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Uncertainties in Long-Term Performance Assessment 
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 Will the repository be safe now and forever? 
 
• We cannot prove it 
• We cannot do experiments over more than a few years 
• We have to assess the safety by numerical modeling 
 
 
 But how do we know the simplified model 
 calculates the right results? 
 
• There are lots of uncertainties: model, scenario, parameters 
• Can we trust the model if it says the repository is safe? 
• Somehow we have to take the uncertainties into account ... 


 







Aleatory and Epistemic Uncertainties 
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Aleatory 
• latin: alea = dice 
• uncertainties due to 


random influences 
• uncertainties can be quantified 


but not reduced 


Epistemic 
• greek: ἐπιστήμη = knowledge 
• uncertainties due to 


lack of knowledge 
• often difficult to quantify 
• uncertainties can be reduced 


by performing research 
(measurements, theory, ...) 


• In principle, both types of uncertainties need different handling 
• Types cannot always be clearly distinguished 


 







Handling of Uncertainties in PA 
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1. Identify the uncertainties 
• Which kind of uncertainty? 
• How can it be handled? 


• Conservative approach 
• Multiple investigations 
• Flexible model 
• Parameter bandwidth and distribution 


2.  Quantify parameter uncertainties 
• Analyze knowledge 
• Consult experts 
• Parameter dependencies? 
• Assign distributions 


3. Perform probabilistic analysis 
• Many model runs with statistically varied parameters 
• Uncertainty analysis: Analyze the uncertainty of the model output 
• Sensitivity analysis: Analyze the model sensitivity to parameter variation 







Probabilistic Performance Assessment 
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Uncertainty and Sensitivity Analysis: Why? 
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Uncertainty analysis 
• Calculate bandwidth of possible model output 
• Assess probability of limit exceedance 
 
Sensitivity analysis 
• Identify “important” , “less important” and “unimportant” parameters 


• “importance” means:  
variation of the parameter value within its bandwidth has a considerable 
influence to the model output 


• Trigger research needs 
• Improve model understanding 
• Help us finding model or data errors by disclosing implausible model behavior 
 







Methods of Sensitivity Analysis 
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• Graphical methods 
• Provide visual insight to the model behavior 
• Can disclose sophisticated input-output relationships 


• Methods based on linear correlation or regression 
• Provide information on the direction of influence 
• Best adequate for linear or close-to-linear systems  
• Adequate for monotonic systems after application of rank transformation 


• Variance-based methods 
• Do not provide information on the direction of influence 
• Adequate for all kinds of models 


• Non-parametric methods 
• No implicit assumptions on model behavior 







Example: Generic Repository for LILW in Rock Salt 
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Hypothetical model based on experiences with the ERAM site 


GRS-developed software tool: RepoTREND 


• near field: LOPOS 


• far field: GeoTREND-POSA 


• biosphere: BioTREND 


AEB 
Sealed EC 


MB 
Mixing Region 


NAB 
Unsealed EC 


RG 
Partially backfilled mine openings  


without waste 


Connection to far field 


EC = Emplacement Chamber 


Cap rock Aquifer 


Biosphere 


Interface to Biosphere 


Dissolving 
Seal 
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Seal failure 


Seal isolating the waste emplacement chamber from the mine  
• Cementitious material  
• Chemically corroded by magnesium containing brine 
• Dissolution front travelling through the seal 
• Sealing effect lost almost instantly when the front reaches the end 


• sudden increase of output (dose) at some point in time 
• Time of seal failure determined by  


• initial permeability of seal material 
• magnesium content of brine uncorrodedcorroded


φ0, k0, µ0φ1, k1, µ1


L
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FE


𝜙𝜙1 ≈ 𝜙𝜙0      𝑘𝑘1 = 104𝑘𝑘0      𝜇𝜇1 > 𝜇𝜇2 







Graphical Methods 
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Log (Input Range of AEBConv [-])
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Correlation- and Regression-Based methods 
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11 Parameters
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Rank-regression: SRRC Rank-correlation: Spearman 


• Rank transformation applied 
• transforms monotonic to linear behavior 
• often improves performance of this type of methods on non-linear systems 







Variance-Based Methods 
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Calculation of first-order sensitivity indices: 


SI1𝑗𝑗 =  
Var(E 𝑌𝑌 𝑋𝑋𝑗𝑗 )


Var(𝑌𝑌)  


𝑌𝑌  is the entirety of model output values, 
𝑋𝑋𝑗𝑗  is the entirety of input values for parameter j, 
Var(E 𝑌𝑌 𝑋𝑋𝑗𝑗 ) is the expectation of 𝑌𝑌under the condition that 𝑋𝑋𝑗𝑗 is held constant. 
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Why is this Important Research? 
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• Probabilistic performance assessment is an essential part of the safety case 
• Sensitivity analysis is a subject of current mathematical interest 


• increasing computer performance 
• permanent development of new methods and techniques 


• Sensitivity analysis helps understanding the model behavior and can reveal errors 
• Repository models – especially in rock salt – have specific properties 


• discontinuities 
• wide span of possible output values 
• possibility of zero-runs 
• such models are normally not investigated by theoreticians! 


• theoretical findings and developments are only partly transferable to repository 
models 


• application of inadequate SA methods can lead to wrong conclusions 
• So far, the work has raised at least as many questions as answered ... 


 
 







Project MOSEL 
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Subject: 
• Identification and testing of modern numerical methods for sensitivity analysis with 


regard to final repository performance assessment 
Organization: 
• Gesellschaft fuer Anlagen- und Reaktorsicherheit (GRS) mbH,  


Braunschweig, Germany 
Collaboration with 
• Institute of Disposal Research, Clausthal University of Technology, Germany 
Sponsor: 
• The work presented is being financed by the German Federal Ministry for Economic 


Affairs and Energy (BMWi) under sign 02E10941 
 


Thank You for Your Attention! 
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Collaboration on Uncertainty Analysis 
Sandia’s perspective 


Jon C. Helton, Cédric J. Sallaberry, S. David Sevougian 
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Sandia’s position and interests 
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 Sandia has acknowledged and advocated the importance of uncertainty 
treatment for several decades and are strongly supportive of any 
collaboration in this field 


 Sandia was the lead laboratory for two large nuclear waste repository 
performance assessments (WIPP and Yucca Mountain), in which 
uncertainty analysis (UA) and sensitivity analyses (SA) were a key 
component for demonstrating safety confidence 


 Currently, we would like to focus our effort in three areas, described in 
more detail in the following slides: 


1. Presenting the current conceptual and computational approach developed 
at Sandia 


2. Sharing new techniques and testing their effectiveness 
3. Promoting the use of UA and Sensitivity Analysis SA for complex systems  







1. Presenting our current conceptual and 
computational approach for uncertainty treatment 
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 Sandia has developed a sampling-based methodology  and computational 
approach to incorporate aleatory and epistemic uncertainty into analyses 
for complex systems, such as geologic repositories for heat-generating 
waste 


 A special issue of Reliability Engineering System Safety (RESS) has been 
published  in 2000 to present the approach used for WIPP1 – Another one 
on YM has just been published in 20142 


 We would like to share our expertise via short courses, peer review 
publications and conference participation and presentations 


 We are also eager to learn in return from exchange and comments as well 
as comparison with approaches used by our German counterpart 


1 “The 1996 Performance Assessment for the Waste Isolation Pilot Plant” Reliability Engineering and System Safety Vol. 69, Numbers 1-3 (2000) 
2  “Performance Assessment for the proposed High-Level Radioactive Waste Repository at Yucca Mountain, Nevada ” RESS Vol. 122    (2014) 


http://www.journals.elsevier.com/reliability-engineering-and-system-safety/special-issues/ 
 
 


 



http://www.journals.elsevier.com/reliability-engineering-and-system-safety/special-issues/





Summary of Sandia’s expertise and interest 
on uncertainty treatment 
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 High Level characterization of complex system: Separation of aleatory 
and epistemic uncertainty. 


 Uncertainty characterization:  probabilistic approach, evidence theory 
(Dempster-Shafer), … 


• Distribution construction: construction via expert elicitation, frequentist 
approach, Bayesian updating 


 Sampling techniques: Simple Random Sampling, Latin Hypercube 
Sampling, Importance Sampling, Reliability Methods (DAKOTA package) 


 Uncertainty Analysis: estimate of output uncertainty and characterization 
via statistics over time or at selected time-step/condition.  


 Sensitivity analysis: correlation and regression (parametric and 
nonparametric) techniques at selected time-steps or over time 
 
 







2. Sharing and testing new uncertainty and 
sensitivity techniques 
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 As the interest in UA/SA grows among the scientific community, more 
sophisticated and promising techniques will be developed 


 We are regularly working on developing, learning and testing new 
techniques 


 Techniques we are particularly interested in include: 
• Non-parametric regression (“smoothing”) techniques such as locally 


weighted regression and recursive partitioning regression1. We would like to 
test them more formally, mainly on results from past WIPP and YM analyses.  


• We would be interested in testing the methods presented by D. A. Becker at 
the 3rd US-German workshop on Salt2


 such as the change of variables. 


• We thought also that some technical exchanges to exchange idea 
and define benchmark testing would be beneficial to all parties. 
See next slide on RESS special issue 


1: CB Storlie and JC Helton (2007). Multiple Predictor Smoothing Methods for Sensitivity Analysis: Example Results. Reliability Engineering and 
System Safety 93 (1), 55-77. 
2: D.-A Becker (2012) Investigations on Sensitivity Analysis of Complex Final Repository Models – 3rd US-German Workshop on Salt Research, 
Design and Operations, Albuquerque NM, (Oct. 2012)  



http://www.stat.lanl.gov/staff/CurtStorlie/mult_pred_examples.pdf





Information available in the YM special issue 
Reliability Engineering and system safety vol. 122 (2014) 
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 Description of several techniques to handle both aleatory and epistemic 
uncertainty in a computationally efficient way: each scenario (nominal, 
early failure, seismic, igneous) offered different perspective in treating 
aleatory uncertainty 


 Uncertainty and Sensitivity Analyses have been applied on an extensive 
set of data (radionuclide concentrations in various barriers, radionuclide 
mass released at different barrier boundaries, dose rate in the biosphere, 
etc.).  Stepwise linear regression was not always successful in explaining 
the variance in the output of interest. Good basis as a benchmark testing 
tool for new sensitivity analysis techniques.    







3. Promoting the use of UA and SA in complex 
systems analyses 
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 We are strong advocates of promoting uncertainty analysis (UA) and 
sensitivity analysis (SA), not only within the radioactive waste 
management community, but in any research and application field dealing 
with complex systems: 
 The development of special issues has had greater impact than single articles in the 


past. We recommend considering organizing any collaboration as a collection of 
suitable articles that could be published as a special journal issue (with a generic title 
such as “Uncertainty Management and Sensitivity Analysis in Repository Safety 
Analysis”.) RESS Editors in Chief have always been supportive of such initiatives 


 We also think that articles published in other fields dealing with complex systems 
involving uncertainty (nuclear power plant, petroleum engineering…) are important to 
broaden the perspective. 


 Finally, it is important to train future generations, especially considering that many 
university programs do not have a strong emphasis on uncertainty characterization and 
analysis in real world situations. Therefore, we fully support development and teaching 
of courses at university levels, as well as giving short courses and workshops (such as 
the SAMO summer school) 
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THM-coupled processes in rock salt  
with special attention to two-phase flow 
Benchmark of two different modelling approaches concerning the long-term 
analysis of THM-coupled processes in the near-field of a generic salt repository 
for high-level nuclear waste 
 
K.-H. Lux, U. Düsterloh, R. Wolters  
J.T. Birkholzer, J. Rutqvist, L. Blanco Martín 
 
5th US/German workshop on salt repository research, design, and operation 
Santa Fe, September 10th 2014  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Contents 


 Physical behaviour of rock salt 


 Constitutive model Lux/Wolters 


 Numerical simulation tools TOUGH-FLAC and FLAC-TOUGH 


 Benchmark 1:  
TSDE-experiment within Asse-mine in Germany 


 Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field of a 
generic salt repository for high-level nuclear waste 


 Conclusions & perspectives 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Physical behaviour of rock salt 


 Creep behaviour of rock salt under deviatoric stress conditions with 
transient, steady-state and tertiary creep phase 


 


 


 


 


 Damage behaviour of rock  
salt under deviatoric stress  
conditions exceeding the  
damage / dilatancy boundary 


Change of properties is 
used for monitoring and 
determination of  
dilatancy / damage 
 
I - compaction 
II - damage (micro) 
III - rupture (macro) 


source: Schulze et al. (2001) 
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4 
THM-coupled processes in rock salt  


with special attention to two-phase flow 


source: Lerche (2012) 
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 Sealing / healing behaviour of rock salt under suitable stress 
conditions 


source: Schulze et al. (2001) 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Physical behaviour of rock salt 


 Creep behaviour of rock salt is dependent on 
temperature → Lux (1984), Hampel (2006) 


 Damage behaviour of rock salt is dependent on temperature 
→ Langer (1980), Hampel et al. (2014) 


 Temperature changes lead to 
- thermally induced deformations 
- thermally induced additional stresses 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Physical behaviour of rock salt 


 Undisturbed rock salt is liquid and gas tight! 


 Connection of damage-induced microfissures creates 
micropathways within the damaged rock salt area → increase of 
secondary permeability 𝐾𝐾𝑠𝑠 > 0 𝑚𝑚2 and secondary porosity 𝜙𝜙𝑠𝑠 > 0 


source: Stormont (1990) 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Physical behaviour of rock salt 


 Damage of rock salt  
   
 reduction of bulk modulus 𝐾𝐾  
 
  increase of Biot‘s coefficient 𝛼𝛼 = 1 − 𝐾𝐾


𝐾𝐾𝑆𝑆
 


 Lab test results concerning the relationship between dilatancy, 
secondary permeability and Biot‘s coefficient are shown in  
Kansy (2007) 


 Biot‘s coefficient is used to calculate effective stresses, if pore 
pressure occurs 


ijFlijij p δασσ ⋅⋅−=′
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Physical behaviour of rock salt 


 Fluid pressure may open grain boundaries 
between rock salt grains 


 


 


 Lab investigations concerning the pressure-driven fluid infiltration 
process → Düsterloh (2009) 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Constitutive model Lux/Wolters 


 TM-coupled partial model 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Constitutive model Lux/Wolters 


 HM-coupled partial model 
- thermomechanically induced secondary permeability 


 


 


- hydraulically induced secondary permeability 


 


- Biot‘s coefficient 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Numerical simulation tools 
 TOUGH-FLAC and FLAC-TOUGH 


Based on same software 


Both simulators are based on different numerical schemes 


TOUGH-FLAC  
(Berkeley Lab) 


Sequentially coupled flow-geomechanics simulators 


TOUGH2 (fluid+thermal flow) 


FLAC3D (geomechanics) 


Can deal with large strains & creep processes 


Material-specific constitutive relationships available 


FLAC-TOUGH  
(TU Clausthal) 


Similarities 


Main difference 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Numerical simulation tools 
 TOUGH-FLAC and FLAC-TOUGH 


Flow problem is solved first (fixed-stress split method) 


P : pore pressure 
T : temperature 
Sl : liquid saturation 


k : permeability 
φ : porosity 
Pc : capillary pressure 


σ : stress 
ε : strain 
t : time 


Legend: 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Numerical simulation tools 
 TOUGH-FLAC and FLAC-TOUGH 


Mechanical problem is solved first (undrained split method) 


𝜎𝜎 𝑡𝑡1 , 𝜀𝜀 𝑡𝑡1 , 
𝑘𝑘 𝑡𝑡1 , 𝜙𝜙 𝑡𝑡1 , 


𝑃𝑃 𝑡𝑡1 , 𝑇𝑇 𝑡𝑡1 , 𝑆𝑆𝑙𝑙 𝑡𝑡1  


𝜎𝜎 𝑡𝑡2 , 𝜀𝜀 𝑡𝑡2 , 
𝑘𝑘 𝑡𝑡2 , 𝜙𝜙 𝑡𝑡2 , 


𝑃𝑃𝑃 𝑡𝑡2 , 𝑇𝑇𝑇 𝑡𝑡2 , 𝑆𝑆𝑙𝑙′ 𝑡𝑡2  


𝑃𝑃 𝑡𝑡2 , 𝑇𝑇 𝑡𝑡2 , 𝑆𝑆𝑙𝑙 𝑡𝑡2  


𝑃𝑃 𝑡𝑡2 ,  
𝑇𝑇 𝑡𝑡2 , 
𝑆𝑆𝑙𝑙 𝑡𝑡2  


𝜎𝜎 𝑡𝑡3 , 𝜀𝜀 𝑡𝑡3 , 
𝑘𝑘 𝑡𝑡3 , 𝜙𝜙 𝑡𝑡3 , 


𝑃𝑃𝑃 𝑡𝑡3 , 𝑇𝑇𝑇 𝑡𝑡3 , 𝑆𝑆𝑙𝑙′ 𝑡𝑡3  


𝑃𝑃 𝑡𝑡3 , 𝑇𝑇 𝑡𝑡3 , 𝑆𝑆𝑙𝑙 𝑡𝑡3  


𝑃𝑃 𝑡𝑡3 ,  
𝑇𝑇 𝑡𝑡3 , 
𝑆𝑆𝑙𝑙 𝑡𝑡3  


𝜎𝜎 𝑡𝑡4 , 𝜀𝜀 𝑡𝑡4 , 
𝑘𝑘 𝑡𝑡4 , 𝜙𝜙 𝑡𝑡4 , 


𝑃𝑃𝑃 𝑡𝑡4 , 𝑇𝑇𝑇 𝑡𝑡4 , 𝑆𝑆𝑙𝑙′ 𝑡𝑡4  


𝑃𝑃 𝑡𝑡4 , 𝑇𝑇 𝑡𝑡4 , 𝑆𝑆𝑙𝑙 𝑡𝑡4  


P : pore pressure 
T : temperature 
Sl : liquid saturation 


k : permeability 
φ : porosity 


σ : stress 
ε : strain 
t : time 


Legend: 
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with special attention to two-phase flow 


Numerical simulation tools 
 TOUGH-FLAC and FLAC-TOUGH 


 Optimum discretizations  
for geomechanics and  
flow are not necessarily  
the same 


 TOUGH2 requires a  
Voronoi discretization,  
even when the mesh  
deforms 


Geomechanics 
mesh 


Flow 
mesh 


Flow mesh is updated  
as geomechanics mesh 
deforms 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Benchmark 1:  
TSDE-experiment within Asse-mine in Germany  


 „Thermal Simulation of Drift Emplacement“ experiment  
(started in 1990) 


source: Final Report of BAMBUS I-Project 


source: Final Report of BAMBUS I-Project Design service power per heater: 6.4 kW 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Benchmark 1:  
TSDE-experiment within Asse-mine in Germany  


 Numerical model 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Benchmark 1:  
TSDE-experiment within Asse-mine in Germany  


 Benchmark results I (comparison of temperature evolution) 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Benchmark 1:  
TSDE-experiment within Asse-mine in Germany  


 Benchmark results II (comparison of deformation and compaction) 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Benchmark 1:  
TSDE-experiment within Asse-mine in Germany  


 Benchmark results III (dilatancy at t = 8 years after backfilling) 


Dilatancy [-] 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  


 Benchmark-scenario: 
Long-term analysis of  
a sealed emplacement  
drift containing a heat  
and gas generating  
waste canister and  
crushed salt backfill  
material 


 


 Used constitutive models: 
Lux/Wolters for the  
natural salt and a  
modified cwipp for the  
crushed salt 


 


 Modelling sequence: 
- primary state 
- excavation of the emplacement drift 
- waste canister emplacement and backfill of the drift 
- post-closure phase (100,000 years) 


 


source: Carter et al. (2011) 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results I: Crushed salt consolidation 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  


- Most of the backfill is reconsolidated after 20 years 
- Compaction is not uniform in space 
- Overall similar response 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results II: Evolution of EDZ 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results II: Evolution of EDZ 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results II: Evolution of EDZ 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results II: Evolution of EDZ 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results II: Evolution of EDZ 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results II: Evolution of EDZ 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results III: Evolution of infiltration zone 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results III: Evolution of infiltration zone 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results III: Evolution of infiltration zone 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results III: Evolution of infiltration zone 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results III: Evolution of infiltration zone 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results III: Evolution of infiltration zone 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Results IV: Long-term evolution of temperature, pore pressure and saturation 


Benchmark 2:  
Long-term analysis of THM-coupled processes in the near-field  


of a generic salt repository for high-level nuclear waste  


Overall similar response 


Key aspects well 
reproduced 


- Temperature evolution 
during compaction 


- Pore pressure evolution 
during compaction and 
gas propagation 


- Saturation evolution 
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THM-coupled processes in rock salt  


with special attention to two-phase flow 


Conclusions & perspectives 


 Conclusions 
- Numerical analysis of an in situ heater test has been performed using the two 


different simulation tools TOUGH-FLAC (LBNL) and FLAC-TOUGH (TUC) 
- Long-term evaluation of a generic salt repository has been performed using the 


two different simulation tools TOUGH-FLAC (LBNL) and  
FLAC-TOUGH (TUC) 


- Results of the benchmark exercises are very satisfying 
- Simulators TOUGH-FLAC (LBNL) and FLAC-TOUGH (TUC) include state-of-


the-art constitutive models as well as the capability to handle with large strains 
- Capabilities of the two simulators to evaluate the barriers integrity over time has 


been demonstrated including rock mass convergence, backfill compaction, heat 
production, gas production, 2-phase flow, infiltration (TH2M-coupled processes) 


 
 Perspectives 


- Optimization of the numerical approaches to model larger areas of a repository 
(3D configuration) 
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with special attention to two-phase flow 


Thank you for your attention! 


 


 


 


 


 


 


 


Thanks for great cooperation in the past.  
Hopefully, we can continue this cooperation in the future. 


Final picture? 
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Outline 


• Objectives of P&T Study 
• Fundamentals 
• Implication of P&T on Repository Footprint 


 Example: Repository Design According to VSG (salt) 
• Impact of P&T on Long-Term Safety 


 Relevant and Less Relevant Nuclides 
• Summary and Conclusions 
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Objectives 


• German Ministry for Economic Affairs and Energy (BMWi) and Ministry 
of Education and Research (BMBF) jointly launched a study on 
Partitioning and Transmutation (P&T) in summer 2012 to elaborate in 
detail: 
 
 the international state of the art in (P&T) and 
 the potentials as well as the chances und risks of implementing 


P&T in Germany 
 


• In this context several social scenarios were derived and the 
consequences of P&T were compared 
 


• Of particular relevance was an analysis of the implications of P&T on 
the waste management concept as well as on the disposal of 
radioactive waste in the light of the phase-out decision in Germany  
 


• DBE TECHNOLOGY GmbH and GRS investigated the consequences of 
P&T on the repository concepts (footprint) and on the long-term safety 
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Fundamentals 


• P&T processes 
 


• Type and amount of Spent Fuel considered for P&T 
 


• Relevant nuclides in P&T processes 
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P&T Processes (flow-chart) 


source: acatech, Berlin (2014) 
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Types and Amounts of Waste and SF (Germany) 


Spent fuel UO2 12,450 FE 6,415
MOX 1,530 FE 765
UO2 14,350 FE 2,465
MOX 1,250 FE 220


WWER-PWR UO2 5,050 FE 580 202
Total - - 10,445 2,120


Waste from CSD-V AREVA NC (F) 336
reprocessing CSD-V Sellafield Ltd. (UK) 63


CSD-V VEK (D) 16
Total 415


CSD-B AREVA NC (F) POLLUX-9 35
CSD-C AREVA NC (F) POLLUX-9 456


Total 906
Spent fuel AVR 152
of prototype and THTR 305
research reactors KNK II


Otto-Hahn
FRM II 30
BER II 20
Total - 511


Structural 
components of SF Total MOSAIK 2,620


308 Canisters


PWR


POLLUX-10


1,398


BWR 520


3,024 Canisters


POLLUX-9
565 Canister
140 Canisters


3,729 Canisters


4,1404 Canisters
8,141 Canisters


250,000 Fuel Element (Pebbles)
CASTOR® THTR/AVR611,878 Fuel Element (Pebbles)


-


-


4
52 fuel rods


approx. 120 - 150 MTR Fuel Elements
CASTOR® MTR 2approx. 120 MTR Fuel Elements


2,413 Fuel rods from 27 Fuel Elements
CASTOR® KNK


Basis for Data: Phase-out of Nuclear Energy Production until End of 2022 
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Types and Amounts of Waste and SF (Germany) 


Spent fuel UO2 12,450 FE 6,415
MOX 1,530 FE 765
UO2 14,350 FE 2,465
MOX 1,250 FE 220


WWER-PWR UO2 5,050 FE 580 202
Total - - 10,445 2,120


PWR


POLLUX-10


1,398


BWR 520


Basis for Data: Phase-out of Nuclear Energy Production until End of 2022 


P&T not applicable to: 
 
 Waste from Reprocessing  


 
 Spent Fuel of Prototype and Research Reactors 


 
 Structural Components of Spent Fuel  
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Mass Ratio of Radioactive Elements 


= 115 t 


= 20 t 


 Time needed for entire P&T processes: approx. 150 years 


stable fission 
products 
5.2% 


plutonium 
1.1% 
(ca. 150 t) 


minor actinides  
(Np-237, Am, Cm) 
0.2% 
(ca. 20 t) 


long lived 
fission products 
0.32% 


short lived 
fission products 
(Cs-137, Sr 90) 
0.2% 


uranium 
93.1% 
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Implication of P&T on Repository Footprint 


salt dome Gorleben: vertical cross section 







Bollingerfehr 09/2014 10 


Implication of P&T on Repository Footprint 


Repository design according to the 
Preliminary Safety Analysis for the 


Gorleben site 


Drift  
Disposal  
Concept 
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Implication of P&T on Repository Footprint 


reduction of repository footprint  
 max. 50% 


 


o emplacement fields for SF reduced  
 emplacement fields for waste from 
     reprocessing remain unchanged 
 emplacement fields for SF from 


research reactors remain unchanged 
 infrastructure remains unchanged 


 


Drift  
Disposal  
Concept 
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Impact of P&T on repository footprint 
Borehole  
Disposal  
Concept 
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Impact of P&T on repository footprint 


reduction of footprint  
 max. 33% 


o emplacement fields for SF reduced  
 emplacement fields for waste from 


reprocessing remain unchanged 
 emplacement fields for SF from 


research reactors remain unchanged 
 infrastructure remains unchanged 


Borehole  
Disposal  
Concept 
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Impact of P&T on repository footprint 


“Secondary” waste: 
• waste produced during P&T processes (150 years) 


 over the total operating period approx. 100,000 m³ waste with 
negligible heat production will be produced 


• Konrad repository not available for this waste 
 waste volume limited to 300,000 m³ 


• consequently an additional repository required 
 Size: one third of Konrad repository volume 
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Impact of P&T on long-term safety 
Potential radiation exposure in a 
repository in Opalinusclay 
 
 direct disposal of SF 
(relevant nuclides: C-14, I-129, Se-79, Cl-36) 


 
 
 
 


 vitrified waste 
(relevant nuclides: I-129, Se-79) 


 
 
 
 


 medium active waste 
(relevant nuclides: C-14, I-129, Se-79, Cl-36) 
 
(source: Nagra) 
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Summary and Conclusions 1/2 


• Even in case P&T were applied in Germany, a 
repository for heat-generating waste is needed for: 
 


 already existing heat-generating waste from reprocessing 
 spent fuel from research- and prototype nuclear power 


stations  and research reactors 
 heat-generating waste from reprocessing plants needed for 


P&T processes 
 


• One half of the original repository footprint remains 
unchanged (drift disposal concept); two thirds of the 
footprint in case of borehole disposal concept 
 


• One additional repository is needed for the disposal of 
the 100,000 m³ of secondary waste 
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Summary and Conclusions 2/2 


• Model calculations (brine pathway) in the course of 
the preliminary safety analysis Gorleben did not show 
any relevant release of radionuclides;  
 thus, P&T cannot provide any advantage in this regard 


 
• Applying P&T mainly leads to a transmutation of 


radionuclides which have been shown in transport 
calculations as less relevant for the long-term safety 
of repositories. 
 


• The amounts of fission and activating products 
relevant to the safety case will not be reduced by 
applying P&T, but rather increased. 
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Housekeeping 


5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Mönig 2 


Meetings 


 Kick-off meeting, Apr. 20, 2012, Paris (15 participants) 


 1st meeting Dec. 4, 2012, Paris (25 participants) 


 2nd meeting, Sept. 16, 2013, Berlin (32 participants) 


 3rd meeting, Mar 18, 2014, Paris (20 participants) 


 next meeting Feb. 26, 2015, Paris (to be confirmed) 


Current mandate terminates end of 2015 


 Renewal at annual IGSC meeting fall 2015 







Membership  


5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Mönig 3 


COVRA 
NRG 


SNL 
LANL 
US DoE EM, CFO 
Respec 
WIPP 


Ministry of Economics 


BGR                            IfG 
DBE Technology       KIT 
GRS                       TUC 
HZDR                       TUBS 







Accomplishments 
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Programme of Work  until 2015 (I) 


5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Mönig 5 


Common FEP catalogue for a HLW repository in domal / bedded rock salt 


Salt Knowledge Archive 


Mechanical Behaviour of rock salt 


 Re-consolidation of rock salt 


 Comparison of mechanical properties on flat bedded salt and steep bedded salt 


 Dilatant behaviour of rock salt 


 Creep of rock salt at low deviatoric stresses 


 Fluid flow models for disturbed rock salt 







Programme of Work  until 2015 (II) 


5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Mönig 6 


Thermodynamic aspects of brine chemistry 


 ABC Salt Workshops 


 Joint International Pitzer Database 


Microbial activities in rock salt 


 Report on existing data for microbial ecology in a salt repository 


 Identification of future work with potential relevance to safety case development 


Natural and anthropogenic analogues issues in rock salt 







Concluding Remarks 
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Salt Club is alive and active 


 already remarkable results achievd 


 ambitious work programme ahead 


Success depends on personal/institutional „devotion“ 


 sometimes challenging to endure (budget constraints) 


Concentrate work 


 try to provide tangible results 


Focus on scientific issues with impact on the safety case development for a 
repository in salt rock 
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Day 3 Technical Agenda 


September 10 – Wednesday 


08:30-09:00 Uncertainty analysis 
Collaboration on Uncertainty Analysis 
Sandia’s perspective 


D.A. Becker (GRS) 
S.D. Sevougian (SNL) 


Special Topics 


09:00-9:30 HM-modeling and  two-phase flow R. Wolters (TUCl) 
J. Rutquist (LBNL) 


9:30-10:00 P&T in the context of  waste management W. Bollingerfehr (DBE TEC) 
J. Mönig (GRS) 


10:00-10:30 Report on discussion results of the hydrology 
group (separate micromeeting) 


J. Wolf (GRS) 
K. Kuhlman (SNL) 


10:30-10:45 Break  


10:45-11:15 NEA-Salt Club update J. Mönig, Chairman (GRS) 
11:15-12:00 Proposals for future joint collaboration: 


German Perspective 
W. Steininger (PTKA), W. Bollingerfehr 
(DBE TEC) 


 Proposals for future joint collaboration:   US 
Perspective 


C. Leigh (SNL) 


12:00-13:00 Lunch  


Specially Scheduled Breakout Sessions 


13:00-17:00 To be selected C. Leigh (SNL) 


   


   


   


   


Day 3 Companion Event 
Nothing in particular is scheduled 


 





