling between 
the thermal, mechanical hardening behaviour and the hydraulic response The results showed that while the 
temperatures reached in this disposal concept are not of concern, the additional mechanical load should be 
considered. For safety assessment, a low hydraulic conductivity is favoured to reduce the possibility of 
advective flow, which causes an additional mechanical load on the liner.  
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Abstract 

This work describes the issues related to the dismantling of the graphite pile of the 1st 
generation gas cooled reactor of Latina NPP (Italy). The retrieval of the graphite is a strategic 
matter for the decommissioning of this type of plant:  the aim of this study is to describe and 
analyse the current approaches used to access the core and to perform the remote and dry 
extraction of graphite bricks from the top. The outcomes of this study could be useful to plan the 
removal of Latina NPP graphite: the extraction of the graphite would be carried out layer by 
layer by means of a dedicated remote controlled handling systems; this equipment would be 
duly designed according to the nuclear, physical and mechanical constraints of the graphite 
piles in core. Thus, the issues regarding the irradiated graphite have been analysed by FEM 
code, especially those related to the core geometry and the proposed technique of hooking the 
graphite bricks by a ‘gripper’ tool inside the axial channel. Data on fresh nuclear grade and 
irradiated graphite, used for the numerical simulations, have been obtained by means of 
theoretical models and experimental tests, carried out on samples extracted from the reactor. 
The results obtained could support the final design of proper lifting, gripper tools and handling 
equipment, for single brick or multi-bricks, and could implement graphite waste management 
strategy. 

 

Introduction  

When dealing with the decommissioning of gas-cooled graphite-moderated reactors, concerns arise due to 
the large amount of radwaste in the form of graphite stack fragments that was generated during the reactor 
lifetime (on average 1500-2000 tons per reactor, as evaluated by the IAEA). The most obvious source of 
irradiated graphite is from reactor moderators and reflectors. In this study, the current approach for the 
management of radioactive graphite, and specifically the procedure adopted for the remote and dry 
extraction of graphite from the Latina reactor will be described and analysed. 

  
Decommissioning strategy of Latina NPP 

The Latina plant is a Magnox reactor type, definitively shut down in November 1986. During its 23 years of 
operation, the plant really produced 4200 Equivalent Full Power Days (EFPD). Since 90’s Sogin S.p.A 
(Italian State Owned Company appointed for Nuclear Decommissioning and Radioactive waste 
management) is managing the plant, with specific regard to decommissioning activities. 

In Fig.1, it is shown synthetically the general decommissioning approach considered for Latina plant: the 
dismantling of reactor foresees firstly the empting of reactor pit and then the removal of graphite, to be 
obtained disassembling or demolishing/tearing down the core bricks[1-2].  
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A (3D) FEM model (Figure 3) has been thus set up and implemented assuming that the material behaves as 
anisotropic only along the extrusion direction of the brick[4-5], whereas in the remaining directions isotropic 
conditions have been imposed. A representation of the stress distribution caused by the retrieval/lifting is 
given in Figure 4 for the ‘4-side brick’. It is, in fact, possible to observe that the brick extraction results in an 
increase of stress applied thoroughly the brick itself. The mostly stressed area is at the annular step of the 
down base for both two ‘4-sides’ and ‘8-sides’ brick. Moreover it resulted that for a lifting force of 3 kN, the 
Von Mises stress did not overcome, in the transversal and longitudinal direction of the brick, the allowed limit 
value of nuclear-grade graphite. As a consequence of that it is possible to conclude that no rupture of the 
brick would occur during retrieval operation. 

a)  b)  
Figure 3: FEM of the single graphite element for a)‘4-sides’ brick, and b) ‘8-sides’ brick. 

a)  b)  
Figure 4: Maximum Von Mises stress due to lifting of ‘4-sides’brick. 

Conclusion  

Finally, although preliminary, modelling could be considered as a valuable technique in supporting the 
selected tool for retrieval operations of graphite bricks from the stack of the Latina NPP avoiding breaks. 
Further study seems necessary for a complete assessment of the technical solution presented in this paper, 
such as the investigation of material properties of the i-graphite, the effects of the cumulative damage of the 
graphite in the reactor, etc. 
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Abstract 

In the laboratory, the desiccation fracture apertures in Tournemire clay rock were investigated at 
different scales (millimetre and centimetre) and compared to the variations of the average water 
content and mean strains of the sample. The induced hydric strains and desiccation fractures 
were monitored by digital image correlation (H-DIC). At the centimetre scale, the results 
revealed the fracture aperture kinematics were separated into a first phase of opening and 
closure, and a second phase of only gradual closure. Closure of the cracks was only observed 
at the millimetre scale, revealing that the kinematics of cracks depends on the scale observed. 
The interpretation of the entire dataset emphasizes the need for a multi-scale approach to 
understand and model desiccation cracking mechanisms and their associated hydric strains in 
clay rocks. 

Introduction  

Clay rocks have been considered as potential repositories for high-level radioactive wastes at great depth in 
several countries, because of their mechanical and microstructural properties. Nevertheless, a significant 
cracking due to a desaturation process of the argillaceous medium is observed on the gallery walls in several 
underground research laboratories, such as the experimental platform of Tournemire in France [1,2]. This 
desiccation cracking takes part in the so called excavation damaged zone (EDZ). The initiation and 
extension of the EDZ are governed by a range of parameters including the material anisotropy, the initial 
stress field, the geometry of the gallery and the mineralogy [3,4]. In the Underground Laboratory at 
Tournemire, the desiccation cracking at the decimetre scale is organised in a network of sub-horizontal 
cracks separated by 64-100mm and lying parallel to the bedding planes [1,5,6], and a vertical network which 
shows more complex orientations. The mean crack aperture of these cracks is correlated with the relative 
humidity in the gallery [5,7]. At a much lower scale, some desiccation fractures with apertures of 1 µm were 
observed under ESEM on Callovo-Oxfordian clays rocks from Bure laboratory (France) [8,9]. However, these 
observations were obtained at very different spatial scales, and the phenomenological links or causal 
relationships between the two scales of fracture network are unclear. Consequently, the main objective of 
this laboratory investigation was to provide new correlations between hydric strains, desiccation crack 
apertures and state variables (relative humidity (RH) and water content) at the millimeter and centimeter 
scales, which are rarely compared in the context of clay rocks. The methodology is based on the 
combination of a new experimental setup and a new DIC algorithm H-DIC [6] in order to allow the 
measurement of the kinematic field and patterns for the two considered scales to improve the identification of 
the micromechanisms governing desiccation cracking [10,11]. 

Material and Methods  

A 20x20x20mm3 cube of Tournemire clay rock (Aveyron, France) was used as the sample in this study. The 
sample was extracted from the FD90 drill core in the East 96 gallery, at a depth of 4.20-4.40 meters, where 
the rock is considered to be saturated and outside of the EDZ. The clay rock has a mineralogical 
composition of 20-50wt% clay minerals, 10-20wt% quartz, 10-30wt% carbonates and 2-7wt% sulphides [1]. 

The experimental setup is composed of an impermeable cell in which humidity and temperature are 
controlled by saline solutions and an air-conditioning unit at 22°C, respectively. Two cameras image a small 
zone of 5.5x4.1 mm on one face of the sample every two minutes at the millimetre scale (images of 
2560x1980 pixels with a resolution of 2.2 µm2.pixel-1), and a large zone  of 20x20 mm on another face 
(images of 2560x1980 pixels with a resolution of 10 µm.pixel-1). The bedding planes are perpendicular to the 
camera planes. The sample was placed on Teflon© slices on a precision balance to obtain its average water 
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At both scales, Step 2 is characterised by an important closure of all cracks, with large reduction in water 
content and mean strain. This step is interpreted as desiccation deep inside the sample, causing a global 
shrinkage.  

 

Conclusion  

During a fast desiccation process from 98 to 33% relative humidity, the apertures of different types of 
fractures were quantitatively compared to the average water content and the mean plane strain of a 
Tournemire clay rock sample. In free conditions of deformation, the results highlight two important steps of 
desiccation: a first step of simultaneous opening and closure of cracks, and a second step with closure of all 
fractures. These two steps correspond to the progression of the desiccation from the surface to the centre of 
the sample. These results were compared to other scales and desiccation processes [10,11], and the 
microstructure of the sample was mapped over the entire small zone allowing quantitative comparison 
between the local strains and the proportion of rigid inclusions and clay matrix [11]. 
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Abstract 

A clay rock sample from the Tournemire Underground Research Laboratory (Averyon, France) 
was subjected to a fast desiccation in the laboratory, from 98 to 33% relative humidity. At the 
millimetre scale, fracture locations were identified and desiccation strains and fracture apertures 
were calculated by digital image correlation on a surface of 5.5x4.1 mm2. After the desiccation, 
the microstructure of this surface was mapped under scanning electron microscopy by a large 
mosaic of back scattered electron images in high resolution. The aim of the study is a 
quantitative comparison between local strains and crack apertures to the local proportion of clay 
matrix and rigid inclusions of the sample, in order to understand better the role of microstructure 
in desiccation mechanisms in clay rocks. The results have shown that: a) the crack apertures 
are heterogeneous and seem to be higher at some interfaces between rigid inclusions and 
matrix, and b) the strains are heterogeneous and their intensity is not directly related to the 
proportion of clay matrix at the millimetre scale. The interpretation of the dataset emphasizes 
the need for a microstructural approach to understand and model desiccation deformation and 
cracking mechanisms in clay rocks. 

Introduction  

Clay-rocks are of interest as a medium for nuclear waste disposal at great depth because of their mechanical 
and microstructural properties. Significant cracking due to desaturation of the argillaceous medium is 
observed on the gallery walls of the Underground Laboratory of Tournemire (Aveyron, France). This 
important cracking takes part in the so called excavation damaged zone (EDZ). The initiation and extension 
of the EDZ are governed by different parameters such as the material anisotropy, the initial stress field, the 
geometry of the gallery and the mineralogy [1-3]. The desiccation cracking is oriented in a network of sub-
horizontal cracks separated by 14-60 mm and lying parallel to the bedding planes [4,5] as well as a vertical 
network which shows more complex orientations. The mean crack aperture of these fractures is correlated 
with the relative humidity in the gallery [5], and with the average water content in the laboratory at the 
centimetre and millimetre scales [6]. In the laboratory, the sub-horizontal desiccation cracks are located in 
the clay matrix adjacent to hard grain heterogeneities such as a high local proportion of coarse grains or a 
high concentration of large quartz or carbonate grains [7]. At each scale, the majority of desiccation cracks 
are in the same orientation as the bedding planes. Moreover, the desiccation deformation of clay rocks is 
often significantly higher perpendicular to the bedding planes [8-11], which demonstrates a close relationship 
between the deformation and cracking behaviour of the rock, and the microstructure. During desiccation, 
some authors [11,12] interpret the high deformations of clay rocks as corresponding to high proportions of 
clay matrix, and the low deformations by high proportions of coarse grains. However, these observations 
were qualitative. The aim of this paper is to study the relationship between the deformation and cracking 
behaviour and the microstructure using a quantitative approach [7,14]. 

Material and Methods  

The sample used in this study is a 20x20x20 mm3 cube of Tournemire clay rock (Aveyron, France) extracted 
from the FD90 drill-core in the East 96 gallery, at a depth of 4.20-4.40 meters where the rock is considered 
to be saturated and outside of the EDZ. The rock has a mineralogical composition of 20-50wt% clay 
minerals, 10-20wt% quartz, 10-30wt% carbonates and 2-7wt% sulphides [4]. The experimental setup 
consists of an impermeable box in which humidity and temperature conditions are controlled by saline 
solutions and an air-conditioning unit at 22°C, respectively. One camera images a 5.5x4.1mm2 surface 
(2560x1980 pixels with a resolution of 2.2 µm.pixel-1) every two minutes at the millimetre scale. The bedding 
planes are perpendicular to the surface. The DIC software (X-Correl [13]) was used to calculate the fracture 
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relationship between the intensity of strains and the proportion of hard grains and clay matrix at the 
millimetre scale.  

Conclusion  

The crack apertures and the strains were quantitatively compared to the microstructure during a desiccation 
process in the laboratory. At the mesoscopic scale, a simple relationship between the desiccation crack 
aperture, the strain intensity and the microstructure is not obvious. Contrary to the literature, the results 
obtained in this study focused on the fact that a high proportion of clay matrix is not correlated to a high 
deformation or a high crack aperture and vice versa. However, the interface between clayey and rich hard 
grain zone seems to be correlated to a local crack opening because of an important incompatibility of local 
deformation.   
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Figure 4: Plot of dissolution rate (based on Si, B, Na and Ca release) versus days for a sample 
subject to a mid solution flow-rate (40 ml/d). The dissolution rate obtained is likely to be that of the 
forward dissolution rate (see flow-rate Log Q/S = -7.28 in Figure 5). Steady-state dissolution rates 

were congruently observed after 15 days.   

 

 

Figure 5: Plot of dissolution rate (based on B and Si release) versus flow-rate in units of m/s. The 
plateau represents the expected forward dissolution rate. Question marks denotes flow-rates 

currently under investigation. 

 

 

Conclusion  

The forward dissolution rate of a model simulant high level waste glass under a variety of conditions (pH and 
temperatures) relevant to the geological disposal of nuclear waste is under investigation. The fundamental 
parameters necessary to model the dissolution kinetics based on Transition State Theory (activation energy 
(Ea), pH power law coefficient (ƞ) and the intrinsic rate constant (k0)) will be obtained. In the future, this 
approach will be used on Zn/Ca-bearing UK HLW simulant glasses to strengthen the safety case for a 
geological disposal facility in the UK by reducing the uncertainty associated with the dissolution rate of these 
materials and by modelling and predicting the radionuclide release rate under a variety of conditions 
potentially expected upon final disposal, in an as yet undecided location.   
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Numerical study of bentonite confined hydration 
Giulia M. Ghiadistri 

Department of Civil & Environmental Engineering, Imperial College London 

Abstract 

A numerical study of MX-80 bentonite confined hydration has been carried out. The results have 
been analysed in the light of the limits of applicability of the constitutive model used, a modified 
Barcelona Basic Model, and the available experimental data to characterise the material. 

 

Introduction 

Studying bentonite re-saturation is a challenging task, as it involves swelling upon wetting from groundwater 
in the host formation and shrinkage induced by heat coming from the energy generated by the nuclear waste 
in the container. Nevertheless, a good understanding of the phenomenology involved is important to build 
confidence in modelling the long-term behaviour of the Engineered Barriers Systems (EBS) for nuclear 
waste disposal. 

One of the disposal concepts being considered in the UK is to dispose of High Level Waste (HLW) and 
Spent Fuel in containers surrounded by a buffer material consisting of bentonite. Bentonite's capacity to 
swell provides a low hydraulic conductivity barrier and protection of the container. 

Hence, it is of paramount importance to understand and be able to reproduce numerically the hydro-
mechanical (HM) interaction as a key to the swelling of the buffer. As a first step, this study aims at 
reproducing a column re-saturation test (Marcial et al., 2008). 

Methods  

For the investigation of the behaviour of unsaturated soils, a commonly adopted HM constitutive model is the 
Barcelona Basic Model (BBM) (Alonso et al., 1990). A modified BBM version (Georgiadis et al., 2005 and 
Tsiampousi et al., 2013) is currently implemented in the Imperial College Finite Elements Program (ICFEP, 
Potts & Zdravkovic, 1999), which is the main research tool of the current research project. Despite being 
widely used for modelling unsaturated soils, the BBM-type framework was not conceived for highly 
expansive materials: therefore its use for the analysis of bentonite behaviour is preceded by an extensive 
calibration against various sets of oedometric studies in order to somewhat foresee the possible 
shortcomings of the analyses. 

 

Results/Discussion  

Calibration of the BBM is carried out by exploiting laboratory data on bentonite, obtained from different 
experimental set-ups in order to evaluate the material behaviour under different boundary conditions and 
suction ranges. The outcomes from calibration provide insights for the interpretation of the column infiltration 
analysis (Marcial et al., 2008). 

Calibration 

From the analysed data, the results from Tang et al. (2008) and Villar (2005) are presented hereafter: the 
former studies the laterally unconfined swelling of a sample of MX-80 bentonite under low nominal vertical 
load, followed by a loading phase at a constant and relatively high suction; the latter shows the laterally 
confined wetting followed by loading at constant and very low suction. 

The analyses have yielded the following results: 
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Figure 1: Results from Tang et al. (2008) on the left; from Villar (2005) on the right. 

 

Figure 1, showing the evolution of void ratio in the sample with increasing vertical net stress, highlights two 
critical points: (i) under laterally unconfined boundary conditions the model does not capture well the amount 
of volumetric expansion of the material during the wetting phase; (ii) the rate of increase of swelling strains 
with suction becomes larger when the lower values of suction are reached (Gens et al., 1992). 

Column re-saturation 

This infiltration test by Marcial et al. (2008) was performed under constant volume conditions on compacted 
MX80 bentonite at initial suction of 103	 . The saturation has continued for 7 months. Selected results 
from the analysis are reported below: 

 

Figure 2: Suction profiles along vertical sections of the sample at different times, on the left; vertical 
stress against suction in a horizontal section of the sample, on the right. 

 

The suction profiles show how the advancement of the water front throughout the sample is well 
reproduced in time: the hydraulic aspect of the test seems therefore well simulated. Nevertheless, the 
mechanical problem raises concern since the swelling pressures are considerably overestimated, especially 
at low suctions.  

The causes of mismatch  

Among the probable causes of the stress overestimation, there is the inability of the model to properly 
capture the volumetric expansion of the material, hence its plastic strains. Capturing these strains more 
accurately may come from applying two improvements: 

(i) The BBM-type formulations suffer from limitations in modelling the behaviour of very expansive soils (such 
as bentonite). Consequently, the Barcelona Expansive Model (BExM) was conceptually introduced (Gens & 
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Alonso, 1992) and then fully developed (Alonso et al., 1999) to enable the modelling of such soils. BExM 
improves on its predecessor by taking into account a double porosity microstructure, typical of expansive 
soils, by considering two levels of structure interacting. A one-way interaction between these two levels 
constitutes an additional plastic mechanism that adds to the plastic macro-strains computation. 

(ii) The input data for the model may present shortcomings. Whereas elastic strains are governed by elastic 
compressibility coefficient obtained from the observed oedometric studies, plastic strains are computed from 
the derivatives of the yield surface and the plastic potential. Their shapes can be investigated through triaxial 
tests, which are not often performed in experimental studies of bentonite. In the modified BBM implemented 
in ICFEP two fitting parameters for the shape of the yield surface and the plastic potential could be 
calibrated, nevertheless the lack of available data leads to assuming an associated Modified Cam Clay 
ellipse. This could be an unrealistic assumption and a source of error that spreads, throughout the 
constitutive relationships and hardening law, from the strains to the stresses. 

 

Conclusions  

A numerical study of MX-80 bentonite confined hydration has been carried out. Results have been satisfying 
in terms of hydraulic, but not accurate for the mechanical aspect of behaviour, as the swelling pressures are 
overestimated. Given the expansive nature of the material, the constitutive model employed, a modified 
Barcelona Basic Model, has been used outside its limits of applicability. Hence the results can be improved 
by updating the framework to a form of a BExM-type model that takes into account the double porosity 
structure of swelling clays. However additional improvement could also come from refining the model 
calibration with more laboratory data, especially triaxial tests that would help to better define the yield surface 
shape. 
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Abstract 

The paper aims to present the methodology used for free release of the materials arising from 
the VVR-S reactor decommissioning, as well as some practical examples for this methodology.  

From decommissioning process of a nuclear reactor are arising important quantities of materials 
which are potential radioactive wastes. The role of the free release of materials from regulatory 
control is to demonstrate that the radioactivity contained in a large part of these materials is 
below the norm limits.  

 

Introduction  

The Magurele (Romania) VVR-S nuclear reactor is a research reactor with a maximum thermal power of 
2MW, and distilled light water as moderator, coolant and reflector. After 40 years (1957-1997) of successful 
operation, the reactor was starting in 2010 the first stage of decommissioning. Between 1997-2010 years the 
reactor was kept in conservation process. Based on the radiological characterization of the reactor block [1] 
we can appreciate that more than 80% of these materials can be released. 

 

International recommendations 

The international organizations provide special care to free release of materials from regulatory control by 
following a set of recommendations and guidelines, based on radiological risks, and special dedicated to this 
process. Both, International Atomic Energy Agency (IAEA) and European Union (EU) standards and guides 
[2][3][4][5][6][7][8][9][10][11][12], are periodically updated in order to reduce the radiological risks of public 
environment and workers. 

 

Free release Romanian Norms 

The National Commission for Nuclear Activities Control (CNCAN) is the national authority competent in 
exercising the regulatory activity, authorization and controlling the nuclear field. The CNCAN’s norms [13][14] 
for free release of the material are complying with the international recommendations. 

 

Methodology for free release of the materials resulting from reactor  

The free release of materials is conducted within an appropriate program of quality assurance in order to 
demonstrate the compliance with the release levels specified in Norms for release from regulatory control of 
materials within nuclear authorized practices (NDR-02) [14].The radionuclide inventory of reactor contains 
neutron activated materials and surface or bulk contaminated materials.  

 

Neutron activated materials 

Gamma spectrometry or gross gamma activity measurements are usually performed for measuring the 
specific activity of activated materials. High resolution gamma spectroscopy (HRGS) analysis and low 
resolution gamma spectroscopy (LRGS) is done. 

For gross gamma counting measurements is used a CCM grind box monitor with plastic scintillation 
detectors. The monitor use Cobalt Coincidence Method spatially focusing and has no cross-sensitivity 
against interference from ambient dose rate. 
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Surface and bulk contaminated materials 

Surface contamination surveys are performed using both scans and static direct measurements. Smear 
samples can also be used for non-fixed contamination indirect measurements.  

Alpha and beta radiation measurements are mainly performed using scintillation detectors, proportional and 
Geiger-Muller counters. In some case, where large concrete surfaces or soils have to be monitored to low 
levels for unrestricted release, gamma spectrometry might be performed. Gamma gross counting can be 
performed with plastic scintillators or an inorganic scintillator such as NaI(Tl). 

The methodology used for free release of materials includes three stages [15]. 

Preliminary stage consisting in:  

(i) physical description of materials; 
(ii) collecting and evaluating information concerning the materials location and operating history; 
(iii) evaluating and documenting the contamination or activation potential and the nature of 

contamination.  

The purpose of this stage is the material classification according to U.S. Nuclear Regulatory Commission 
NUREG 1761 [16] in one of the three classes of potential contamination or/and activation. 

Decision stage – take into account previously classification having the following tasks:  

(i) selecting of monitoring techniques;  
(ii) selecting the instrumentation;  
(iii) data analysis and interpretation;  
(iv) comparison with legal limits. 

Regulatory body reporting stage - consist in documentation preparing and obtaining of approval from 
regulatory body for those materials that meet the criteria stipulated in Radiological Safety Fundamentals 
Norms (NSR-01) and NDR-02. 

 

Practical examples 

To illustrate the methodology used for free release of the materials arising from the decommissioning of the 
VVR-S reactor are selected three practical examples: 

Materials with high potential of surface contamination – cast iron lids of the reactor block. 

Materials with high potential of bulk contamination - concrete result from scarifying the floor of 
the pump room. 

 Material with high potential of activation and surface contamination - experimental horizontal 
channel discs.  

 

Conclusion  

Free release methodology applied to nuclear decommissioning of the VVR-S Magurele reactor, complies 
with Romanian standards and international recommendations that regulate the nuclear industry.  

Take into account that materials resulted from decommissioning process of a nuclear reactor are potential 
radioactive wastes, it is very important to demonstrate that the global activity of a large part of these 
materials is below the limits and are free released from regulatory control. Until now almost 300 tons of 
materials were released from regulatory control. 
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Abstract 

Characterization of the microstructure and pores in fine-grained geo-materials like mudstones is 
challenging because of their heterogeneity and small pore sizes. Combining Broad Ion Beam 
(BIB) polishing and Scanning Electron Microscopy (SEM) enables the visualization of 
microstructure and pores from millimetres down to a few nanometres in size. In the SEM, the 
BIB-polished section is mapped at high magnification with various detectors and the different 
features are segmented and quantified using image processing algorithms. This technology is 
applied on undeformed and naturally or experimentally deformed rock samples to analyse the 
strain behaviour of potential host rock formations of nuclear waste such as the Boom Clay and 
Callovian-Oxfordian Clay. Application of BIB-SEM in combination with Wood’s Metal Injection 
allowed imaging the connected pore space in fine-grained rocks like the Boom Clay and 
Ypresian Clay. The in-situ fluid distribution of saturated rocks can be imaged by applying BIB-
SEM at cryogenic conditions. These applications aim to increase understanding in deformation 
mechanisms, sealing capacity and transport properties of fine-grained materials.  

Introduction  

Fine-grained geo-materials like clays are considered as potential host rock formations since they have a high 
sealing capacity due to their fine grain size and small pores, typically below the micrometre. The 
microstructure and pore space morphology control to a large extent the deformation mechanisms and the 
storage and sealing capacity. For a comprehensive understanding of this relationship, and also of 
complementary bulk porosity and permeability measurements, accurate characterization of the 
microstructure and pores by imaging is required. Moreover, artefacts like (micro-) cracks due to core 
damage, sampling, storage, preparation and drying influence these measurements and should be corrected 
[1]. Due to the high variability of the mineral fabric and the small pore sizes, advanced imaging techniques 
need to be considered. Micro–Computed Tomography (µCT) is a valuable tool to image the 3D distribution 
and morphology of grains and large pores (typically above the micrometre) but cannot image the small pore 
bodies and throats (see Belgium paper). Focused Ion Beam (FIB) milling and Scanning Electron Microscopy 
(SEM) tomography visualizes the 3D microstructure and pores but the sampled volumes are often not 
representative and imaging the nanoscale pore throats remains a challenge. Here, Broad Ion Beam (BIB) 
polishing followed by SEM imaging allows imaging a sample size comparable to µCT at the same resolution 
as FIB-SEM; hence BIB-SEM links these two complementary techniques to each other. Moreover, by using 
Wood’s Metal Injection (WMI) followed by BIB-SEM the connectivity of the pore space can be deduced over 
a relatively large sample area of several millimetres [2]. In this contribution we present applications of BIB-
SEM with the aim to improve deformation and transport models in fine-grained rocks.  

Methods  

Broken or mechanically polished surfaces show too much topography or artefacts that complicate the 
interpretation of the microstructure and the pores (Fig. 1a). To avoid this problem BIB polishing is used. 
Subsamples of up to a several centimetres in size from cores, deformation or WMI experiments are prepared 
for the BIB polishing by keeping the orientation of the bedding in mind. During BIB polishing the samples are 
bombarded with Argon ions, either at low angle, known as surface polishing or at high angle, known as slope 
cutting. Surface polishing removes a thin layer of material of about a few micrometres over an area of 
several cm2. Slope cutting removes about 100 micrometre of material but the polished area is smaller, 
typically 1-4 mm2. The BIB polishing leaves a flat, planar and damage free cross-section that can be imaged 
in the SEM (Fig.1b). Fresh, saturated samples can be prepared and imaged by applying Cryo-BIB-SEM [3]. 
This technology is not limited to rocks only, but can also be applied on for example cement or salt (Fig. 1c 
and d).  
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Proposed method for semantic mapping of communities of practice in 
the nuclear industry for alignment of education 

V. Kuo 

Aalto University, Doctoral Researcher 

Abstract 

There are great challenges gauging the relevance of knowledge, skills and competences 
(KSCs) provided in nuclear education and that of the industry needs. This is amplified by the 
difficulties within industry to efficiently identify the KSC typology depicted by the professional 
communities of practice (CoPs) within organizations. This study proposes a method using 
machine learning techniques, namely textual latent semantic analysis and hierarchical 
clustering, to visualize typologies of CoPs. This enables the efficacy of learning outcomes to be 
better assessed with respect to industry KSC requirements inherent within the industry CoPs. 

Introduction 

Nuclear educational organizations play a cardinal role in the development knowledge, skills and 
competences (KSCs), first-hand through the provision of relevant and effective learning outcomes. However, 
due to the divide between academia and industry, there has been great challenges to consistently assess 
the relevance of learning outcomes and need for adjustments, for instance, due to learning outcomes that 
may no longer serve a purpose, or new and emerging knowledge fields that are becoming more pertinent 
than before. Great challenges also involve the nuclear industry’s ability to effectively and systematically 
identify and represent their KSC constituents, and thus requirements from education, amid the human 
resources of professional organizations, notwithstanding the difficulties in processing textual data in which 
KSCs are typically represented. 

Nuclear industry organizations are vastly knowledge-driven and value is created through different domain 
knowledge communities within the organization known as communities of practice (CoPs), where continual 
developments in expert learning occurs among its members. The CoP perspective was introduced by Lave 
and Wenger [1] who proposes the situated nature of learning, in which individuals acquire professional 
expertise, leading to membership in a group of people sharing common knowledge, skills and competences. 
CoPs are inherent amid human interactions in organizations and may not even be evident at all to its 
members, because a CoP “need not be reified as such in the discourse of its participants” [2], are not stable 
or static entities, and evolve over time as new members join and others leave [3]. This definition underlines 
the dynamic nature of CoPs and thus the difficulties in mapping them, which is fundamental for assessing 
the alignment of KSCs provided in education, according to industry needs. 

This paper describes a proposed method to map KSCs of CoPs using latent semantic textual processing 
techniques and hierarchical clustering. The results are visualized for ease of interpretation. In this short 
paper, a simple example is given to illustrate the logic. 

Methodology: Latent Semantic Analysis 

Latent semantic analysis (LSA) is an automatic statistical technique for extracting and inferring relations of 
expected contextual usage of words/terms in passages of discourse. It uses no humanly constructed 
dictionaries, knowledge bases, semantic networks, grammars, syntactic parsers, or morphologies and takes 
input from raw text parsed into words (terms) and separated into meaningful passages (documents). 

 Textual parsing and term-document matrix 

The example from Kuo (2015) is provided again, this time, each of the passage of text represents the 
descriptions of the KSC pertaining to one expert practitioner in an organization (Figure 1). The example is 
thus a semantic representation of KSCs of 11 experts as 11 documents. Such input data can be abundantly 
acquired and aggregated from organizational documentation/databases (such as CVs, emails, project 
records, timesheets, human resource repositories etc.). Note that the one-sentence representations of each 
expert’s KSC is only for sake of simple illustration – the document/text for each expert can indeed be any 
length, or can be labelled with existing classifications if any. 
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Figure 1: 11 Expert documents parsed into 56 unique terms 

Each “document” is parsed into “terms” (Figure 1) and a term-document matrix (ixj) is set up, containing the 
number of times term i appears in document j. 

Singular value decomposition, Dimensionality Reduction and Cosine Similarity 

The term-document matrix undergoes Singular Value Decomposition (SVD), to infer the patterns within the 
matrix. SVD is a linear algebra function where a matrix A of dimensions nxm is decomposed into the product 
of three other component matrices U (nxn), S (nxm) and VT(mxm). The middle S matrix is a diagonal matrix 
containing scaling values in descending order along the diagonal of the matrix and the U and V matrices are 
thus regarded as all the constituent patterns that determine the original matrix A. The columns in U and V 
are orthonormal vectors arranged in descending order of significance from left to right. 

Dimensionality reduction is carried out to remove noise (small irrelevant patterns) inherent in natural 
language. This step is done by removing column vectors from U and V starting from the least significance. 
This corresponds also to the same number of diagonals retained in the S matrix. The number of dimensions 
to keep can be determined by plotting the singular values of the S matrix against the number of dimensions 
[5]. One may choose the number of dimensions where the singular values decrease substantially (an elbow 
of a plot) indicating the point where the patterns become insignificant. 

The reduced U and V row vectors represent the semantic space of the terms and documents. Thus a 
similarity function can be used to measure semantic correlations between term-term, document-document, 
and term-document relationships. The cosine similarity function works well empirically [6] and is widely used 
for vector matching in many applications. Cosine similarity is denoted by the cosine of the angle between two 
vectors a and b and can be calculated by dividing the dot product of a and b by the product of their 
magnitudes. The cosine similarity between vectors of the reduced U and V matrices equates to semantic 
similarity between them. Since this process is automated, it allows the system to calculate similarities upon 
query and retrieve similar terms and and/or documents from the database. 

Results/Discussion  

The results of the latent semantic analysis allow each document and term to be represented as one 
semantic vector of the same dimension. Therefore, the relationships between vectors can be determined 
based on their semantic similarities. In this particular use case, it is of interest to see the relationship 
between different documents, representing the KSC profiles of each expert in relation to another, thus 
revealing the CoPs on different levels of abstraction. Visualization as a cosine similarity matrix is useful for 
quick inspection (Figure 2 left). Figure 2 (middle) shows the same matrix rearranged after undergoing 
hierarchical clustering to reveal possible communities of documents placed adjacent to one another, 
therefore representing the typology of CoPs, qualified by the semantic similarity of the textual descriptions of 
each expert’s KSCs. Figure 2 (right) shows the same results of the hierarchical clustering visualized as a 
dendrogram, where the vertical axis indicates the semantic distance between the documents, or groups of 
documents, they connect. Simple inspection of the rearranged matrix can show evident communities (broken 
lines in Figure 2 middle) on the lowest level of abstraction formed by D2 and D10; D9 and D11; or D10, D1 
and D9. On a slightly higher level D2, D10, D1, D9, and D11 can form one community, with D6, D3, D5, D4, 

Nr Documents Terms

D1 The behaviour of barriers in the geological disposal of spent nuclear fuel  behaviour, barrier, geological, disposal, spent, nuclear, fuel

D2 Nuclear emergency response planning based on decision analysis nuclear, emergency, response, planning, decision, analysis 

D3 Ageing of concrete structures in Finnish rock caverns as application facilities 

for nuclear waste 

ageing, concrete, structures, Finnish, rock, caverns, application, 

facilities, nuclear, waste

D4 Solute transport modelling of  geological mul -barrier disposal system  solute, transport, model, geological, multi, barrier, disposal, 

system, 

D5 Fire simulation models for radiative heat transfer and probabilistic risk 

assessment 

fire, simulation, model, radiative, heat, transfer, probabilistic, 

risk, assessment, 

D6 User interface for supporting operators' awareness in nuclear power plant 

control rooms

user, interface, support, operator, awareness, nuclear, power, 

plant, control, room

D7 Systems usability concept for control room design system, usability, concept, control, room, design 

D8 Interactive multi-criteria decision support - tools for practical applications interactive, multi, criteria, decision, support, tool, practical, 

application, , 

D9 Fuel performance modelling in nuclear power plant  fuel, performance, model, nuclear, power, plant 

D10 Code for Nuclear Fuel Cycle Analysis code, nuclear, fuel, cycle, analysis 

D11 Nuclear power plant procurement contracting in risky projects nuclear, power, plant, procurement, contract, risk, project 
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Time-dependent mechanical and transport behaviors of Callovo-
Oxfordian argillite 
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Abstract 

An experimental study was carried out on the time-dependent mechanical and transport 
behaviors of the Callovo-Oxfordian (Cox) argillite, the geological barriers for high-level 
radioactive waste disposal in France. Six coupled one-step creep tests under the same 
confining pressure 6MPa and different deviatoric stresses were proposed to investigate the 
effect of deviatoric stress on the evolution of creep deformation and gas permeability in creep 
process. Another three multi-step creep tests under confining pressure (Pc) of 2, 6 and 12MPa 
were carried out to investigate the effect of confining pressure (mean stress). The results show 
that the creep strains can be enhanced by both the deviatoric and mean stress. The mean 
stress can reduce importantly the permeability of the Cox argillite but the deviatoric stress 
shows no evident effect. The gas permeability of the Cox argillite keeps decreasing when 
deviatoric stress is smaller than 84% of its peak strength at confining pressure of 6MPa. The 
structural anisotropic effect is also discussed according to the experimental results. 

Introduction  

Callovo-Oxfordian (Cox) argillite has been confirmed to be used as the geological barriers for the high-level 
radioactive waste disposal in Bure of France after two decades of investigations. This type of claystone is 
constituted mainly of quartz, calcite and clay minerals such as illite, smectite and illite/smectite[1, 2]. The 
porosity of the Cox claystone is at the range of 14%-18% and its water content in situ is about 6%-8% in the 
excavated formations[3, 4]. Due to the long-term requirements of the underground radioactive waste 
repositories, it is necessary to investigate the time-dependent mechanical and transport behaviors of the Cox 
claystone. The present study introduces the experimental results of a series of coupled triaxial creep tests on 
the Cox claystone with gas permeability measured in concurrence of the time-dependent deformations. 

Methods  

The coupled tests were carried out in an autonomous and auto-compensated hydromechanical testing 
system designed at the Laboratory of Mechanics of Lille (LML). The testing system[5] consists of three 
independent components, respectively for deviatoric stress loading, confining pressure application and 
interstitial pressure generation and monitoring, which are assembled around a triaxial cell.  

The coupled creep experiments were carried out in the following steps:  

(a) Check the testing system to make sure its functionality and install the sample at the base with a filter 
paper and a filter plate at each sample end, and then seal the sample in a plastic jacket from the 
pressure chamber of the triaxial cell; (b) Apply the confining pressure at the rate 0.5 MPa/min to a given 
level such as 6MPa and maintain it; (c) Inject the inert Nitrogen gas to keep both inlet and outlet 
pressure as 0.9MPa; (d) Augment 0.95MPa of the confining pressure to allow the effective confining 
pressure as i.g.6.0MPa in the process of gas permeability measurement; (e) Make the sample saturated 
in gas with constant pressure 0.9MPa to allow the gas pressure of the inlet and outlet reservoir in 
equilibrium at 0.9MPa; (f) Close the valve between the upstream and downstream reservoirs, and then 
inject a pressure pulse 0.1MPa at the upstream reservoir and cut off the nitrogen gas supply. The initial 
upstream pressure is thus 1.0MPa; (g) Wait till the upstream and downstream gas pressure to be in a 
new equilibrium state (Pressure in final equilibrium) which allows the calculation of the gas permeability 
by pressure decay method, and then go on to the next measurement; (h) Augment the confining 
pressure to another planned value, and repeat step (e) to (g) to measure the corresponding permeability 
for each planned confining stress; (i) Load the deviatoric stress to the expected creep level and then 
maintain the stress to realize material creep, and repeat step (e) to (g) to measure the permeability 
evolution in the creep process; (j) For multi-step creep tests, after the stabilization of the creep at the 
former creep step, repeat step (i) till final creep failure occurs. 
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Before the coupled creep tests, conventional triaxial tests were carried out in prior to determine the peak 
strength of the Cox argillite under different confining pressures. All the samples were tested at relative 
humidity of 59% corresponding to a desaturation state in the excavation damaged zones in the galleries. 

Results/Discussion  

 

Figure 1: Strains and permeability variation of Cox argillite with deviators in perpendicular direction 
of bedding plans during one-step creep. 

 

Figure 2: Strains and permeability variation of Cox argillite with deviator in parallel direction of 
bedding plans during one-step creep. 

The results of the three coupled one-step creep tests with deviators in perpendicular and parallel directions 
are shown respectively in Figure 1 and Figure 2. Both the axial and radius strains as well as the permeability 
are given in time space. It is shown in Figure 1 or 2 that the material strains augment and the permeability 
decreases at a decreasing rate during the one-step creep process. As shown in Figure 1, the strains of the 
creep tests with deviators of 82.5% peak is much larger than those of 69.2% peak and 57.1% peak. This 
phenomenon indicates that the deviatoric stress can enhance the creep strains of the Cox argillite when 
loaded in perpendicular directions. However, the deviator shows no evident effect on the permeability 
evolution of the Cox argillite. Similar findings can also be found in Figure 2 for the deviators loaded in parallel 
direction of the bedding plans. By comparison of the material strains in Figure 1 and 2, one can find the 
strains of the Cox argillite are much larger when deviators are loaded in perpendicular directions than in 
parallel directions.  

Thus, the creep deformations of the Cox argillite can be enhanced by the deviatoric stress and they exhibit 
an anisotropic effect when deviators loaded in different directions. However, the deviatoric stress shows no 
evident effect on the permeability evolution of the Cox argillite during creep process.  

The strains and permeability evolution of the three multi-step creep tests with Pc=2, 6, 12MPa are shown in 
Figure 3. The corresponding loading paths of the tests are given in Figure 4 in which the permeability is also 
shown in axial strain space. It is shown evidently in Figure 3 and 4 that the strains are importantly enhanced 
and the permeability is greatly reduced by the confining pressure (mean stress). The permeability in multi-
step creep tests experiences firstly a decreasing phase when deviatoric stress is low and secondly an 
increasing phase when the deviatoric stress surpasses a certain level. Since gas permeability is very 
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sensitive to the creation and development of micro-cracks in the rocks, one can deduce that the turning point 
of permeability from decreasing to increasing corresponds to the creation of new micro-cracks in the Cox 
argillite during the creep process.  

 

Figure 3: Strains and permeability variation of Cox argillite during multi-step creep. 

 

Figure 4: Stress and strains relations and permeability variation in axial strain space. 

 

Conclusion  

Both deviatoric stress and mean stress can enhance the creep deformations of the Cox argillite. Deviatoric 
stress in one-step creep exhibits no evident effect on the permeability evolution while the mean stress can 
induce an important reduce of permeability. Creep strains show a structural anisotropic effect but the 
permeability not. Permeability keeps decreasing in one-step creep, and it experiences firstly a decreasing 
phase when deviatoric stress is low and secondly an increasing phase when the deviatoric stress surpasses 
a certain level corresponding to the creation of new micro-cracks in the Cox claystone. 

Acknowledgments  

Supports from the French “Agence National Déchets Radioactive” (Andra) are gratefully acknowledged. 

References 

[1] Liu Z, Xie S, Shao J, Conil N. Effects of deviatoric stress and structural anisotropy on compressive creep 
behavior of a clayey rock. Appl Clay Sci. 2015;114:491-6. 

[2] Andra. Referentiel du site Meuse-Haute Marne. Paris: Andra; 2005. 

[3] Andra. Dossier 2005: CDROM Argile – plaquettes, synthèse, tomes, référentiels et glossaire. 2005. 

[4] Andra. Recherche et développement à l’Andra pour les projets de stockage. Paris: Andra; 2012. 

[5] Liu ZB, Shao JF, Hu DW, Xie SY. Gas Permeability Evolution with Deformation and Cracking Process in 
a White Marble Under Compression. Transp Porous Media. 2016;111:441-55. 

  

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

0 100 200 300 400 500 600 700

ε₁ Pc=6MPa ε₃ Pc=6MPa ε₁ Pc=2MPa
ε₃ Pc=2MPa ε₁ Pc=12MPa ε₃ Pc=12MPa
k Pc=12MPa k Pc=6MPa k Pc=2MPa

ε (%)

T (h)

k (m2) 10-18

10-20

10-19

0

10

20

30

40

50

60

70

-2 -1 0 1 2 3 4

q (MPa) k (m2)

ε₁ (%)

10-18

10-20

10-19

ε3 (%)

k - ε₁ (Pc=12)

k - ε₁ (Pc=6)

k - ε₁ (Pc=2)
q - ε₁ (Pc=12)

q - ε₁ (Pc=6)

q - ε₁ (Pc=2)

q - ε₃ (Pc=12)

q - ε₃ (Pc=6)

q - ε₃ (Pc=2)



2nd Petrus-OPERA Conference on Radioactive Waste Management and Geological Disposal 
 

67 
 

 

Experimental and digital characterisations of the hydro-mechanical 
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Abstract 

The MX80 powder/pellets mixture is one of the candidate sealing plugs used in deep radioactive 
waste disposal because of its swelling properties and operational advantages (lower 
compaction effort, reduced gaps between the rock and the seal). The present work focuses on 
the microscopic scale of the material, which is studied using several techniques (MIP, µ-CT and 
SEM observations). From MIP results, a typical bimodal distribution was found for both pellet 
and powder. However, a shifting of the mean size diameter of pores of the pellet was observed 
at lower suctions. From µ-CT observations, a heterogeneity was revealed in the internal 
structure of the pellet: heterogeneous density distribution of the clay minerals and presence of 
several high density elements.  

Introduction  

In situ compacted MX80 powder/pellets mixture is one of the candidate sealing materials for deep 
underground repositories, not only because of its low permeability, high swelling capacity and high 
radionuclide retardation properties but also for its operational advantages (lower compaction effort, reduced 
gaps between the rock and the seal). Once installed in the repository, these sealing materials will be subject 
to coupled hydro-mechanical loadings: hydration due to the infiltration of pore water from the natural barrier 
and mechanical confinement resulting from the engineered barriers. It is therefore essential to understand 
their behaviour under such loadings when assessing the overall repository safety. 

In this context, the French Institute of Radiation protection and Nuclear Safety (IRSN) has launched the 
SEALEX project (SEALing performance Experiments) to which this work is related. SEALEX is dedicated to 
(i) test the long-term hydraulic performance of sealing systems in normal conditions for different core 
compositions (MX80 bentonite pellets/powder or sand/MX80 mixtures) and conditionings (pre-compacted 
blocks or in-situ compacted), (ii) quantify the impact of intra core geometry (construction joints) on the 
hydraulic properties of sealing systems, and (iii) quantify the effect of altered conditions (decrease of swelling 
pressure caused by the failure of the concrete confining plugs) on the performance of the sealing system. 
The current work focuses on the mixture of MX80 bentonite powder and pellets with a proportion of 20/80 in 
dry mass used in the last two SEALEX in-situ tests. 

It is well documented that the macroscopic behaviour of expansive soils is related to its microstructure (e.g. 
[1]). For this reason, several investigations have been carried out on the microstructure of bentonite-based 
materials by several methods [2], including mercury intrusion porosimetry (MIP) and scanning electron 
microscopy (SEM, ESEM). [3] carried out several MIP tests on samples of pellets of FEBEX bentonite under 
different conditions. For a single pellet (ρd = 1.95 Mg/m3), a bimodal distribution was observed.  

These common techniques require a preliminary dehydration of the samples, often by freeze-drying. 
Moreover, they provide local observations of a part of milimetric samples.  These results may be 
complemented by the use of microfocus X-ray computed tomography (µ-CT). This non-destructive 3D 
technique provides high-resolution observations of samples at a representative scale without pre-treatment. 
Interactions in the microfabric of a 50/50 pellet/powder mixture of FoCa clay at a dry density of 1.36 Mg/m3 

were observed during hydration under constant volume conditions by [4] using microfocus X-ray computed 
tomography. The evolution of the dry density of the sample was studied, but the scale considered was not 
suitable for investigating the microstructure of a pellet of bentonite.  
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This paper deals with an experimental investigation aimed at studying microstructural features of the 
pellet/powder mixture. µ-CT observations were carried out, together with the MIP and SEM results for further 
microscope investigation of the material.  

Materials and methods  

Investigated material 

The studied soil is a powder/pellets MX80 bentonite mixture with a proportion of 20/80 in dry mass. The 
bentonite comes from Wyoming, USA, with high smectites content (80%) and some inclusions of non-clayey 
minerals. Pellets were produced by compacting the powder of MX80 bentonite (as extracted in-situ) in a 
mould of 7 mm diameter and 7 mm high. Compaction was performed by applying an effort instantaneously. 
The fabrication water content is between 5% and 7% at a dry unit mass ρd = 1.998 Mg/m3 - 2.12 Mg/m3. The 
initial suction, s = 132.34 MPa,  was measured at the laboratory with a chilled mirror dew point hygrometer 
(Decagon WP4) and the initial water content, w = 7.25%, was determined after drying the sample (pellet) at 
105°C for 24h. The MX80 bentonite powder used for the mixture was produced by crushing pellets of 
bentonite. A water content of 3.17% was found after drying at 105°C during 24h. The initial suction, s = 190.9 
MPa, was measured with the chilled mirror dew point hygrometer (Decagon WP4).  

Methods  

The microstructure of the material was studied by several techniques: mercury intrusion porosimetry (MIP), 
scanning electron microscopy combined to energy-dispersive X-ray spectroscopy (SEM + EDS) and 
microfocus X-ray computed tomography (µ-CT observations). Firstly, the pore size distribution of both pellet 
and powder of MX80 bentonite was obtained on freeze dried samples. Then, several µ-CT observations 
were carried out on a pellet of bentonite at initial state and after swelling at 9 MPa of suction. Samples were 
scanned using 1440 projections on 360°. After the reconstruction, 1298 horizontal slices were obtained (16 
bit images; 1644x1292 pixels; voxel size of 4.41 µm). Finally, SEM combined to EDS was performed on 
freeze dried specimens in order to carry out a chemical characterization of a pellet of bentonite at initial 
state.  

Results/Discussion  

A pellet of bentonite was observed by X-ray computed tomography (µ-CT) at its initial state (s = 132.4 MPa 
of suction, w = 7.25% of water content, ρd = 2.12 Mg/m3 of dry density). Figure 1a presents two horizontal 
slices taken at different positions. Different grey levels are related to the absorption coefficient of the 
material, which depends on the density and the atomic number. Black level corresponds to void and white to 
high densities. Several elements of high density are observed everywhere (corresponding to white pixels). 
Moreover, several fissures are observed in the section corresponding to the upper part of the pellet (I). 
Another pellet of bentonite at 9 MPa of suction was analysed (this value of suction was imposed by vapour 
transfer from the initial state of the pellet). During wetting under free swelling conditions, the pellet 
experiences swelling deformation of 52% (ρd = 1.33 Mg/m3). The purpose was to study the evolution of the 
internal structure after hydration. Two horizontal sections (III, IV) can be observed in Figure 1b. A lot of 
fissures are observed due to free swelling in addition to the existence of several elements of high density.  

 
Figure 1: Microfocus X-ray computed tomography (µ-CT) observations of a pellet of bentonite at 

initial state (a) and after wetting at 9 MPa of suction (b).  

The µ-CT observations of a single pellet of bentonite were complemented using the SEM technique 
combined to EDS in order to further investigate the heterogeneous structure of the material and to identify 

a b 
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the higher density elements observed in a pellet of bentonite. An inclusion of pyrite is observed in Figure 2 
(based in a high sulphur-iron concentration). It has to be noted that the dimensions of this inclusion is not 
negligible compared to the size of the pellet.   

 

 
Figure 2: SEM picture taken on a pellet of bentonite at initial state (132.4 MPa of suction) + EDS 

results. Mineral inclusion pyrite. 

In order to complete the investigation of the microstructure of the material, several MIP tests were carried out 
on powder at initial state and pellets of bentonite equilibrated at different suctions (under free swelling 
conditions by vapour transfer technique from the initial state, s = 138.4 MPa). The cumulative curves are 
presented in Figure 3a. The final values of intruded mercury void ratio are lower than the soil total void ratio. 
Figure 3b shows the pore size distribution curve, where a typical bimodal porosity is observed for a single 
pellet of bentonite. Two structural distributions can be defined: (i) intra-aggregate pores (micro-pores) having 
a mean size of 0.015 µm for suctions higher than 9 MPa and (ii) inter-aggregate pores (macro-pores). For 1 
MPa, a shifting of micropores mean size is observed. The bimodal curve obtained for powder of bentonite at 
initial state is comparable to that of pellets.  

 
Figure 3: Cumulative porosity curves (a) and pore size distribution curve (b) for powder and pellets 

of bentonite at different suctions.  

 

Conclusion  

The µ-CT investigation of the microstructure of a pellet of bentonite provided complementary features that 
could not have been identified by MIP and MEB observations. A heterogeneity was revealed in the internal 
structure of the pellet, consisting in a heterogeneous density distribution of the clay minerals and presence of 
high density elements. From the pore size distribution curve, a typical bimodal distribution was obtained for 
both pellets and powder, which was an expected result due to the fact that powder is fabricated by crushing 
pellets of bentonite. New investigations are been conducting to study the hydro-mechanical behaviour of the 
mixture at a macroscopic scale.   
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Abstract 

The deep geological disposal concept is considered as a viable option for permanent disposal 
for high level radioactive waste. In this concept, the waste canisters are buried in a stable 
geological media with multi layer engineered barriers. The functionality of each component of 
such engineered barrier systems must be ensured for entire design period. Compacted 
bentonite-sand mixture is considered as a key component of such multi layer engineered barrier 
system. Considerable research has been carried out to evaluate the phenomenological 
evaluation of compacted buffer material on field scale and laboratory scale. The main objective 
is to predict the material behaviour over a large time span using constitutive modeling approach. 
Field scale experiments have their own pros and cons. In spite of economical issues, the major 
drawback is to control the repository relevant boundary conditions. In this regards, a small scale 
column experiment setup is designed at Ruhr Universität Bochum. The novelty of the 
experiment set up is the ability to control the thermal and hydraulic boundary conditions in a 
precise manner and to capture the transient profile of key state parameters like temperature, 
relative humidity, swelling pressure and water content.                
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Introduction 

The Japan Atomic Energy Agency (JAEA) is being carried out the Mizunami Underground Research 
Laboratory project in Mizunami city, central Japan. This laboratory is a purpose-built generic URL 
(Underground Research Laboratory) that is planned for a scientific study of the deep geological environment 
as a basis of research and development for geological disposal of high-level radioactive wastes. As part of 
the project, groundwater flow model has been developed using the commercial software ConnectFlow, which 
is capable to generate hydrogeological models but it cannot account for chemical processes. It is important 
to evaluate the effect of the cement materials present in the underground facility in the groundwater. 
Development of modelling method for understanding the temporal evolution of the concrete structures is a 
key process in the radioactive waste storage. 

The objective of this study was to develop a reactive transport model that reproduces the evolution of the 
hyperalkaline plume in the bedrock, which is supposed to be generated by the concrete degradation. The 
precipitation of secondary minerals can reduce porosity up to the point to induce important changes on 
hydraulic conductivity. 

 

Methods  

The reactive transport model have been developed using iCP (interface COMSOL-PHREEQC)[1]. 
COMSOL[2] is a commercial software that solves a large range of different process, such as flow or 
conservative transport, using the finite element method. PHREEQC [3] is a well-known program which can 
be used as a speciation program to calculate saturation indices, the distribution of aqueous species, and the 
density and specific conductance of a specified solution composition.  

The model developed is formed by the URL located in the middle of a “box” formed by granitic materials. The 
geometry and the spatial distribution of hydrogeological conditions (hydraulic conductivity and porosity fields) 
have been implemented in COMSOL from the ConnectFlow files (Figure 1 and Figure 2). The URL consists 
of two 500 m deep shafts and several galleries. In addition to concrete lining (blue area in the Figure 1), 
grout has been injected to minimize groundwater inflow volume. Grouted area matches with the volume in 
contact with concrete lining in this model (Figure 1).  

iCP uses COMSOL[2] to solve the flow and the transport. The chemical part is solved by PHREEQC. The 
groundwater flow model has been implemented using the Darcy’s law physics and the transport process is 
implemented using a custom physics interface named as Molal Solute Transport. 

The chemical composition of the grout is half of the portlandite and half of the CSH (1.67). This is a simplified 
composition taking into account the principal components involved in the alkalinity. The chemical 
composition of the groundwater has been obtained from Iwatsuki et al.[4]. Basically, this groundwater is in 
equilibrium with granites and has a pH of about 8.5. 

A total time of 10,000 years of reactive transport simulations have been performed. 
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Abstract 

World-wide appreciated strategy for the management and treatment of high level and long lived 
radioactive waste is to dispose it in a deep and stable geological formation. Microbial community 
present in the host or buffer material may compromise the effective performance and safety of 
waste disposal system. In the Czech Republic, bentonite from Černý vrch locality is planned to 
be used as a buffer material. Therefore, microbial community was analysed in two bentonite 
samples (homogenized and raw bentonite) from this source.16S rRNA gene was amplified 
targeting the variable V4 region and sequencing was performed using Ion Torrent platform. Both 
bentonite samples were inhabited by relatively similar bacteria. Beta and Alpha-proteobacteria 
dominated both samples. Moreover, chemolithotrophs including Thiobacillus, Gallionella and 
Nitrosomonas capable of oxidising NH3, Mn2+, Fe2+ and S2- were also present. 

 

Introduction  

The globally accepted strategy for the management and treatment of high level and long lived radioactive 
waste is to dispose of the waste in a deep and stable geological formation. The concept of the containment is 
based on a multi barrier system with different materials such as a metal container, bentonite and the host rock. 
The microbial community of the host rock or buffer material for the deep geological repository may 
compromise the effective performance and the safety of the radioactive waste disposal system [1]. Therefore, 
emphasis has been given to understanding the activity and diversity of microorganisms existing in repository. 
In the Czech Republic, bentonite from Černý vrch is planned to be used as a buffer material in the waste 
repository, however nothing is known about its microbial diversity. Therefore, our study is the first attempt 
made to investigate the structure of microbial community of the Czech bentonite. 

Methods 

Bentonite samples 

Czech Mg-Ca bentonite originated from Černý vrch locality. Raw bentonite was unhomogenized and has of a 
very rough texture. Homogenized bentonite was commercially obtained from Keramost a.s.; the product is 
called “Bentonite a montmorillonite” BaM”.  

Molecular analysis 

Genomic DNA was extracted from 10 g of bentonite. SDS was used to lyse the cells. Furthermore; lysis was 
combined with precipitation of extracted DNA with polyethylene glycol followed by the purification step using 
AXG-100 cartridges [1-2].Qubit 2.0 or Agilent 2200 tape station was used for the quantification of genomic 
DNA. 16S rRNA gene was amplified using primers 530F [3] and 802R [4] targeting the variable V4 region. 
Same primers carrying Ion Torrent adaptor sequences and unique Tag barcodes were used for the amplicon 
preparation.We used Ion Torrent platform for amplicon sequencing. The process consists of following steps: i) 
emulsion PCR, ii) enrichment, iii) sequencing carried out on a 314 chip using the Ion Torrent personal genome 
machine system, New-generation Sequencing (NGS) technology. 

Data analysis 

Sequence data were analysed by the pipeline SEED v. 1.2.3 [5]. Sequences with insufficient quality or 
mismatches in tags were removed from the dataset. All sequences with minimal read length 275 bp were 
clustered into operational taxonomic units (OTUs) and chimeric sequences were removed using UPARSE 
implementation in USEARCH 7.0.1090 [6] with a 97% similarity threshold. The consensus from each OTU was 
constructed from an MAFFT alignment [7] based on the most abundant nucleotide at each position. The OTUs 
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were identified and their environmental requirements were assessed by megaBLAST and BLASTn algorithms 
against GenBank nt/nr database.  

Result/Discussion 

The homogenized bentonite (BaM) and the raw bentonite samples from Černý vrch were more similar than we 
expected in terms of the microbial community structure based on OTU. Most OTUs were shared between the 
two samples.Out of 126 shared OTUs with a frequency higher than 10, only 18 of them had a very asymmetric 
distribution (the ratio between the two samples 1:10 or 10:1). 

Beta- and Alphaproteobacteria dominated in both bentonites. Chemolithotrophic bacteria with a possible 
corrosion capability were present as well, though in lower abundances (Table 1).Typical soil bacteria, including 
Massilia, Bradyrhizobium, Lysobacter, Methylocapsa, Microbacteriacea, Acidobacteria were also 
present.These bacterial taxa are also known to inhabit oligotrophic environments. 

Interestingly, chemolithotrophs that could utilize NH3, Mn2+, Fe2+, S2- as electron donors were present in 
relatively high abundances in both bentonite samples. Regularly it was Thiobacillus, Gallionella,  
Rhodobacteraceae and Nitrosomonas. This could be explained by slow and long-term adsorption of reduced 
compounds onto bentonite from the upper layers of soil in the Černý vrch mine and the consequent 
establishment of oxidative conditions during mining. 

Table 1: Results of the NGS amplicon analysis showing selected OTUs. Numerical Value represents 
the number of respective microorganism present. 

sample  type 

"BaM" homogenized 
bentonite 

raw bentonite determination 

OTU 

1 454 98 Thiobacillus sp. 

7 19 68 Gallionella sp.  
26 88 47 Rhodobacteraceae  
28 112 57 Arthrobacter sp.  

34 1 772 Phreatobacter sp.  
44 5 211 Aquabacterium sp.  
45 398 47 Xanthomonadaceae 

63 81 227 Nitrosomonas sp. 
67 395 1 Beijerinckiaceae 
68 315 44 Lysobacter sp.  
81 135 82 Microbacteriaceae 

89 67 71 Comamonadaceae 

95 23 72 Acidobacteria 
98 62 13 unclassified 

114 58 58 Nocardioides sp. 
157 67 10 Bacteroidetes 
214 75 3 Bradyrhizobiaceae 

 

Conclusion 

The microbial communities in the bentonite samples were relatively similar in both samples, although the first 
one was homogenized commercial material and the second one was raw bentonite sampled directly in the 
mine; in other words homogenization caused only small differences in the bacterial community structure. Beta- 
and Alphaproteobacteria dominated in both bentonite samples. Thiobacillus, Gallionella, Rhodobacteraceae, 
and Nitrosomonas capable of oxidizing NH3, Mn2+, Fe2+, S2- were present in both samples. 
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Abstract 

This paper presents the behaviour of compacted MX80 bentonite specimens when they are 
subjected at thermal and thermohydraulic gradients. The purpose of this work is to develop an 
improved understanding of heat and moisture movement in unsaturated clay barriers at 
temperatures above 100°C. Each specimen was statically compacted at 1.65 Mg/m3 and has 
dimensions of 300mm height and 100mm diameter. With the aid of a thermohydraulic column 
cell it was possible to apply boundary conditions that imitate the conditions in an underground 
repository. For the two on going tests undertaken in this study the applied temperatures were 
25°C and 150°C at the top and bottom of each specimen. For applying the hydraulic gradient, 
water injected from the top of the specimen at a pressure of 600kPa. The test results show that, 
the temperature along the depth of the specimen stabilized in about 3-10 days whereas the 
relative humidity did not equilibrate. The exposure of the specimen at thermohydraulic gradient 
manifested a greater axial stress than that of the thermal gradient.  

 
Introduction       
The current concepts for engineered barriers in high-level radioactive waste (HLW) repositories suggest the 
usage of unsaturated compacted bentonite blocks as a buffer material. Main functions of the buffer are to 
protect the waste containers from rock movements by being ductile and retard the migration of ground water 
and radio nuclides in a repository [1]. Bentonite has been widely considered as an engineered buffer material 
for deep geological disposal of radioactive wastes because of its low permeability, good swelling capacity, 
chemical buffering capability, etc. The hydrothermal conditions in the repository can trigger physical/chemical 
processes that affect the favourable properties of the buffer and can decrease its effectiveness to isolate the 
waste canisters from the biosphere [2].  

In order to investigate the behaviour of compacted bentonite when it is subjected at high temperatures and 
hydraulic pressures a multidisciplinary research programme commenced called SAFE Barriers project (a 
Systems Approach For Engineered Barriers). The experimental investigation of the thermal, hydraulic, 
mechanical and chemical behaviour of the bentonite when it is exposed at high thermal and hydraulic 
gradients and the improvement of existing numerical models for temperatures above the 100°C have been 
studied at Cardiff University.  

Properties of the MX80 bentonite 
Laboratory tests were performed on an industrial MX80 bentonite from Wyoming, US acquired by the TOLSA 
group. MX80 bentonite has a montmorillonite content around 85%. The initial water content of the bentonite 
was found to be 15.2% at ambient laboratory conditions. The liquid and plastic limits are 439% and 62% 
respectively. 

Experimental device 
The thermal and thermohydraulic tests were conducted in a column thermos/hydro/mechanical (THM) test 
device. The tests were carried out on compacted bentonite specimens. The experimental device used (Fig.1) 
is able to facilitate both thermal and hydraulic gradients. Three types of measurements can be taken during 
the testing period. Five relative humidity and temperature probes bored along the depth of the cell made 
possible to measure the humidity and the temperature along the depth of the bentonite specimen. The 
generated axial pressure can be measured at the top of the column device with the aid of a load cell and a 
plunger attached to it. 
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Experimental study of mechanical behaviour of compacted Czech 
Bentonite 75  

Haiquan Sun, David Mašín, Jan Boháč  

Institute of Hydrogeology, Engineering geology and Applied Geophysics, Faculty of Science, Charles 
University in Prague 

Abstract 

Compacted bentonite is often planned as an engineered barrier material between host rock and 
canister in nuclear waste disposal repositories thanks to its favourable swelling characteristics 
and low permeability. This study deals with the effects of initial dry density and vertical stress on 
the swelling behaviour of compacted bentonite under distill water infiltration. Conventional 
oedometer tests were carried out on bentonite from Czech Republic named Czech bentonite 75 
(B75).  One-dimensional swelling tests were performed on compacted bentonite with various 
initial dry densities to explore the influence of vertical stress and initial dry density on swelling 
strain. Results show that, for all the swelling deformation tests, the swelling strain decreases 
with increase of vertical load and decrease of initial dry density. The coefficient of primary and 
secondary swelling decrease with the increase of vertical stress. The swelling pressure 
determined by the swell-consolidation method is higher than that by constant volume method.  

Introduction 

The commercial Czech B75 bentonite extracted from the Cerny vrch deposit (north-western region of the 
Czech Republic), was used in this study. It is a calcium magnesium bentonite with a montmorillonite content 
around 60% and initial water content about 10%. Table 1 lists its physical parameters. The plastic limit, liquid 
limit, specific density of solid soils is 65%, 229%, and 2.87, respectively.  

Table 1: The physical parameters of B75 (Stastka et al., 2015)[1] 

Property Description 

Montmorillonite (%) 60 

Liquid limit (%) 229 

Plastic limit (%) 65 

Plasticity index Ip 164 

Particle density ρs (g/cm3) 2.87 

 

Methods  

The conventional oedometer apparatus was used for measuring the swelling deformation of Czech bentonite 
75. The compacted bentonite was performed in the standard fixed stainless steel ring, 50 mm inside 
diameter and 20 mm height. Silicone grease was applied to the inner wall of the stainless steel ring to reduce 
friction between the specimen and the wall. The filter papers were placed at top and bottom of specimen, 
and then following the porous stone. Once the compacted bentonite was introduced in the stainless steel 
ring, the prescribed vertical stress was applied immediately last for several hours until the deformation 
changed no more than 0.001mm in two hours. Then the distilled water was supplied to the specimen. The 
vertical deformation and time required from the start of water supplied were recorded.  For saturated 
oedometer test, the loading and unloading test continued after the swelling deformation tests. Eventually, the 
water content of the specimen was measured. The ASTM D2435/D2435M [2] standard recommends that the 
oedometer test data should be corrected for oedometer apparatus compressibility. The deflection of the 
apparatus was measured by substituting a smooth hard steel disk for the soil specimen before the 
experiment for all the test conditions. The detailed stress paths performed in the experiments presented in 
Fig.1. 
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Figure 1: Stress path of various experimental methods used in this research 

 

Results/Discussion  

The swelling strain is defined by  

       
0

100%
H

H
 
    

Where ɛ is the swelling strain(%) under prescribed load,  ∆H is the measured vertical swelling deformation 
and H0 is initial height of specimen before distilled water soaked. 

Fig. 2 followed by the method (Sridharan and Gurtug (2004))[3] presents the swelling strain vs. log of time for 
compacted Czech B75 with initial dry density of 1.25g/cm3. For all the tests, it can be observed the primary 
swelling phase starts after about 0.1-0.2h of distill water infiltration. It can be seen that the swelling strain 
increased rapidly at the initial stages, and it reached the asymptotic level eventually. For dry density ρd = 
1.25 g/cm3 with 0.98KPa vertical load (load only with top plate nearly equals to free swell), it will take about 
100 hours to reach equilibrium. For 50 KPa, it will need 50 hours. The higher the prescribed load, the shorter 
is the time required to the equilibrium state. 
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Figure 2: Swelling strain vs. log of time for compacted Czech B75 with initial dry density of 1.25g/cm3 

 

Conclusion  

(1) The swelling strain decreases with increase of vertical load, and increases with increase of initial dry 
density. The relationship of maximum swelling strain and applied pressure shows a linear function, which 
position depends on the initial dry density.  

(2) The swelling process of an initial stage, primary swelling, and a small secondary stage were observed for 
all the tests. The coefficient of primary and secondary swelling decrease with the increase of vertical stress.  
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Abstract 

The new synthesized material has been tested as a potential sorbent of uranium for the purpose 
of treating the liquid radioactive waste. The sorption batch-experiments were performed on 
polyamide material. The experiments revealed the ability of polyamide-GO to uptake uranium 
from the solution. 

Introduction 

The safe treatment and disposal of uranium, the key element for nuclear energy, is a worldwide 
environmental concern.  Sorption is one of the important methods for treatment of liquid radioactive waste, 
produced in the nuclear industry. Through sorption processes it is possible to transfer the radioactive 
contaminants from the liquid into a small volume of solid which can be than handled and disposed as a solid 
waste [1]. One of the potential solutions is using composite materials based on graphen oxide which 
previously confirmed their ability to remove radionuclides from solution [2,3]. In the presented study, the new 
nanocomposite material, polyamide-graphen oxide has been tested for potential use as a sorbent of uranium 
in radioactive liquid waste.   

 

Figure 1: SEM image of synthesized polyamide-GO.  

Methods  

Preparation of the material 

Graphen was prepared from natural graphite by exfoliation in ethylene glycole in high intensity cavitation field 
and pressure of 5 bar. Graphen sheets were subsequently cleansed by dialysis in destilled water and 
oxidised to graphen oxide (GO) by modified Hummers method which consist of reaction of graphen with 
H2SO4 H3PO4 a H3PO4 [4]. 

For the preparation of the composite polyamide-GO a polyamide PA66 from Sigma-Aldrich s.r.o.  was used 
The commercial PA66 was modified before the reaction with GO in the mixture isopropanol/water in 
autoclave for 24 hours and the GO water suspension was added at room temperature and mixed for 48 
hours. The final product was characterized by scanning electron microscopy (Fig. 1). 
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Sorption experiments 

Batch sorption experiments were performed on polyamide-GO in order to evaluate the sorption properties of 
the synthesized material. The sorption kinetic was tested by reaction of 1.5 ml of UO2(NO3)2 solution with 
0.01 g of sorbent for various contact time.  

Experiments for determining the sorption isotherms were carried out for defined time, being previously 
determined using sorption kinetic experiments.  1.5 ml solution volume was shaken in the closed vessels 
with 0.01 g of the studied material. After stirring, the supernatant was analyzed for U remaining in solution by 
means of UV spectrophotometry, using Arsenazo III method [5]. 

Sorption behavior was characterized by distribution coefficient Kd, defined by following relationship 

d
mass

volume
∙ mL/g , 

where cmass is the concentration of the sorbate adsorbed onto the solid phase, cvolume is the concentration of 
the sorbate in solution, V  [mL] is the volume of the liquid phase and m  [g] is the mass of the sorbent. 

The data were fitted to the Langmuir isotherm as follows: 

e
L∙ max∙ e

L∙ e
, 

where qmax is the maximum sorbate uptake  [mg/g], KL is the coefficient  [L/mol], ce is the equilibrium 
concentration of the solute  [mg/L] and qe is the adsorbed amount of the sorbate on the sorbent  [mg/g]. 

Freundlich isotherm is defined as 

e F ∙ e , mg/g , 

where KF and n are the characteristic constants. 

Results/Discussion  

The adsorption of uranium on the polyamide-GO occurs during the first few minutes. Fig. 2 (left) shows the 
dependence of percentage adsorption on contact time for U(VI). On the basis of previous results, a contact 
time of 24 h was set for subsequent experiments. 

 

Figure 2: Uranium sorption onto polyamide-GO, sorption kinetics (left), Langmuir and Freundlich 
isotherm models (right).  

 

The relationship between initial solution concentration and adsorbed amount of uranium is presented in 
Fig. 2 (right). Sorption of uranium to polyamide-GO is better described by Langmuir model (χ2 =9.4) then by 
Freundlich (χ2 =12). The parameters of the isotherm models are shown in the Table 1. Maximum sorbate 
uptake calculated from the Langmuir model corresponds to 21.8 mg/g. The distribution of sorbate between 
the solid phase and solution is described by distribution coefficient Kd 733.9 ml/g. 
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Table 1: Characteristics of Langmuir and Freundlich isotherm models. 

Langmuir Freundlich

qmax 0.083 n 3.8 

KL 5.3 KF 0.068 

 

Conclusion  

The new synthesized nanocomposite material has been tested as a potential sorbent for uranium. The 
sorption batch-experiments were performed on polyamide-GO to determine the sorption kinetics and 
isotherms. The sorption occurs during the first few minutes. The maximum sorbate uptake was calculated 
from the Langmuir equation and corresponds to 21.8 mg/g. 
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Abstract 

The aim of this work is to investigate the contribution of an elastic-damage model to describe 
the evolution and asymmetries sometimes noticed in the failure zone around tunnels. The 
numerical simulations for deep tunnels excavated in the Callovo-Oxfordian claystone showed 
that a damage mechanics model can explain certain phenomena regarding the localised shape 
and extension of this excavation-induced failure zone. 

 

Introduction 

The excavation of deep tunnels or wells in quasi-brittle rocks creates a damaged area whose shape and 
extension are important to determine the mechanical and hydraulic properties of the material around these 
structures. In general, the extension of this zone is estimated from a stress field calculated in elasticity or 
based on an elastic-plastic calculation ([1], [3]); if the first method does not take into account the 
redistribution of stresses due to irreversible phenomena, the conventional elastoplasticity modelling seems 
insufficient to explain the geometry of the failure zone encountered in some cases of deep structures in 
quasi-brittle rocks. Observations suggest that the phenomena of softening damage are crucial to the 
development of this zones and must be considered for geotechnical simulations. Even if the parameters of 
both models can be calibrated to reproduce the same stress-strain curves under load in monotonous 
compression, these models can lead to different results. Therefore, the near field response around a tunnel 
is investigated comparing elastoplastic and damage models. 
 

Andra (the French National Radioactive Waste Management Agency) is managing a feasibility study of the 
impact of a possible high-level and intermediate-level long lived waste disposal in the Callovo-Oxfordian 
claystone (COx). The Andra Underground Research Laboratory (URL) in Bure (Meuse / Haute-Marne 
Department, about 300 km East of Paris) is one of the tools used for this mission. Among numerous 
geotechnical surveys, important investigations on the failure zone around the drifted tunnels are performed. 
Figure 1 presents the location and plan of the Andra’s URL. The in-situ stress state at the main level (-490 

m) can be described as follows ([5]): a major horizontal stress H is oriented at N155°E. The vertical stress 

v  is nearly equal to the horizontal minor one  gZvh   12 MPa. The ratio hH  has an average 

value of 1.3. 
 

 
Figure 1: Meuse/Haute-Marne URL: location, geology and drifts network (grey: excavated among 

2004-2012, pink: excavated among 2012-2015). 
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Methods  

The simulations presented are performed with the numerical code Porofis ([4]) and executed on the 
geometry presented in Figure 2, representing the tunnel front plane. Firstly, the cavity was also meshed (2a) 
to produce the isotropic stress state reported in Table 2. Then, the material within was removed to simulate 
an (instantaneous) excavation (2b), adopting as input the output returned by the previous calculation, thanks 
to a proper tool developed in Porofis. The problem is simulated in plane strain (εzz = 0), with isotropic linear 
elasticity (E, ν) before the yielding occurrence, which is modelled according to the Drucker-Prager failure 
criterion:  

                                                               0, sin3 12   KhIJ                                                      (1) 

where sinα and K are the shear strength parameters. In Equation 1 the stresses are expressed in terms of 

the invariants I1 and J2 and the softening law  ,Kh  varies depending on the elastoplasticity or 

elastodamage models. The parameters were firstly calibrated by monotonic compression data provided by 
Andra reproducing the uniaxial compression model in Figure 3. 
 

Results and Discussion  

Firstly, a significant overview on the difference among the elastoplastic and the damage model is provided 
(Figure 2). A localised extension of the failure zone along 4 preferential directions, or lobes, is shown for the 
damage model (4b), compared to the classical circular extension of the plastic zone in the framework of 
elastoplasticity (4a). Other two simulations are presented adding, in the boundary conditions, the out-of-
plane stress σzz = -16 MPa (according to the in-situ stress state previously described [5]) and introducing a 
constitutive matrix which allows the damage to develop only in the tunnel front plane and does not affect the 
excavation axis (out-of-plane direction z) and the variable σzz. The results obtained (Figure 5) show a non-
uniform damage distribution at the tunnel walls (5a), already reported by in-situ observations ([2]). Then, if 
the problem is modelled with a weaker material, the damage variable may further develop assuming a 
localised extension and asymmetries (Figure 5b), according to, in principle, the result in Figure 4b.  
 

Table 2: initial stress state before the tunnel excavation. 

σxx [MPa] -12.0 

σyy [MPa] -12.0 

 

 
                                                          (a)                                               (b) 

Figure 2: (a, white) mesh adopted for the in-situ stress simulation (pre-excavation stage) and (b, 
grey) for the tunnel drifting and unloading stage. The red dots represent null displacements along x, 

the green along y. An isotropic normal stress σ = -12.0 MPa is imposed at the boundaries. 
 

 



 r

r
P

D

 
Figure 3: uniaxial stress-strain curve for the elastoplastic (unloading path P) and elastodamage 

softening model (unloading path D). 
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                                                      (a)                                              (b) 
Figure 4: comparison between the internal variable extension and values for the elastoplastic (a) and 

damage (b) softening models. 
 

 
                                                       (a)                                             (b) 

Figure 5: damage variable extension and values for the elastic-damage configuration with only in-
plane damage softening; effects of material weakening from (a) to (b). 

 

Conclusion  

The contributions of a damage model are presented to describe the shape and extension of the failure zone 
around tunnels for brittle rocks, which stress-strain curve under uniaxial compression is modelled with a 
softening plus residual (constant) function. A first approach to this problem with an elastodamage model 
leads to different results than those predicted with the traditional elastoplastic framework, taking into account 
dissymmetry phenomena caused by instability due to softening damage. This is intended as the evolution of 
a mechanical system where several developments are possible solutions under the effect of the same 
external load. Some solutions may correspond to stable responses induced by small perturbations, some 
others may not; this is the same notion of instability deeply studied for the buckling of beams or cylindrical 
pipe linings. These phenomena occurring for elastic structures can also occur for structures in a geological 
material with dissipative processes like damage. Nonetheless, other aspects, such as the fabric anisotropy of 
the material, will be taken into account as further developments of the current research work. 
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Abstract 

The operation of high-energy particle accelerators and the associated maintenance and 
dismantling campaigns lead to the unavoidable production of radioactive waste. Radioactive 
waste must be characterized radiologically to ensure appropriate disposal in the final 
repositories. Waste characterization includes establishing the complete list of radionuclides 
produced, called the “radionuclide inventory”, and a quantitative estimate of their activity. We 
describe here the process adopted at CERN to characterize low-level radioactive waste. 

The characterization process includes: 

1. the quantification of Easy-to-Measure (ETM) nuclides, such as gamma-emitters, via nuclear 
non-destructive analysis, 

2. the evaluation of Difficult-to-Measure (DTM) nuclides, such as beta-emitters, using 
radiochemical and statistical techniques, 

3. the estimation of Impossible-to-Measure (ITM) nuclides using Monte Carlo simulations and 
numerical approaches, where ITM means the measurement of their activity would require 
unjustified costs and effort. 

We support the description with an example of characterization of radioactive waste generated 
at CERN. 

Introduction 

In the present summary we briefly describe how to establish a radionuclide inventory and how to quantify the 
specific activity of significant radionuclides which are produced by activation in particle accelerators. To 
achieve this goal we developed a statistical method based on the so-called Scaling Factors [1] and 
Correlation Method [2]. A simplified workflow of the characterization procedure is given in Figure 1. 

 

Figure 1: Flow diagram of the characterization process. 

The next section introduces the various stages of the characterization process. A waste population of 
activated Copper is used as an example to illustrate the procedure in the results section. 

Methods 

At CERN, the first link in the chain leading to the disposal of radioactive waste is the identification of a batch 
of waste to be eliminated (waste population). We collect the relevant information (waste history and material 
composition) to build a radionuclide inventory based on potential activation scenarios. An activation scenario 
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is a combination of the chemical composition of the activated material, the beam energy, the position of the 
waste inside the accelerator tunnel and an irradiation and decay time. 

From the radionuclide inventory calculated we extract the list of measurable nuclides, including the reference 
gamma emitter (KN, Key Nuclide) and identify the nuclides which are Impossible-to-Measure. 

The correlation between the activity of a KN and DTMs is assessed by sampling the waste population, by 
measuring the specific activities of both Key Nuclide and DTMs and by calculating the experimental ratio of 
their activities: this ratio is called Scaling Factor SF [1] [3]. The correlation between a KN and ITMs is studied 
using the analytical tool Actiwiz [4], which is based on Monte Carlo simulations performed with Fluka [5] [6]. 
The calculated ratios of the activities of a KN and ITMs are called Correlation Factor CF [2]. 

We tested and compared multiple techniques to estimate representative SFs and CFs. The evaluation of 
Scaling Factors is performed using classical statistical methods such as linear regression or best average 
content estimators, based on the underlying distribution of SFs. Amongst the available statistical learning 
methods to estimate representative CFs, we focused on multiple linear models, regression trees and 
bootstrap aggregation [7]. We finally combined classical and statistical learning approaches to quantify the 
uncertainty of the overall characterization process. 

Results and Discussion 

We applied the new characterization approach to activated Copper, packaged in 87 drums (the weight of the 
waste population is ~8520 kg). The Copper was recovered from signal and power cables dismantled at 
CERN. After the Copper core was separated from the insulating layers, it was shredded and collected in 
drums for temporary storage. Limited information was available on the waste’s history. 

We considered a large number of activation scenarios to estimate the radiological inventory and the 
distributions of Correlation Factors. The scenarios considered include 14 chemical compositions, 6 beam 
energies (from 160 MeV of Linac 4 up to 7 TeV of the Large Hadron Collider), 7 locations inside the tunnel of 
the accelerators (from a position close to the beam line to points beyond shielding walls) and irradiation and 
decay times spanning from a fraction of the year up to 40 years. This choice is justified by the number of 
activation mechanisms which are common at CERN, including spallation, thermal neutron reactions and 
high-energy nuclear reactions with hadrons [8]. Table 1 presents the radionuclides inventory of the waste 
population, the experimental Scaling Factors and the calculated Correlation Factors. 

Table 1: Radionuclide inventory, average SFs and CF of the activated Copper population.  

 Half-life (years) ETM DTM ITM 

H-3 12.312  0.31 [0.19, 0.50]  

Na-22 2.603    

Ti-44 58.9    

Fe-55 2.73   0.24 [0.22, 0.26] 

Co-60 5.271    

Ni-63 100  0.57 [0.24, 1.34]  

Ag-108m 437.7    

Sb-125 2.757    

 

Amongst the expected ETM, we identified the Co-60 as KN because this nuclide is a gamma-emitter, it is 
systematically detected on all packages and its half-life is long with respect to the characterization process. 
The DTMs H-3 and Ni-63 were measured combining radiochemical analysis and liquid scintillation. Table 1 
gives the value of the experimental SF calculated as a geometric mean of the measurements above the 
detection limits. The use of the geometric mean is justified by the log-normal distribution of Scaling Factors. 
In parenthesis we give the confidence interval at k=1. The DTMs activity aDTM,i in the package i is calculated 
as the product: 

aDTM,i =  SF x aKN,i 

where aKN,i is the specific activity of the KN in the package i. 

The only ITM identified, the Fe-55, is estimated using calculations. Samples were collected to quantify the 
activity of Fe-55, but its activity was below the detection limits. An alternative technique to estimate ITMs is 
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the Mean Activity Method [1], which consists of applying the average measured activity of Fe-55, including 
values below the limit of detection, to each waste package. 

Table 2 shows a summary statistics of the specific activities of measured ETM (Co-60), calculated DTMs (H-
3 and Ni-63) and calculated ITM (Fe-55). The standard errors are used to estimate the overall uncertainty of the 
characterization process. 

Table 2: Specific activities of ETM, DTMs and ITM in the Copper waste population. 

 H-3 (mBq/g) Fe-55 (mBq/g) Co-60 (mBq/g) Ni-63 (mBq/g) 

Minimum 1.4 1.1 4.6 2.6 

Maximum 96.1 74.4 310 176.7 

Mean 13.6 10.5 43.9 25.0 

Standard Error of Mean (k=1) 1.2 0.9 3.9 2.2 

 

Conclusion 

We developed a general method for the radiological characterization of waste produced in particle 
accelerators, based on the well-known scaling and correlation factor techniques, which are widely used in 
nuclear power plants. The method consists of: 

1. estimating the list of radionuclides produced via Monte Carlo simulations or calculations 
2. establishing correlations between a gamma-emitter and difficult or impossible to measure nuclides 
3. quantifying the activity of nuclides either by measurement or by using scaling and correlation factors. 

The procedure is presently used at CERN to characterize low-level radioactive waste for its disposal towards 
the French low-level waste repository managed by the French National Agency for Radioactive Waste 
Management. 

The method proposed is of general validity and can easily be extended to other particle accelerators or 
research centres, where the activation mechanisms are comparable to the ones occurring at CERN. 
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