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for modeling coupled processes
in the field of nuclear waste
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The Strategic Research Agenda (SRA; https:/ ublications/
eurad-sra} of the European Joint Programme on Radicactive Waste Management
(EURAD; https:/ w.ejp-eurad eu/) describes the scientiic and technical
domains and sub-domains and knowledge management needs of commaon
interest between EURAD participant organizations. Theme number 7 is
entitled “Performance assessment, safety case development and safety
analyses.” A list of research and development priorities and activities of
common interest to be addressed within EURAD for theme 7 have been
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EURAD-1: Review: GAS
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THMC processes
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Environmental Earth Sciences (2023) 82:42
https://doi.org/10.1007/512665-022-10675-4

EDITORIAL 4.’

Digitalisation for nuclear waste management: predisposal

and disposal
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Data and

Task 3: Structure Model Integration

e SubTask 3.1: Benchmarking
coupled processes and
computational performance

* SubTask 3.2: Inverse modelling,
sensitivity analysis and upscaling

e SubTask 3.3: Data and model
integration

Benchmarking Inverse Modelling

Sensitivity Analysis
Upscaling

Coupled Processes
Computational Performance

Bologna 09-11.09.2025 EURAD2 Annual Event — HERMES#DITOCO 8



Task 3: Compact

e SubTask 3.1: Benchmarking coupled processes and computational
performance

* coupled processes: Multiphysics + chemistry, L/ILW and HLW (combined repos)
* numerical methods
e computational performance (HPC)

e SubTask 3.2: Inverse modelling, sensitivity analysis and upscaling
* sensitivity analyses (variety of methods)
* inverse modelling (e.g. ROM)

e SubTask 3.3: Data and model integration

Bologna 09-11.09.2025 EURAD2 Annual Event — HERMES#DITOCO



Task 3: Integration

(U 4
e SubTask 3.3: Data and model B 512.3
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Model Hub
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Coupled Models
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Digital Twin

aborative platform for code development
data management

>>> Implementation

binder: providing the computational web-platform
docker: providing the software environment (Python et al.)

EURAD HERMES scientists team

jupyterhub
S’

git: version-management for repos (scientists + hermes)
jupyterhub: working environment for scientists

EURAD2 Annual Event — HERMES#DITOCO

Technical support team (UFZ+)
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github.com/user/my-benchmarks.git fetches

[~ benchmarks repository
my-notebook.ipynb —
* Dockerfile —
(1) creates digital
benchmarks
(2) supplies git url
scientist (3) running
JupyterLab
ith environmei
n a

with ment
d dat
(4) shares url |

¥ binder

binder.opengeosys.org

- checks if container for Dockerfile exists
- eventually creates Docker container
- hands over to JupyterHub

i

o o ®
Jupyter

- fetches docker container
- spawns a JupyterLab instance

|

Jupyter

reproduce, check & improve shared benchmark

everyone
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creates
container
to

Kubernetes cluster
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norative platform for code development
ata management

Technical layout and implementation
 Admin side (UFZ)

* Hardware#Software (UFZ server)
* github # jupyterhub # binder # docker

e Users side

* writing jupyter notebooks for
benchmarks (and later applications)

* UFZ/TUBAF will provide templates
* |local testing on users side
* pushing to hermes github (git)

* Part of the DigBen project (+BGR)

13
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European Partnership
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Model-Hub: Classic Benchmarks

M & McWhorter & Sunada Problem
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McWhorter Problem

— McWhorter and Sunada propose an analytical solution to the two-phase flow equation. A one-
dimensional problem was considered which describes the flow of two incompressible, immiscible fluids
through a porous medium, where the wetting phase (water) displaces the non-wetting fluid (air or oil) in
the horizontal direction (without the influence of gravity).
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Analytical solution

A detailed semi-analytical solution and a convenient tool for calculating the solution for different material
parameters can be found here
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* Two-phase flow in porous media
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numerical models
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Model-Hub: Lab Scale
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A 2D GREAT cell benchmark suite simulated using small deformation and LIE mechanical processes
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Model-Hub: URL Scale

Experiments

https://www.opengeosys.org/docs/benchmarks/reactive-
transport/co2injection/
https://www.opengeosys.org/docs/benchmarks/reactive-
transport/radionuclidesmigration/

Mont Terri

 Full Explacement (FE) >
minibenchmarks

 Cyclic Deformation (CD-A)

* Fault Slip (SP)

Reactive Transport Processes

* Non-isothermal Diffusion (DR-D)
e CO2 Injection into OPA (CL)

e Radionuclide migration (Cl)
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Highlights - Examples
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EURAD-2:
Networking / Build-on
THMC modelling
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Position paper on high fidelity simulations for coupled processes,
multi-physics and chemistry in geological disposal of nuclear waste
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Abstract

This opinion paper describes the major coupled T(Thermal)-H(Hydro)-M(Mechanical)-C(Chemical) processes in geologi-
cal repository systems and the frontier of related model development. Particular focus is made on the analysis of existing
approaches and open research questions with respect to the further development of coupled codes and models for realistic
multi-scale simulations of repository systems. These include the use of machine learning and artificial intelligence in
acceleration of computer codes: sensitivity analysis. inverse modelling and optimisation: software engineering and col-

laborative platforms for model development.

Keywords T-H-M-C processes - Reactive transport - High fidelity simulations - Surrogate models

Introduction

Safe geological disposal of radioactive waste relies on a
combination of engineered and natural barriers representing
a so called multiple barrier approach (Apted and Ahn 2017).
Natural barriers. e.g.. the host rocks, are chosen to provide
stable hydro-chemical-geo-tectonic conditions and to slow-
down a potential migration of radionuclides into the bio-
sphere. Depending on the thermo-hydro-chemo-mechanical
conditions provided by the host rocks, the system of engi-
neered barriers containing the waste is optimised to ensure
the mechanical integrity of waste packages, and to delay

(4 8. V. Churakov

sergev.churakovia psi.ch

Paul Scherrer Institute (PSI). Villigen. Switzerland
? BRGM, Orléans, France

Amphos 21, Barcelona, Spain

4 Belgium Nuclear Research Centre (SCK CEN), Mol,
Belgium

Helmholtz Centre for Environmental Research - UFZ,
Leipzig, Germany

CICA (Interdisciplinary Center for Chemistry and Biology)
& Civil Engineering School and Department, University of A
Corufia, Corufia, Spain

Institute of Geological Sciences, University of Bern, Bem,
Switzerland

possible release of soluble radionuclides into the host rocks
and biosphere (IAEA 2020).

The whats and whys of repository systems and
coupled processes

Based on its physical-chemical properties and radiotoxicity,
radioactive waste is grouped into Spent (nuclear) Fuel/High
Level Waste (SF/HLW) and Low-/Intermediate Level Waste
(L/ILW) (IAEA 2009). Accordingly. different concepts are
uscd for the design of the either waste repository types.

The SF/HLW is also referred to as heat emitting waste.
Depending on the inventory of spallation products and
the predisposal history of the SE its thermal output can
have significant implications for the time evolution of the
thermo-hydro-chemo-mechanical conditions in the reposi-
tory. The combination of thermal pulse, mechanical strain.
pore pressure build-up. solutes and moisture transport Ieads
to complex transient conditions (Seyedi et al. 2017). These
processes are coupled to chemical gradients and heteroge-
neous reaction fronts evolving in the engineered barrier sys-
tem (EBS) and even in the adjacent host rocks (Bildstein et
al.. 2019b: Leupin et al. 2016a).

L/ILW is typically immobilised by using a cement based
matrix (Qjovan et al. 2019). Other binders such as bitumen
and geopolymers have also been used or are being consid-
cred. Cementitious materials are known for their durabil-
ity, schiclding capability, mechanical performance and

@ Springer




Collaborative platform for code development

"
A
]
Tulro

* Collaboration maps
e within Tasks
* beyond Tasks
* beyond WPs
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Collaborative platform for code development
and data management

,Repo-Concept” (model repositories)

linking models (and data) to repository
modules ...

TR
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Mont Terri (Digital Twin)
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Back-up area
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