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Report of “Natural Analogue Research Workshop 2024”
Abstract

W. Fujita™!, S. Suzuki™!, M. Shimbashi2, R. Nakabayashi*?, N. Fujii*?, Y. Takeda™,
T. Sato™ and S. Kondo™

*I'NUMO Repository Engineering Group, *> CRIEPI, > RWMC, *4 Hokkaido University,
*5 NUMO Special Advisor

This report summarizes discussions and future directions for the effective utilization of analog cases to
support the safety case for geological disposal. Based on international guidelines from OECD/NEA and
specific input from the NUMO safety case, analog studies are recognized as a crucial "complementary
consideration" tool for enhancing both the technical reliability and stakeholder acceptance of geological
disposal.

To further leverage these insights, NUMO hosted the "Natural Analog Research Workshop 2023" in
November 2023 to survey the latest domestic research trends in this field, discussing creation of a database
of analog cases, assessing their application to the Verification & Validation (V&V) of mechanistic assessment
models, and their use in public dialogue. Building on this input, the "Natural Analog Research Workshop
2024" was held in September 2024 to further gather information on how overseas geological disposal
implementers apply analog research findings to safety case development.

The workshops featured presentations from domestic and international researchers on analog cases,
including research examples aimed at improving the reliability of long-term behavior models for engineered
barriers, applications in safety case construction, and challenges in dialogue activities. Based on this, NUMO

has identified four key challenges to address going forward:

1) Construction of an analog study database

This database is expected to provide value for both technical support and dialogue activities. For technical
use, it will consolidate scattered documentation, linking cases to FEPs (Features, Events, Processes) and
design requirements in order to facilitate use and ease consistency checks. For dialogue activities, this will
provide syntheses that avoid complex terminology, incorporate visual material to help communicate
relevance to deep underground environments and vast timescales (up to millennia or even much more),
serving as a basis for communication of scientific understanding to non-specialist audiences. Future efforts
will focus on building a sustainable update mechanism, possibly facilitated by Al tools, to capture reliable
technical papers, alongside workshop output. New research areas are expected to include climate change
impacts on coastal sites, amber as an analogue for industrial resins, and archaeological analogs for screw-
type overpack lids. Additionally, communication platform development aims to encourage participation from

young researchers.

(i1) Application to verification & validation (V&V) of models

v



Simplifications of the models used to support a safety case can sometimes be argued to ensure
conservatism, but rigorous testing any that are applied to spatial- and time-scales far beyond those
approachable in the laboratory inherently depends on analogs of some form. This requirement becomes even
more important as models become more "realistic", as required for optimisation of repository concepts.
Nevertheless, there are also fundamental differences between even the closest analogs and the repository
system of interest and these need to be understood so that results are not over-interpreted. This can provide

input for a general uncertainty analysis, as is presently planned for future NUMO safety cases.

(ii1) Improving skills of public communication

Analog cases serve as an effective tool for technical explanation of concepts that are often difficult for
non-specialists to grasp, for example by demonstrating the stability of the underground environment and the
natural presence of radionuclides. This requires storytelling, based on clear messages and integrating
technical expertise with communication skills, in order to create narratives that address stakeholder concerns

and lead to greater public acceptance.

(iv) Strengthening complementary considerations for safety case reliability

It is now well recognized that mathematical models are necessary, but not sufficient, for developing a
safety case. Such quantitative analysis needs to be complemented by "complementary considerations",
qualitative arguments that support the fundamental basis of safe geological disposal. These should
demonstrate an understanding of the processes that determine the long-term evolution of the repository and
the robustness of the barriers that ensure that no significant risks occur at any time. The knowledge provided
by analogs complements that from conventional and underground laboratory studies, which should be
integrated within a knowledge management system that facilitates sharing and utilization of such

understanding.

By integrating output in these four areas, analog cases are transformed from academic research into
significant intellectual assets that enhance the overall transparency and reliability of the geological disposal

project, contributing to safety assurance and fostering social acceptance.
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EE (rE) W Fujita(NUMO)

(FRTHEAEED)

NUMO HHY & & b= @SR ErREETIlx, 77 n 75622 mi2amiilo—o & LR
R U7z, 7 v 756 &2 GBI RIIERT 572012, 2023 8T F 2707 Fu TRy —
vvay7ERBL, TIa EROT—2 =21, fJrO V&V ~DIEH, —xDJ7 L %t
FCOIERICHOWCEHME LR LT, TODORABEEZ, A%OE—T7T7 4 7/ —RIZE
T%, 7Tha 7R EoRRFIEOUGEC BV AT D, FilxiX, TR IT =2 =D
BRI, ERIOT F v 7 H5lz Mgy o AT MRS BN D ELHEREE FEP 21 L CRS
i, ~v 79252 8 TS L CTEEEITE 5 L) Wi atEd QN D, FEER E TITIUE
U7ARERNZRET 2 10 7 — 2D 7T v 7 Hf 2 LBl ST 7o, ZolEhy, 7 a7
RO~ F AN, Ol EtDala=br—rar, \MEE~LBT 5720, 7Fnr
T WFEO AR 7R F B A R E LT D,

(E%E)

Q : FEP OHAHIRIL-CRRF RO TR MARILE LT, SNRRER, Bt =L <7 ne
THEBPDZONEEL ) Z L2720, THa 3 oRndh- T, BNREBROMEN2
WEWI KO LIEHDHDIEA DD,

A BRNRBROEFIOLDM > TORNE WD) DITBZIZ VR, TFha ZHnRantnw -
— XL BHD, TOHEITIE, UREREGFET A X527 Fa JHESLETHY,
FEP Z % Z & T2 MmO o Z L B TE 5,

C:FEP %D LW\ I DI NWT AT T THDHA, KL LCFEP I, TOEMESDZIZ, T
THEHORBLEZES LTLEI Z bbb D, ISEHINZ FEP VR FBUETHA D,
HAETZ 4 T RTHIIL TS DRREWEA S,

EAA MV 1 HROEROE &0
I : 1. McKinley (McKinley Consulting)
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P-1. Natural analogues to improve safety case robustness

Ian G. McKinley

McKinley Consulting, Switzerland

1. Introduction

The NUMO safety case (NUMO, 2021) demonstrates that safe disposal of the reference inventories
of HLW and TRU waste is possible for the specified representative geological settings specified.
Nevertheless, there are assumptions and simplifications involved in the model chain that may not apply
to specific sites. By focusing natural analogues on these, it would be possible to make assessments more
realistic (which is essential to allow comparison of sites / concepts), increase safety margins in some
cases and focus supporting R&D in a more cost-effective manner. This top-down guidance of NA
projects becomes more important as repository sites are identified and non-technical stakeholders take
a greater interest in disposal projects.

2.Key analogue challenges from the NUMO safety case

Assessment of the safety case results can clearly identify key topics for future work. For example, in
most of the cases studies, total dose is dominated by '*I released from TRU group 1. This can be directly
attributed to the assumption that the disposed Agl is unstable and immediately decomposes to release
highly mobile I" - effectively unconstrained by either solubility limits or sorption and so long-lived that
decay is insignificant within the assessment timescale. As a result of this, ongoing R&D is being
conducted to examine options to recondition this waste — a process that would be costly and result in a
range of secondary waste that may be equally problematic. In actual fact, Agl may be reasonably stable,
based on the observation that it occurs as a natural mineral (iodargyrite) in low temperature systems. It
may thus be very useful to search for analogues to assess Agl stability in geological systems, in
particular where the pH is high.

TRU group 3 is also problematic as the models assume bitumen is unstable under high pH / nitrate
conditions. For this waste form, there are also concerns about risks of runaway oxidation — which has
also resulted in work to consider reconditioning it — which could be hazardous as well as costly.
Development of a more robust assessment of the practicality of disposal of this waste could be
supported by natural analogue studies of natural (or archaeological) bitumen in contact with high nitrate
/ high pH groundwaters.

Releases from TRU waste dominate those from HLW except in the case of high salinity (high
carbonate) groundwaters due to assumption of highly mobile (UO)(COs);* formation based on results
of chemical thermodynamic models. Although such models are compatible with simple laboratory
experiments, they contradict the observed low mobility of U in highly reducing conditions. Analogue
studies would be useful to determine if (UO,)(CO;);* is actually formed under relevant geological
conditions and, if so, if it can actually migrate through microporous clays similar to the bentonite buffer.

More generally, the conceptual models of RN migration used are simplified by assuming that no
transport is facilitated by colloids or microbes and that gas transport is insignificant. Analogues to test
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such assumptions for relevant Japanese geological conditions would be very valuable to support future
safety cases.

3. Challenges for site-specific optimisation

A specified goal for NUMO is to develop disposal concepts and associated safety / environmental
impact assessments that are optimised for specific volunteer sites. There are a number of topics here
where natural analogue support would be extremely useful. An example, extending the previously
mentioned support for improved RN migration model, would be analogues to support both the
development and testing of RN migration models in structurally-heterogeneous rocks (e.g., extrusive
volcanics found throughout Japan). Here the ideal NA location would contain a well-defined / datable
tracer source (e.g., an ore body) upflow of a relevant rock formation.

Also to support assessment of volunteer sites, analogues that allow assessment of RN migration
processes in relevant coastal sub-sea environments would be useful. A goal would be to identify
locations where advective flow may occur — e.g., due to artesian / geothermal conditions or as a result
of sea-level change. Already some concepts have been proposed to optimise EBS design, for example
replacing welded canisters by screw seals. Although these clearly have many practical advantages, to
support acceptance of this approach, archaeological analogues to compare the longevity of screw seals
and welds for relevant steels would be useful.

More speculatively, the use of more modern materials has been suggested as providing benefits in
terms of EBS practicality / QA and also long-term performance. An example here would be use of
modern resins, but here this could be supported by NA studies of natural resin (amber) stability at high
pH / in relevant host rocks

4. Practical implementation

When considering planning projects to meet the goals identified above, it is worth noting that the
issues are relevant also to other national programmes and hence international collaboration can be both
cost-effective and bring access to wider resources (financial, technical and expert staff). It can also be
useful if sites can be identified / projects defined that allow several topics to be addressed together.

References
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P-2.  More than 20 years of archaeological analogues
at the LAPA, CEA/CNRS, France

NEFF Delphine; DILLMANN Philippe

LAPA, IRAMAT, NIMBE, CEA, CNRS,

Université Paris-Saclay, CEA Saclay 91191, Gif-sur-Yvette, France

1. Context

The study of archaeological analogues for the corrosion of steel or alteration of glass over centuries is a
crucial issue for the prediction of long term alteration of these materials in a nuclear waste deep geological
repository. Understanding the mechanisms controlling the corrosion kinetics is necessary and
archaeological analogues are one of the pillar for such studies. The LAPA laboratory (Laboratory for
Archeomaterials study and for Prediction of Alteration) is specialized for more than 20 years on these topics
and developed specific methodologies for these approaches [1]. This paper presents an overview of the
studies developed and focused more precisely on archaeological iron analogues in anoxic media. It presents
the methodology developed on 400 year archacological iron nails to determine the physico-chemical

properties of the corrosion layer and of the interfacial nanolayer in particular.

2. Methodology

Transverse sections and thin films (FIB) were studied by a multi-technique approach determining the
phases’ morphology, distribution and nature at micrometric and nanometric scales. Optical microscopy,
Scanning Electron Microscope (SEM) coupled Energy Dispersive Spectroscopy (EDS), uX ray diffraction
(LXRD) p X-ray fluorescence (uXRF) and praman spectroscopy were used to analyse the corrosion layers
from the metal interface until the external soil. The interface in itself was studied by Transmission Electronic
Microscope (TEM) and Scanning Transmission X-ray Microscopy (STXM) under synchrotron radiation.
In addition, the investigated archaeological artefacts were immersed one to four months in marked media
to trace the localization of the corrosion reaction: 1/ in a D,0O desaerated solution to trace the water diffusion
(the oxidant), 2/ Cu’" ions to mark the transport of the electrons through the conductive phases of the
corrosion layer [2]. Deuterium was analysed by nanoSIMS and copper by SEM-EDS, uXRD and micro X-
Ray Absorption Near Edge Spectroscopy (WXANES) under synchrotron radiation. Last characterization by

conductive AFM (C-AFM) gave some new insight on the conductive properties at the nanometric scale.

3. Results
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A layer of several 100 um made of iron carbonates, siderite (FeCO;) and chukanovite (Fe,(OH),COs)
was identified [3]. In addition a submicrometric layer was detected at the metal/corrosion product interface
thatquestioned the corrosion processes. This nanolayer was predicted by corrosion modeling based on the
point defect model theory [4]. It was characterized as a continuous layer made of a mix of Fell and Felll
species (maghemite/magnetite) thanks to TEM and STXM observations (Figure 1) [5]. Questioning the
physical properties of this layer, NanoSIMS observation of D/H ratio distribution after immersion in D,0
showed that this interfacial layer was less porous than the carbonate layer. Last, local conductivity was
determined inside the corrosion layer by C-AFM [6]. Nanometric conductive pathways were identified
through the insulating carbonate layer. This methodology allowed to refine the understanding of the
corrosion mechanisms from the viewpoint of long term prediction and will be applied to copper

archaeological analogues.

Figure 1: STXM investigations of the sample thin film GL10-03 (Glinet archaeological site) [5]
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P-3. Efforts on analogue studies in Finland and NA treatment in safety case
Heini Reijonen
Geological Survey of Finland (GTK)

Over the past several decades, numerous large-scale natural analogue projects have been conducted in
Finland, with significant involvement from Finnish institutions specializing in geological disposal. These
projects have explored a wide range of topics, from Engineered Barrier System (EBS) analogues - such as
studies on copper and bentonite - to regional-scale processes, like the assessment of glacially induced
seismicity. Considerable effort has also been dedicated to integrating natural analogue data into safety cases
over the years. This presentation highlights some of the most recent advancements in natural analogue
research. Additionally, it provides a short overview of the comprehensive application of natural analogue
knowledge in safety cases, drawing on recent experiences that span both operational and generic safety

cases, as well as a thorough review of natural analogue strategies worldwide.
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P-4. Natural Analogues — A proposed strategy & examples of
implementation in the ongoing UK geological disposal programme

Simon Norris
Nuclear Waste Services, UK.

This presentation initially considers the work undertaken to develop a strategy for utilising natural
analogues (NAs) in Nuclear Waste Services” (NWS), UK, geological disposal facility (GDF) programme.
The work is largely based on the extensive review of the strategic use of NAs in the international context,
lessons learnt from various past programmes and by considering how the strategy could look like in the
current framework of the UK’s GDF programme. The strategy presented aims to support this programme.
The main message is that NA information and projects can and should be handled through the same
procedures as any research utilising existing and upcoming NWS protocols. This means that NAs need to be
a part of knowledge management, rather than, for example, a stagnant database. Including NAs as part of the
data screening allows the knowledge base to be updated according to needs arising from the changes in the
GDF programme when moving from generic stage towards more site and design specific phases. It is
foreseen that key to the best utilisation of NA information is to include it in the NWS’ digital safety case,

making the information and the related methodology transparent.

The presentation also refers to NWS’ GDF siting programme as at September 2024. Three Community
Partnerships exist in the UK. Existing data and knowledge, collected prior to NWS, in the related sites is
being collated to build understanding, help identify uncertainties and aid in the refinement of the forward
programme. For the rock types of interest, use is being made of regional analogues. This approach
considers data from similar settings to a potential GDF site (e.g. the same formation as the potential GDF
host rock or a similar formation with the same tectonic setting), which could be used to extend the

information base on a particular site.
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P-5. Application of natural analogues in the NUMO safety case
Wakana Fujita, Satoru Suzuki
Nuclear Waste Management Organization of Japan

1.  Analogues in the NUMO safety case

In 2021 NUMO published a Pre-siting site descriptive modell (SDM)-based safety case (hereafter
referred to as the NUMO safety case). The NUMO safety case provides comprehensive descriptions of
how to proceed with site investigations, design, construction, operation and the closure of a deep geological
repository. Furthermore, it lays out how to ensure long-term safety after closure of the repository, by
integration of state-of-the-art scientific knowledge and technology in a non-site-specific manner. In the
NUMO safety case, studies of natural analogues are noted as being able to provide important supporting
evidence to enhance confidence in the long-term safety of the geological disposal system. As the NUMO
safety case will be continually updated with the latest scientific information in the future, NUMO will also

incorporate the latest findings from appropriate natural analogue studies to further improve that confidence.

2. Overview of Natural Analogue Workshop 2023

The Workshop on Natural Analogue Studies 2023 was held as part of a joint research project between
NUMO and JAEA, with 27 engineers and researchers from domestic research institutes, universities, and
private companies. It was held with the following objectives:

Integration of state-of-the-art knowledge from analogue studies performed by universities, research

institutes and private companies.
Expert discussion on how analogues can be applied to future updates of the NUMO safety case and
how they can be used for communication with a wide range of stakeholders to further improve
confidence in the geological disposal system.
Strengthen links between experts within the research network involved in analogue studies in
Japan.
After 13 presentations on the latest findings from analogue studies, all attendees participated in a general
discussion on the theme of "How natural analogues can be used in the NUMO safety cases” and was based
on the current description of analogue studies in the NUMO safety case. At the workshop, we will

summarize the opinions from researchers presented at the general discussion.

3. Current and future initiatives on analogues to improve confidence in the geological disposal in
the updated safety case
We related analogues to the safety function of the geological disposal system. “Mapping” of analogues

was demonstrated to improve confidence in the updated safety case. Including analogues introduced at the
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workshop last year, 10 analogues were chosen for mapping. In Chapter 4 in the NUMO safety case, design
requirements corresponding to the safety functions of the disposal repository are organized hierarchically.
FEPs, a list of conditions (Feature, Event, Process) that likely occurs in a repository and important for
determining requirements of repository design is used to extract physicochemical processes that would
affect natural and engineered barrier system. Therefore, by using the FEPs corresponding to the design
requirements organized in the NUMO safety case, we structured the relation between analogues and safety
functions of the repository.

Finally, NUMO's initiatives to build confidence in the geological disposal project using analogues

through collaborative research, creation of database, holding workshops will be summarized.
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P-6. Effects of differences in burial environments on the corrosion state of
iron artifacts

Akinobu Yanagida

Nara National Research Institute for Cultural Properties

1. Introduction

To validate the long-term corrosion model for overpack material made of carbon steel, the data obtained
from laboratory experiments are insufficient to fully verify the model's accuracy and the underlying corrosion
mechanisms. Therefore, utilizing archaeological iron artifacts as natural analogs is effective. Moreover,
although corrosion involving oxygen occurs in the initial stage of the geological repository, corrosion under
reducing environments begins after the oxygen is completely consumed?. Since both oxidizing and reducing
environments can be observed in reburial conditions of iron artifacts, we can evaluate long-term corrosion
phenomenon in both conditions. This study examines the corrosion state of iron artifacts excavated from

different burial environments.

2.  The samples and methods

Iron artifacts excavated from oxygen-rich and reducing conditions in Japan (referred to as Artiox and Atrtireq)
were investigated. High-energy X-ray CT (Hi-CT), X-ray fluorescence analysis (XRF), and micro-X-ray
diffraction analysis (u-XRD) were applied to evaluate corrosion morphology and composition. Fine fragments
detached from the artifacts were used for micro-X-ray CT (u-CT), and cross-sectional analysis using a scanning

electron microscope (SEM).

3. Results and discussion

Based on the Hi-CT images, the rust thickness of Artix and Artied was 2.51 and 1.13 mm, respectively,
indicating that the rust layer in oxygen-rich environments is thicker than in reduced environments. Moreover, the
thinning of carbon steel in Artiq showed a more localized tendency compared to that in Artiey. Additionally, XRF
analysis revealed that in Arti., Cl was detected in the inner corrosion layer beneath the exfoliated surface corrosion
layer, whereas in Artirq, Cl was not detected within the inner corrosion layer. p-CT and SEM observation of cross-
sectional samples revealed that the rust layer in Artio consisted of alternating layers of high- and low-density rust,
composed of a-FeOOH (Goethite) and Fe;O4 (Magnetite). In contrast, the rust layer in Artiq was homogeneous,
consisting of FeCOs (Siderite). Based on these findings, it is considered that in environments containing dissolved
oxygen, such as those in the transitional phase of geological disposal, corrosion products composed of a-FeOOH
and Fe;Os are formed. Subsequently, in reducing environments, corrosion products consisting of FeCOs are likely

to form.

- 11



Acknowledgments

This study was performed as public offering work of Japan Society of Corrosion Engineering funded by
NUMO. Additionally, part of this research was supported by JSPS KAKENHI (21K00998, 23K23268,
24K00164).

References

1) NUMO, The NUMO Pre-siting SDM-based Safety Case, NUMO-TR-21-01. pp.4-28-29, 2021

Keywords: Archeological analogue, Iron artifacts, Long-term corrosion, Corrosion products

fF-12



P-7. Review of secondary minerals under natural alkaline conditions and
implications for long-term cement-bentonite interactions

Misato Shimbashi™!, Shingo Yokoyama', Tsutomu Sato?

!Central Research Institute of Electric Power Industry, *Hokkaido University

1. Introduction

In radioactive waste repositories, bentonite is used as an engineered barrier to inhibit radionuclide
migration, due to its low permeability. Cementitious materials are often installed around the bentonite as
engineered barriers or peripheral components. Because cementitious materials produce alkaline leachate in
four stages (Stage I~IV; Glasser, 2011), alkaline leachate from cementitious materials is expected to alter
bentonite and change permeability.

For the performance assessment of radioactive waste repositories, the alkaline alteration of bentonite and
subsequent changes in permeability were evaluated using reactive transport (RT) modeling, which considers
the dissolution of primary minerals in bentonite and the precipitation of secondary minerals. However,

knowledge regarding secondary mineral species and their subsequent

mineralogical transitions is relatively lacking, leading to uncertainty in the RT
modeling results. To validate the RT modeling results, understanding the

secondary mineral species from long-term cement-bentonite interactions and
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minerals and their mineralogical transitions during cement-bentonite
interactions. The details are reported by Shimbashi et al. (2024). This study
briefly introduces Shimbashi et al. (2024).

2. Natural sites and their analogs to radioactive waste repositories

Shimbashi et al. (2024) compiled three types of natural sites that produced
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rich in Mg?*ions
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Fig. 1. Conceptual diagram

showing analogy to cement-
bentonite interactions
(Shimbashi et al., 2024).

fF-13



alkaline fluids at low temperatures: near-pyrometamorphic rocks,
ophiolites, and alkaline saline lakes. Fig.1 shows a conceptual diagram
of the spatiotemporal cement-bentonite interactions depending on
whether the chemical conditions are Mg-rich. Based on the chemical
compositions of alkaline fluids at each site, how the chemistry of
alkaline fluids at each site is analogous with bentonite interacting with
cementitious materials is illustrated in Fig. 1. Specifically, alkaline
fluids near pyrometamorphic rocks and Ca-OH type alkaline fluids
near ophiolite are analogous to the chemical environment of bentonite
close to cementitious materials with Stage I and II alkaline leachates.
The chemical environment of alkaline saline lakes may be analogous
to the chemical environment of bentonite that occurs farther from the
cementitious material interface. Similarly, the chemical environment
of Mg-HCO:s type alkaline fluids near ophiolites may be analogous to
the chemical environment of bentonite farther from the interface of
cementitious materials and under Mg-rich conditions. Mixed-type
alkaline fluids are analogous to the chemical environment at the
intermediate part of bentonite, where Ca-OH type and Mg-HCO:s type
each have similarities.

The secondary minerals formed in natural alkaline fluids are
summarized and presented in Table 1. This list indicates the possible
secondary minerals formed by the alkaline alteration of bentonite,
varying in time and space. Furthermore, a comparison between
findings from the compilation of natural geochemical reactions and
findings from previous laboratory and in-situ experiments provides
implications for the mineralogical transitions of some secondary
minerals. These findings will be useful for validating the RT modeling

results for cement-bentonite interactions.
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Table 1. List of secondary minerals

(Shimbashi et al., 2024).

Setting Type

Analogs to waste
repositories

Secondary phases

Pyr phic

Al ion of

rocks

Ophiolite  Ca-OH

Mg-HCO;

bentonite close
to cementitious
materials with
Stage land Il
alkaline
leachates

Alteration of

Calcium silicates
C-A-S-H
Aluminum silicates
Si-Al-rich gel
Carbonates
Calcite
Sulfates
Ettringite
Thaumasite

Calcium silicates
14 A tobermorite

Aluminum silicates
Clinoptilolite
Heulandite
K-feldspar

Magnesium or iron silica
Chrysotile
Nontronite (with partiz
interlayer of hydroxide
sheets)
Fe-bearing palygorskiti
Fe- and Mg-bearing cla
which comprise TOT
layers, imperfect
interlayer hydroxide
sheets, and interlayer (
ions
Saponite
Sepiolite

Carbonates
Calcite

Others
Silica minerals
Pyrite

Magnesium or iron silica

located farther
from
cementitious
materials and
rich in Mg** ions

(Fe-bearing) chrysotile
M-S-H
Chlorite

Carbonates
Hydrated magnesium
(hydroxy) carbonate
phases
Aragonite
Calcite

Others
LDH
Non-crystalline alumin
Magnetite
Pyrite

Iron-hydroxide

Alteration of

Magnesium or iron silica

bentonite M-S-H?
located at Carbonates
intermediate Aragonite
sites where Ca- Calcite
OH-type and Mg-  Others
HCO;-type are Brucite
similar to LDH
bentonite,

respectively.

Alkaline saline lake Al ion of silicates
bentonite farther Hydrous alkali
from the aluminosilicate gel
cementitious Phillipsite
material Analcime
interface Clinoptilolite

Chabazite
Al-rich smectite
Albite
K-feldspar

Mixed-layer illite-smecf
Magnesium or iron silica
Mg- (Fe- and Ti-) rich

smectite
Fe-rich illite
Chlorite
Glauconite
Ferribeidellite
Si0, minerals
Opal
Quartz
Chalcedony
Amorphous silica
Others
Gaylussite
Searlesite
Anhydrite
Aragonite
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P-8. Development of General Corrosion Rate Model for Carbon Steel
Overpack using Artificial Intelligence Technology

~ Utilization of Archaeological Analogues ~

Daisuke Fujiwara, Kouya Ganaha

TEPCO SYSTEMS CORPORATION JAPAN

1. Abstract

How to utilize archaeological analogues is controversial issue for the corrosion prediction of overpack for
deep geological repository (DGR) of high level waste. Although it is recognized as indispensable evidence
to derive conceptual corrosion model and to validate the applicability of corrosion prediction model to over
a period of thousands years, the use of analogues accompanies difficulties due to several uncertainties and
differences comparing to actual DGR conditions. Those consists of (i) uncertainty in environmental condition
transition, (ii) difference of environmental condition to DGR ones, (iii) unavailability of detail corrosion layer
and surrounding soil information because of important cultural properties, (iv) difference of metallurgy
technology for each period, (v) most-well preserved analogues might be remained that will result in biased
sampling [1]. Therefore, the validation analysis of corrosion rate model also should be carried out with
statistical uncertainty analyses to compare with analogues. In this study, the corrosion prediction model was
derived using artificial intelligence (Al) for aerobic and anaerobic conditions, and uncertain parameter
distributions of dependent variables were decided for uncertainty in analogues. Overview of development
items for overpack corrosion prediction are shown in the schematics in Figure 1 and red character items
correspond to the tasks in the current scope.

This study was performed as public offering work of Japan Society of Corrosion Engineering funded
by Nuclear Waste Management Organization of Japan (NUMO).

2. Development of carbon steel corrosion rate model

JAEA overpack data base [2] was utilized to derive carbon steel corrosion rate equation for acrobic and
anaerobic conditions using Al Feynman (AIF) [3]. The AIF is “Neuro-Symbolic Regression” python library
to find symbolic expression that matches data from an unknown function, which is called as “physics—
inspired neural network™ that supports scientists discovering hidden physics and chemistry from dataset. The
derived corrosion rate models are power law of time period with multipliers of exponential term of
temperature, pH, saline concentration of underground water, oxygen concentration and buffer material. These
models will also be utilized to feedback to the enhancement of mechanistic corrosion rate models and the

optimization of experimental design for additional future experiments.
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Figure 1. Overview of development items for overpack corrosion prediction

3. Statistical uncertainty analysis of corrosion rate of archaeological analogues

Statistical uncertainty analyses of corrosion rate of archaeological analogues from Yamato ancient tomb [4]
were carried out using derived corrosion models based on the AESJ technical standard [5] for statistical safety
analysis for nuclear power plant. The uncertainty parameter were selected from dependent variables of each
corrosion models, and the uncertainty distribution were deduced from analogue document and engineering
judgement. The statistical analysis were based on simultaneous Latin Hypercube Sampling (LHS) method and
order statistics using Wilks’ formula. The corrosion rate of 95/5 percentile with 95% tolerance limit values were
confirmed to cover analogue data that implies applicability of “‘uncertainty parameter setting and corrosion model

combination” to long term overpack lifetime estimation.

4. Conclusion
In this study, the scheme to validate the applicability of corrosion model to DGR overpack was developed using

archaeological analogues based on statistical uncertainty analysis method.
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