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Abstract

The long-lived radiotoxicity of the high-level radioactive waste generated by nuclear power plants requires safe isolation
from the biosphere for many hundreds of thousands of years. An international consensus has emerged that such isolation can
best be provided by disposal in mined geologic repositories, a strategy that today is pursued by most countries dealing with
radioactive waste. However, the need to predict the performance of such repositories over very long time periods generates
large uncertainties that have to be accounted for in safety assessments. The findings from such safety assessments need to
be conveyed to all stakeholders in a clear way, such that public confidence in geologic disposal solutions can be achieved. It
is suggested here that close international collaboration on the technical aspects of geologic waste disposal has helped, and
will continue to help, building trust and increasing confidence. This paper discusses a particular international collaboration
initiative referred to as DECOVALEX, which brings together multiple teams and disciplines to collectively tackle complex
experimental and modeling challenges related to geologic disposal. By describing how DECOVALEX works and by pro-
viding joint research examples, a case is made that such international collaboration contributes to knowledge transfer and

confidence building in radioactive waste disposal science.

Keywords Radioactive waste disposal - Numerical modeling - Clay rocks - Fractured rocks - Model uncertainties

Introduction

Perhaps the overarching technical challenge in the safety
assessment of geologic repositories for high-level radioac-
tive waste is that the performance of geologic disposal needs
to be demonstrated over time periods of up to one million
years which introduces considerable uncertainty in the safety
assessment (Ramana 2009; NWTRB 201 1; Birkholzer et al.
2012). Even the most stable engineered barrier materials
and geologic systems are subject to long-term changes (e.g.,
material degradation, overburden erosion, changing future
climate and hydrologic conditions) that can affect their
barrier function. In addition, the long-term evolution of a
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repository depends to a considerable degree on so-called
repository-induced effects, such as the construction of the
repository, the emplacement of engineered materials into the
host rock, the thermal energy emanating from the decaying
waste, or the production of gas from corrosion. Such effects
can generate complex perturbations and coupled thermal,
hydrological, mechanical, and chemical (THMC) processes
in the engineered barrier and natural rock system which in
turn can have both short-term and long-term impacts on
the rock properties important for radionuclide transport
evaluations (Birkholzer et al. 2019). An added complexity
stems from the multi-scale heterogeneity of natural subsur-
face environments which is often difficult to characterize
at the spatial resolution required for assessing waste dis-
posal facilities. Together, the challenge of understanding
and predicting the THMC processes occurring in complex
heterogeneous media over very long time-periods generates
inherent uncertainties that need to be characterized and, in
cases where the consequences of those uncertainties pose
significant challenges to meeting the safety criteria, need to
be minimized.
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Despite these challenges, national waste-management
organizations and international governance bodies such
as the International Atomic Energy Agency (IAEA) or the
Nuclear Energy Agency (NEA) largely agree that the burial
of high-level radioactive waste in mined geologic reposito-
ries is technically feasible, and that it can provide sufficient
protection to humans and the environment over extended
time periods (Birkholzer et al. 2012). However, this assess-
ment is not necessarily shared by all stakeholders, and issues
related to public distrust, inconsistent policies, or political
changes have challenged or disrupted disposal programs in
several nations (NAS 2001; Latourette et al. 2010). One may
thus argue that the assessment of radioactive waste disposal
solutions is only partially a science or engineering problem;
it is ultimately an exercise of (1) building confidence in the
technical adequacy of the assessment and (2) of developing/
maintaining trust in the organizations involved in radioactive
waste management, with the latter strongly dependent on the
success of the former (NAS 2001). Regarding building con-
fidence in the technical adequacy of the disposal system, it
is important that all technical stakeholders — implementers,
regulators, researchers — have a common understanding of
the complex coupled processes and how they impact long-
term safety so that consistent and sound technical decisions
can be made.

It is postulated here that international collaboration has
helped, and will continue to help, building trust and increas-
ing confidence in radioactive waste disposal, in several ways.
First, global cooperation on waste management policies and
strategies plays an important role in establishing consen-
sus on the principles of waste disposal, harmonizing safety
standards and best practices, and coordinating approaches
to effective public outreach and communication. The most
important international cooperation bodies are the Inter-
national Atomic Energy Agency (IAEA) and the Nuclear
Energy Agency (NEA). In part because of their consensus
building, there is a general agreement internationally on
the fundamental principles and ethical duties of radioactive
waste management, which require, for example, that future
generations shall not shoulder an undue burden from today’s
waste and shall not be exposed to greater levels of radiation
than are acceptable today (NAS 2001).

Second, international collaboration on the technical
and engineering aspects of geologic waste disposal leads
to fruitful cross-fertilization of ideas and methodologies as
well as sharing of knowledge and findings which in turn
can increase confidence in our collective scientific under-
standing. Such collaboration may, for example, involve joint
in situ experiments in international underground research
laboratories such as the Mont Terri facility in Switzerland
(Bossart et al. 2017) or it may involve cooperation on the
development of state-of-the-art simulation tools for predict-
ing performance as part of a safety assessment (NEA 2008).

@ Springer

Technical collaboration between international geologic dis-
posal programs is quite common and has been so for a few
decades. In some nations, like the United States, interna-
tional collaboration activities form a considerable portion of
the country’s disposal research portfolio (Birkholzer 2021).

This paper focuses on a particular international collab-
oration initiative referred to as DECOVALEX, a premier
example for building confidence in the technical adequacy of
geologic disposal via joint international research (Birkholzer
et al. 2019). What makes DECOVALEX unique among other
international collaboration initiatives is not only its longev-
ity (from 1992 to today) and its technical focus on coupled
processes and safety impacts, but also its open, supportive
environment that significantly contributes to confidence
building. DECOVALEX brings together experimentalists
and modelers to address key technical issues from a variety
of stakeholders’ perspectives, such as those from nuclear
waste management organizations, regulatory authorities,
research organizations, and academia.

DECOVALEX overview

DECOVALEX stands for DEvelopment of COupled Mod-
els and their VALidation Against EXperiments. Partici-
pants in this initiative focus on the complex perturbations
and coupled processes in geologic repository systems and
how these impact long-term performance predictions. Par-
ticipating institutions conduct joint research around mod-
eling tasks of importance in the field of radioactive waste
disposal. Typically, these tasks are proposed by one of the
initiative’s partners and are then collectively studied and
modeled by DECOVALEX participants such that results
can be compared, results discussed, differences assessed,
and uncertainties determined. Much insight can be gained
through this cooperative comparison of results from differ-
ent research teams using different model approaches, not
only on the effects of complex THMC processes, but also
on the strengths, weaknesses, and adequacies of the various
approaches and predictive models used by these research
teams (Birkholzer et al. 2019). In many ways, this approach
resembles what in other fields like the hydrological or cli-
mate sciences is referred to as “multi-model ensemble simu-
lations” which have been shown to perform better than even
the best-calibrated single-model ensemble simulations (e.g.,
Ajami et al. 2006; Deser et al. 2014).

Since initiation in 1992, DECOVALEX has been operat-
ing in several four-year phases, each phase featuring sev-
eral (typically three to seven) modeling tasks. Seven phases
were successfully concluded between 1992 and 2019, results
of which have been summarized in overview publications
(Tsang et al. 2009; Hudson and Jing 2013; Birkholzer et al.
2018, 2019; Birkholzer and Bond 2022) and a series of
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Special Issues in the International Journal of Rock Mechan-
ics and Mining Sciences (Vol. 32(5) in 1995, Vol. 38(1) in
2001, Vol. 42(5-6) in 2005, and a Virtual Special Issue in
2021), in the Journal of Environmental Geology (Vol. 57(6)
in 2009), in the Journal of Rock Mechanics and Geotechni-
cal Engineering (Vol. 5(1-2), in 2013), and in a 2018 Topi-
cal Collection “DECOVALEX-2015" in the Journal of Envi-
ronmental Earth Sciences. At the writing of this manuscript,
the DECOVALEX initiative is in its eighth phase, referred
to as DECOVALEX-2023 (Birkholzer 2021).

Over its 30 years of existence, DECOVALEX has
involved more than 30 international organizations and stud-
ied more than 40 modeling cases, the vast majority of which
have dealt with experimental data. The initiative has col-
lectively tackled a variety of the key processes important
for repository safety, with an emphasis on the perturba-
tions occurring during the earlier repository stages, and it
has done so for most of the major rock types considered for
hosting geologic repositories (crystalline rock, sedimentary
rock, indurated clays, plastic clays, and rock salt) (Birk-
holzer et al. 2019). A brief review of characteristics of the
DECOVALEX initiative that have been particularly success-
ful in confidence building is given below.

Task characteristics to support confidence
building

The collaborative research in DECOVALEX is conducted
in modeling tasks, which often have at their core the analy-
sis and simulation of experimental data, from laboratory
studies and/or in situ experiments. Tasks may also include
benchmarking steps where the performance of numerical
codes is first tested against well-defined test cases (or ana-
lytical solutions) to ensure that the numerical methods and
implementations are sound. And finally, tasks may advance
from experimental model comparisons or benchmarking
steps and apply the tested models to other predictive chal-
lenges of relevance to radioactive waste disposal, such as the
long-term prediction of coupled processes in geologic waste
repositories well beyond the temporal or spatial scale of the
benchmarks or experiments examined.

A few task examples are given below to illustrate DECO-
VALEX characteristics that contribute to building confi-
dence in the technical adequacy of geologic waste disposal,
by improving our collective understanding of complex sub-
surface perturbations and coupled processes, by developing
predictive models for these processes, by evaluating their
uncertainties, by recognizing areas for additional research,
and by emphasizing means of learning from each other and
knowledge sharing. All tasks, dependent on the subject mat-
ter being considered, exhibit some, if not all, of the charac-
teristics outlined below and summarized in Table 1.

Broad and comprehensive model comparison

The fundamental characteristic of all tasks is the inclusion of
multiple research teams, coordinated and facilitated by a task
leader with in-depth knowledge of the modeling challenge
and/or experimental data, and the establishment of an open,
supportive, and collaborative working environment. Such
an environment allows for model comparison in a broad and
comprehensive sense. This includes the modelers’ interpre-
tation of experimental data, selection of conceptual models
with possible alternatives, selection of boundary conditions,
rock and fluid properties, as well as choice of mathematical
model and numerical implementation. Based on the results
from such comprehensive model comparison, process under-
standing can be improved, uncertainties can be estimated,
key data needs are identified, and new model capability
developments may be undertaken (Birkholzer et al. 2019).

All DECOVALEX tasks exhibit this structure by design,
but the recent work for the ‘ENGINEER’ task in DECO-
VALEX-2019 demonstrated this confidence building meas-
ure very clearly in both design and output (Tamayo-Mas
et al. 2021). The task considers the extremely complex
problem of advective gas movement through compacted
clay barriers, with special attention given to the fundamental
mechanisms and controlling factors for gas migration, such
as gas entry and flow, migration characteristics, pathway
stability and sealing (Fig. 1). Gas migration in radioactive
waste disposal facilities is frequently of interest because
many national waste inventories contain substantial quanti-
ties of metal that can corrode, producing a variety of gasses.
Radiolysis and hydrolysis can also produce non-trivial gas
quantities. In sufficient quantities these gasses can exert con-
siderable influence over the thermal-hydraulic-mechanical
evolution of a disposal facility, as well as act as a transport
medium for some radionuclide species.

ENGINEER examined a series of highly instrumented
and well-constrained laboratory scale tests of gas injection
through compacted bentonite in different flow geometries.
In addition to observed stochastic behavior and complex
boundary conditions in the experiments, interpretation of
the experimental results was difficult because the conceptual
models for advective gas movement, as well as the funda-
mental physical processes operating, were highly uncertain.
This resulted in a wide variety of research team approaches
to simulating the experiments and results (Fig. 2), ranging
from continuum 3D multiphase representations to highly
abstracted lower-dimensionality representations of the sys-
tem, all with their own strengths and weaknesses.

The robust and open interactions of the research teams
allowed for many of the experimental uncertainties to be
addressed and treated in a consistent manner, to allow for
meaningful comparisons of approaches and results. As the
work progressed research teams tested, abandoned, and
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Table 1 DECOVALEX characteristics contributing to confidence building

Evaluation of alternative models used by multiple international teams,
comparison between models and with experimental data, discussion of
model agreement and discrepancies, improvement of models, estimation
of uncertainties

Broad and comprehensive model comparison

Well-designed modeling tasks starting with simple benchmark tests before
migrating to tasks of increasing complexity (e.g., complex experimental
data sets, calibration, blind prediction)

Progressive Complexity of Tasks

Focus on knowledge transfer between relevant scales: the micro-scale to
study fundamental processes of importance, the meso-scale to examine
process understanding in small field settings, the demonstration scale to
confirm behavior at the full scale of an emplacement unit, and finally the
whole repository scale to assess long-term safety

Evaluating Scale Dependence

Modelers benefit from first-hand knowledge of experimental conditions and
uncertainties. Experimentalists learn from comparative model evaluations
and receive insights about the need for new or improved experiments.
Both modelers and experimentalists benefit from enhanced conceptual
understanding

Close Integration of Experiments and Models

From Physics-Based Models to Reduced-Complexity Approaches ~ While the main focus is on physics-based modeling of coupled processes,
DECOVALEX also evaluates the use of simplified models of reduced
complexity that because of their fast simulation time are more amenable

to probabilistic performance evaluations

Scientific lessons are transferred across tasks, for example when tasks
address different host rocks. New concepts and methods are developed
through cross-fertilization

Knowledge Transfer Between Tasks

Open Collaborative Environment Conducive to Knowledge Sharing  DECOVALEX emphasizes knowledge sharing through various means,
including workshops, collaboration, publications, training, data, and
model sharing

v vy

fracture
tip o,

Fracture aperture

Gas inlet

i & g7 v\_Enve!ope of
; ‘% damage zone

auojsAejo pajeinies Jaje

¥ e

Advection and diffusion
of dissolved gas

Visco-capillary flow of gas and
water phase ("two-phase flow”")

Dilatancy controlled gas
flow ("pathway dilation”)

Gas transport in tensile
fractures ("hydro-/gasfrac”)

Fig. 1 Different processes contributing to gas migration in low-permeability media (Cuss et al 2014)

adopted different approaches. While the work did not con-
verge on a single methodology, the different approaches
became increasingly coherent with distinct commonality
in many modeling aspects; for example, the treatment of
micro-scale discontinuities either explicitly or implicitly
was clearly necessary for any success in representing the
experiments. Arguably the experience gained in this task
resembled the way scientific improvements feed through the
general scientific community, but on a much more acceler-
ated time scale and considerably more efficiently. Such an
approach allows the multiple approaches to be assessed in a

@ Springer

common framework, thereby building confidence and under-
standing not only in the individual approaches, but also in
the appropriate interpretation of the experimental data, and
in the process by which the conclusions were arrived at.

Progressive complexity of tasks

Another key feature of nearly all DECOVALEX tasks is
the progression from relatively simple to complex mod-
eling steps. This progression often starts with benchmark
exercises, either taken from the literature or developed
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Fig.2 a-g Example output from
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tasks then move into further applications whereby key chal-
lenges (usually developed from key safety functions for rel-
evant disposal concepts) can be addressed and examined.
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Such a progression has a practical as well as scientific
benefit. The practical benefit is obvious; a simpler starting
point allows for all teams, irrespective of their experience, to
participate and gain understanding of the problem in ques-
tion and develop their capabilities. The scientific benefit is
equally important; starting with simpler cases where full
comparison of the various methods and modeling tools is
possible is vital for building confidence before moving on
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to more complex cases, often using real data, where other
uncertainties can obscure fundamental (and unexpected)
inconsistencies between research team approaches. Without
such an approach there is a real danger of ‘building on sand’
and drawing unreliable conclusions from intercomparison
activities.

One example from a recent DECOVALEX phase has
employed this progressive complexity approach. For
DECOVALEX-2019, the ‘THM Upscaling’ task run by
the French radioactive waste management organization
ANDRA focused on the thermal-hydraulic-mechanical
(THM) response to heating a natural clay host rock (Seyedi
et al. 2021; Plda et al. 2021a). Such THM response is of
particular interest to the safety assessment of geologic dis-
posal because of the very strong coupling of fluid pressure
and mechanical evolution of the formation. The water in
the pores tends to expand more than the surrounding rock
skeleton for a given temperature change and, in extremis,
the elevated temperatures can induce tensile stresses which
has the potential to create fractures that may bypass parts of
the low-permeability clay formation around heat generating
waste. Hence understanding the fluid and mechanical evolu-
tion in a low permeability formation, such as being consid-
ered by ANDRA, is of key interest. The task started with the
well-known (but challenging) Booker and Savidou bench-
mark case for point heating and poro-elastic THM processes
before moving on to the interpretation of laboratory-scale
and in situ field-scale experiments (Seyedi et al. 2021). The
in situ experiments, performed in the Meuse/Haute-Marne
underground research laboratory in France, comprised a
medium-scale test with three parallel heater boreholes (TED
experiment) and a full-scale demonstration mockup of a sin-
gle emplacement micro-tunnel (ALC experiment, Fig. 3)
with many components of the waste emplacement system

planned for the future repository. Starting with reference
THM parameters selected from analysis of laboratory data,
teams were asked to calibrate their models against data from
the TED experiment. Using the calibrated models, teams
then conducted a blind prediction exercise and later com-
parison against the ALC data (Fig. 4), thereby testing appli-
cability of models to different scales and locations within
the underground research laboratory.

Such comparisons enable an objective comparison of pre-
diction uncertainty to key metrics (e.g., temperature change
and pore-pressure change for the ALC experiment). Having
multiple modeling teams participate allowed the evaluation
of the predictive uncertainty arising from a portfolio of mod-
els that had been conditioned against the same data with the
same access to system understanding and the same modeling
endpoints. While the same qualitative behavior was seen in
all models—thereby lending confidence that the same basic
process representation was consistent—there could be non-
trivial differences in timing and magnitudes of key processes
even with the same conditioning. Quantifying the resulting
model uncertainties via such in-depth comparison is valu-
able as it defines the level of confidence that can be applied
to predictive modeling of coupled processes for radioactive
waste disposal. By explicitly accounting for them in the tech-
nical safety assessment, stakeholders can be assured that the
consequences of those uncertainties do not pose significant
challenges to meeting the required safety criteria.

Evaluating scale dependence

The THM Upscaling task (Seyedi et al. 2021; Plda et al.
2021a) is also one of many tasks that demonstrate how
DECOVALEX evaluates approaches to scale dependence
of properties and processes. This case went from small

Fig.3 Three-dimensional layout
of the ALC experiment (Seyedi
et al. 2021), a full-scale dem-
onstration mockup of a single
emplacement micro-tunnel. The
heater experiment consists of a
micro-tunnel of 25 m length and
0.75 m diameter. The heated
part is located between 10 and
25 m deep and is made up of
five 3 m long heating devices.
shown in dark-blue color at the
bottom of the micro-tunnel.
Several monitoring boreholes,
both parallel and perpendicular
to the micro-tunnel, are depicted
as thin colored lines

b

((anDRA
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Fig.4 Comparison of numeri-
cal blind predictions from five
different modeling teams with
experimental pore pressure
data from the ALC experiment
(Seyedi et al. 2021). ALC1604
denotes the heater borehole.
Measurement locations (1)

and (2) are placed at different
locations along the length of the
same boreholes: (a) Borehole
ALC1616 with sensors 02 and
05 is located parallel to bed-
ding planes; (b) Borehole ALC
1617 with sensors 01 and 02 is

Pore pressure [MPa]

)
o
3

@
ALC1604

Pore pressure [MPa]

®
ALC1604

located perpendicular to bed-
ding planes. Temperature results 0
are not shown but gave a very (a)
good agreement

T
500

= Andra (1)
== Andra(2) -

— LBNL(1)
LBNL (2)

scale (cm scale) laboratory-scale measurements to a small
field-scale (TED experiment: 10 s of cm to m) and then
upscaled as a blind prediction against the ALC heater
experiment at the m to 10 s of m scale (Fig. 5). Perhaps
surprisingly, this case demonstrated that it was not pos-
sible to distinguish between the inherent variability of the
host clay formation and the variation in effective param-
eters across spatial scales. This result gave confidence to
move on to a ‘whole repository’ coupled processes rep-
resentation, including scales of interest from ~ 10 cm to
10 km. In addition to a coherent comparison of results
between the teams, variants were examined including
explicit representation of heterogeneity in processes and
illustrating sensitivities to key processes and parameters
at the scale directly of interest for a safety analysis (Plda
et al. 2021b). The development of such understanding is

Fig.5 Upscaling steps from

— NWMO (1)

Meso-scale TED Experiment (Calibrated Against Data)

T
1000
Time [Days]

T T
1000 1500

Time [Days]

500
(b)

— UFZ/BGR (1) o
UFZ/BGR (2) o

= Quintessa (1)
NWMO (2) =+ Quintessa (2) -

Measurements (1)
Measurements (2)

only possible because of the common process and learning
performed by all participating teams.

Close integration of experiments and models

As touched on in the previous examples, the link between
experimentalists and modelers is vital to the success of these
complex tasks. It is for this reason that DECOVALEX tasks,
wherever possible, include the experimentalists within the
tasks, often as a task leader and otherwise as a research
team member. Experimental descriptions in the published
literature tend to be quite condensed, to the point that some
information required by modelers using the data and test-
ing the proposed conceptual models might not be provided.
The direct inclusion of the experimentalists allows for in-
person two-way exchange of information, both in terms of

Repository-scale Modeling

small-scale field experiment
TED to full-scale demonstra-
tion experiment ALC to ‘whole
repository’ modeling. The TED
experiment consists of 4 m
long heating devices installed
at the end of three 16 m long
boreholes of 160 mm diameter.

The ALC experiment is a full-
scale demonstration mockup

of a 25 m long emplacement
micro-tunnel. The entire reposi-

tory is shown in the top right of A
the figure; it will cover a surface N
. 2 DN\
area of approximately 15 km*. \\ >
Images were provided by Andra Blind Prediction and ~~_
Comparison Against ALC l/

Blind Prediction and Comparison
Against Other Modeling Teams

@ Springer



Hydrogeology Journal

clarifying the experimental data and conceptual models, and
for the modelers to challenge and inform the experimental-
ists conceptual interpretation of the experimental results.
The ‘Fault Slip’ task during DECOVALEX-2019 provides
one such example of valuable interaction between experi-
mentalists and modelers (Rutqvist et al. 2020). This task
evaluated the conditions for slip activation and stability of
faults in clay formations, with focus on the complex coupling
between fault slip, pore pressure, permeability creation, and
fluid migration (Fig. 6). The movement of the fault triggered
by fluid injection was examined via a novel high-resolution
deformation probe installed across a well-characterized fault
zone in the Mont Terri underground research laboratory in
Switzerland. The potential for reactivation of large discon-
tinuities in the subsurface is of interest to both radioactive
waste disposal and other geoengineering applications (CCS,
geothermal energy) where temperature and fluid pressure
changes are expected.

Six DECOVALEX modeling teams applied a variety of
hydro-mechanical simulators and modeling approaches to
interpret the complex response of the fault to fluid injection,

\ BFS1 BFS2 SE
BFS6  BFS3 BFS4 BFS5

30 ——‘
(29.8m)

35-\
(35.9m

40

Depth (m)

45+

50

Fig.6 Fault activation experiments in the Mont Terri underground
research laboratory that were used in the DECOVALEX Fault Slip
task. (a) Three-dimensional view of the fault location in the Mont
Terri underground research laboratory where the controlled injec-
tion experiment was conducted. (b) Simplified cross section of the
fault with the blue rectangles indicating the location of the deforma-
tion probes in the injection borehole BFS2 and monitoring borehole
BFS1. The principal shear zone of the main fault is shown as a light-
red area, fractures/minor faults are in red, and bedding planes are in
black. As the deformation probes clamp across the fault and fracture
planes, they are able to measure relative fault displacements and rota-
tions at high spatial and temporal resolution. In addition to deforma-
tion, the probes measure pressure changes and seismic signals. With
multiple probes set in different locations, the fault activation experi-
ments provide unique data on the complex transient coupling between
fault slip, pore pressure, permeability creation, and fluid migration.
Image is based on Guglielmi et al. (2020)
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using both interface approaches and solid finite elements to
account for the fault discontinuity. The different numeri-
cal methods were found to have contrasting strengths and
weaknesses in representing the highly non-linear nature
of the hydro-mechanical response. Overall, the behavior
of the fault as observed in the field was captured best as
a propagating rupture along an existing weakness plane
with damage-enhanced permeability (Rutqvist et al. 2020).
Having the experimental investigator participate in the task
leadership was critical to the modeling teams as they devel-
oped improved models that gave the best possible repre-
sentation of the data. The inclusion of the experimental-
ists also ensured that model findings were fed back into the
experimental activities, with newer experiments taking key
learnings into account in the experimental design. Similar
experiences with tight integration of experimentalists and
modelers were made in the ENGINEER (Tamayo-Mas et al.
2021) and THM Upscaling tasks (Seyedi et al. 2021; Plda
et al. 2021a) discussed above.

From physics-based models to reduced-complexity
approaches

In addition to tasks with focus on coupled-processes mod-
eling of experiments, the DECOVALEX initiative has
shown interest in building confidence in the models and
methods used for safety assessments of the entire disposal
system. This requires simulating radionuclide transport at
the repository scale, while ensuring that the impact of cou-
pled processes is accounted for as appropriate and related
uncertainties are considered. One ongoing task in the current
DECOVALEX-2023 phase addresses repository-scale safety
assessment of a radioactive waste disposal facility in both
crystalline and salt host rocks (Stein 2021). The objective is
to build confidence in modeling tools through prescriptive
benchmarking of diffusive and advective transport in generic
reference cases. Participating teams are deploying a wide
range of alternative safety assessment models, ranging from
physics-based models using high process fidelity and spatial
refinement running on supercomputers all the way to highly
abstracted models of reduced complexity (e.g., simplifica-
tion in representation of process, geometry, coupling and
features) that because of their fast simulation time are more
amenable to probabilistic performance evaluations and/or
multiple scenario analysis. As the participating teams are
asked to run multiple ensemble simulations to probabilis-
tically account for relevant uncertainties, they are making
different decisions about the required level of fidelity in
modeling the physical processes and system geometries. It
is hoped that this task will help evaluate conceptual model
uncertainty in repository-scale safety assessments, based on
the ability to compare results from multiple international
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teams with multiple models and methods applied to the same
reference case.

Knowledge transfer between tasks

The DECOVALEX initiative has adopted other elements
that have proven very beneficial to confidence building. One
such element is that typically multiple tasks are studied in
parallel, allowing these tasks to learn from each other and
develop new concepts through cross fertilization. Such task-
to-task knowledge transfer has proven valuable, for example,
between tasks with fundamental research flavor and more
applied tasks, between tasks operating at smaller scales and
larger scales, and between tasks with physics-based models
and abstracted system-level models. Perhaps most impor-
tantly, key scientific lessons have been transferred across
tasks that focus on different rock types and alternative repos-
itory designs.

An example for knowledge transfer across rock types is
the study of the excavation damaged zone (EDZ), which
forms due to the excavation operation and the release of
stress in response to the tunnel opening. This is of con-
cern in the safety of nuclear waste repository because this
damaged zone around tunnels and waste canister deposi-
tion holes may form flow conduits that expedite potential
migration of radionuclides. Based on knowledge gained in
several DECOVALEX tasks, a synthesis and comparison of
the state of knowledge of the EDZ was conducted for four
very different rock types, namely crystalline rock, rock salt,
indurated clays, and plastic clays (Tsang et al. 2005). Key
processes, parameters, technical issues, laboratory measure-
ment techniques and modeling methods for these rock types
were reviewed side by side according to the stages of reposi-
tory development: excavation stage, open tunnel stage, early
repository closure stage (which involves water resaturation
and heating due to stored nuclear waste), and the late closure
stage (which involves cooling and potential self-healing).
Notwithstanding the differences among EDZ in these differ-
ent rock types, many similarities in the EDZ evolution and
processes are identified. For some processes, the behavior of
one rock type may represent an extreme example of another.
For example, while the EDZ self-healing process is fast in
rock salt and plastic clay rock, it may still occur even in
crystalline rock due to coupled thermo-hydro-chemical pro-
cesses but over a much longer time frame. On the other hand,
while extensive EDZ fracturing is expected in crystalline
rock, it is also found to a lesser degree in plastic clay rock at
an early stage of rock excavation, with extended fracturing
in advance of the excavation face and an inverted V-shape
pattern of fractures around the front part of the tunnel (a
pattern that is often described as herringbone or chevron
type). Observations, concepts, testing methods and numeri-
cal models are often transferable among studies of these

different rock types. This provides us with a deeper insight
and greater confidence in disposal science advances applied
to real-world situations.

Open collaborative environment conducive
to knowledge sharing

DECOVALEX recognizes the importance of knowledge
sharing among various stakeholders, researchers, and dis-
ciplines. Here are some means of knowledge sharing that
DECOVALEX employs:

e Workshops and Meetings: DECOVALEX organizes
regular workshops and meetings where researchers from
multiple international research teams, different various
research disciplines, and career stages can come together
to share their findings, experiences, and perspectives in
an open, constructive, and collaborative environment.

e Collaboration and Networking: DECOVALEX promotes
peer-to-peer collaboration and networking as research-
ers from different institutions and countries work closely
together to develop coupled processes models, evalu-
ate them via comparison against experiments and peer
results, and learn from each other's expertise.

e Data and Model Sharing: DECOVALEX encourages the
sharing of data, models, and software among research-
ers to facilitate collaborative research and evaluation of
models. This enables researchers to use and build upon
existing knowledge and resources, enhancing the overall
confidence in safety assessment of nuclear waste reposi-
tory programs.

e Publications: DECOVALEX emphasizes publication in
peer-reviewed academic journals to maximize the qual-
ity and robustness of technical conclusions about reposi-
tory processes and safety impacts. At the time of writ-
ing, DECOVALEX has been directly responsible for 231
peer-reviewed published articles.

e  Workforce Development: DECOVALEX provides oppor-
tunities for early-career researchers to learn from senior
researchers. This promotes knowledge transfer and fos-
ters the development of the next generation of experts in
the field of nuclear waste repository science. Repository
development, assessment and construction is a multi-
generational effort.

Conclusions

The DECOVALEX initiative has several unique features
that have contributed to building confidence in the scien-
tific understanding of coupled THMC processes in the sub-
surface, important for radioactive waste disposal as well as
other geoengineering applications:

@ Springer
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e Depth and mode of analysis: The close collabora-
tion between modeling teams with diverse simulation
approaches and experimental teams with valuable data
allows for rapid, high quality and in-depth assessment
of all aspects of the challenge examined. DECOVALEX
participants conduct model analysis and comparison in
a broad and comprehensive sense, quite different from
code verification and benchmarking efforts undertaken
elsewhere. The in-depth joint assessment creates robust
international peer review, the results of which are then
published for external challenge.

e Breadth of challenge: While focusing primarily on radio-
active waste disposal, the collaborative work performed
has wide application to other geoengineering applica-
tions. The research covers thermal processes, elastic and
plastic poro-mechanics, fluid migration processes, as
well as chemical reactions and their couplings, many of
which are crucial for the success of different subsurface
applications.

e Applicability: Direct involvement of relevant techni-
cal stakeholders in radioactive waste disposal—such
as implementing organizations, regulating bodies, and
research institutions—ensures relevance and value of the
work performed, and at the same time, establishes a com-
mon scientific basis based upon which these stakeholders
can make decisions of societal importance.

e Skills development: Radioactive waste management is a
multi-generational effort and the crucial need to pass the
detailed knowledge and experience of current experts to
the next generation of experts cannot be overemphasized.
The close collaboration within DECOVALEX provides
an effective means for such knowledge transfer.

As the drive for international decarbonization takes pace,
it is highly likely that subsurface uses beyond radioactive
waste disposal will be increasingly needed to support the
new demands of energy generation and waste management
(e.g., geothermal energy production, subsurface energy stor-
age, geologic carbon sequestration).

While the progress in coupled modelling for real-world
applications is clear, it must be reflected upon that many
of the uncertainties in our understanding of these systems
are irreducible. Such uncertainties relate primarily to the
inherently variable/heterogeneous and/or stochastic proper-
ties and processes, but also the very long timescales needed
to be considered for many geo-engineering applications and
in particular for radioactive waste disposal. Thus, the use
of the understanding that arises out of model comparison
initiatives like DECOVALEX is about building confidence
in the lines of argument that support decision making, which
in turn requires bounding and (where possible) quantify-
ing uncertainty rather than eliminating uncertainty. Knowl-
edge will never be complete for these applications and yet

@ Springer

decisions must be made in the face of significant uncertainty,
with outcomes that could potentially impact multiple gen-
erations. Therefore, there is a real challenge for future work
programs to present understanding and modelling outcomes
in such a way that the associated uncertainties can be put
into context and transparently communicated for the appli-
cation in question.

Initiatives like DECOVALEX play a key role in the sci-
entific community in allowing these uncertainties to be pre-
sented and discussed. There is arguably a general deficit
in the way uncertainties are characterized for real-world
applications given that presentation of results, especially
in the academic literature, tends to focus on what can be
understood, rather than what cannot. The use of robust blind
predictions of large-scale representative experiments and a
move towards more holistic interpretation of experimental
results, rather than relying on over-parameterization and
“curve-fitting”, are one way to a more rounded represen-
tation of confidence in the understanding of complex sub-
surface applications and the methods used to arrive at that
understanding.

It is hoped that this discussion of the DECOVALEX ini-
tiative may serve as inspiration for other related applications,
where such in-depth collaborative study can be applied to
build confidence in the fundamental science needed for sub-
stantive progress.
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