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Argillite Host Overview

= Argillite is a broad Rock Category

e Sealing vs. Brittle Clay Rock defined in
the literature, as point where Clay
fraction is > = 1/3 (see dashed in top
figures)

= High reliance on the natural system

* Reducing chemical environment

* Diffusion Dominated (for sealing
argillites) in base case

* But ...there is typically a scenario for
advective transport via the short-lived
EDZ (which eventually self-heals) or
otherwise through and/or around the
Seal System (Hansen et al. 2010).

Quartz

# Radioactive waste storage
4 CO2 storage
@ Hydrocarbon extraction Carbonates

Clays Quartz + Feldspar

From Bourg 2015

Opalinus Clay

//L:mss!ons

Shale Boom Clay

Carbonate

/

Callovo-Oxfordian

Clay minerals €&

From Charlet et al. 2017

energy.gov/ne




The EBS Design will be a function of Inventory and Geologic

Setting

w) = Inventory — thermal output has key impacts on Repository Design
* Who, What, Where of waste

=) = Geologic Setting
* Host rock chemical and mechanical environment
= Engineering Decisions
* Constructability
* Emplacement
 Drift and waste packing spacing (determined by thermal and geomechanical considerations)

» Vertical vs. horizontal emplacement
» Bentonite Buffer/backfill — pelletized vs. compacted vs. pre-fab
* Materials selection
« Overpack (e.g. corrosion allowance materials)
» Buffer vs. backfill
* Additional Engineered System Elements for Operational Safety (e.g. ground support)
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There are many Design Options for the Engineered System

Waste canister

' Multipurpose _

- Transport/aging/
disposal

-Dual-purpose
canister

-Other

Pour canister |
- Cementitious

- Other

’Engineering Concept of Operations

' Enginoardd Features

Waste package
(disposal overpack)

Long containment
lifetime

+Corrosion resistant
-Copper
- Steel
-Ni-alloy
-Titanium
-Cementitious
-Coatings
» Amorphous metal
» Other

- Multi-layer

- Closure

«Corrosion allowance

- Steel

- Castiron

- Other

»Insert/basket

- Steel

- Castiron

- Criticality control
elements

- Heat transfer
elements

Short containment
lifetime

- Steel
-Cast iron

% Insert/basket

- Steel

-Castiron

- Criticality control
elements

-Heat transfer
elements

[ Chemical conditioning |

-Cast iron
-Steel shot
-Depleted U
-Other

Secondary waste disposal

: Mined disposal '

Emplacement mode

= |n-drift

*Borehole
-Vertical
-Horizontal

- Ex-container EBS

*Enclosed
-Buffer
- Prefabricated, envelope
-Liner
- Backfill
-Richards barrier
«Open
-Drip shield
-Vault
*Other EBS features
-Seals
-Plugs
-Getters

- Other engineered structures

-Ground support

-Waste package
support

-Invert

-Conveyance

From Hardin et al. 2011
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Argillite type has a big impact on Repository Concept and

EBS Design

= Sealing vs. Brittle (Bourg 2015)
* Callovo-Oxfordian (COx) (ANDRA - France)
* QOpalinus Clay (NAGRA - Switzerland)
e Boom Clay (ONDRAF - Belgium) = T o

BENTONITE BLOCK AND
PELLET BACKFILL

. . . . '_F-ram:e '_sﬁ;{t_zeﬂ-and_ /’i\__-

= Degree of induration, i.e. mechanical =~
integrity > S :
:

STEEL OVER-PACK

Though all are Argillites, the chemical and e i/\
mechanical environments differ enough ~ —— ————— =2
that the Design Concept have significant Q== §%
differences* —————— T
*ANDRA example case - shotcrete is 0
removed in upper COX Sources: France: www.andra.fr; Switzerland: www.nagra.ch; Belgium: www.sckcen.be.
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E/ngineered Barrier System Components,
1/2

Waste form
= Waste Canister/Overpack
= Buffer/Backfill

= Drift Seals
* Access and Emplacement

= Shaft Seals

S—

Seal System*
a/k/a Geotechnical Seals

= Ground Support (generally needed in Argillite Hosts) — e.g. liner, rock bolts,

etc.

= Excavation Damaged Zone (EDZ)

*The Seal System functions to seal the drifts and shafts, and also takes into

account the EDZ
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Engineered Barrier System, 2/2

ENGINEERED BARRIER SYSTEM (EBS) NATURAL BARRIER SYSTEM (NBS) BIOSPHERE

SOURCE NEAR FIELD FAR HELD RECEPTOR

NOTE: THCMBR = thermal, hydrologic, chemical, mechanical, biological, and radiological.
Source: Freeze et al. 2013, Figure 2-1.
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Excavation Damage Zone (EDZ) and the Seal

System

= A/k/a Damaged Rock Zone (DRZ)

= EBS Design must account for the EDZ and implement design features that
prevent preferential transport along the fracture networks left behind from mining
(Perras and Diederichs 2016)

= The EDZ features prominently into the design of the seal system, where break-
outs and water stops are incorporated to interrunt notential transnort nathwavs in
the EDZ and/or at the Seal/Host interfaces o) SR ]
e Liner — buffer/backfil Sweling clay core
* Liner- Host
* Plugs — Host

Shotcrete containment plug < - Breakouts
- i (w]

Support wall blocks @

¥ EDZ — Excavation Damage Zone

M HDZ — Highly Damaged Zone

Il CDZ - Construction Damage Zone
From Perras and Diederichs 2016 From DOPAS 2016 - Full Scale Seal Test conducted by ANDRA

Test Box (drift model — scale 1:1)
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Excavation Damage Zone (EDZ) and Shaft Seals

= |n the Shaft, this also includes P
potential advective transport O Lake "‘
from disposal horizon to some o
other horizon that has potential

4. Rustler compacted clay column

to increase rate of transport to
the biosphere

= Multi-barrier design, including
“layers” composed of

256 m 5. Concrete plug

6. Asphalt column

7. Upper concrete-asphalt waterstop

8. Upper Salado compacted clay column

cementitious plugs, compacted
swelling clay, backfill, and water
stops. ot

= WIPP Shaft Seal Design often _
considered state-of-the-art of the e
multi-barrier design T e

From Hansen and Knowles 1999
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Cement Liners

= Provide Ground Support

= Performance Uncertainties arising from potential n
unknowns:

* Preferential flow pathways formed by degradation/cracking of
cement matrix (e.g. drying damage during the repository

thermal period) —

e Cements are saturated materials in normal service environments
* Fiber reinforcement is a potential remedy

* Effect of cement alkalinity on near-field chemistry
* Low pH cements (in actuality lower pH ~10-11) as aremedy  _|
= Sourcing and/or variability of cementitious materials

* Due to the CO2 intensity of Ordinary Portland Cement, industry
may adopt novel replacements that have different chemistry

* For example, future fly ash availability

Source: Stein et al. 2020

Uncertainties due to time-
dependent and coupled
processes, which are difficult
to fully capture via modelling

Conservative assumptions
and/or simplified representations
are typically made in the absence
of robust chemo-mechanical
models

From NAGRA 2022
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Buffer/Backfill Functions, 1/2

= Bentonite or Cement

= Extends waste package lifetime
and secures waste package in
emplacement

= Helps conduct heat away from the
waste package

= Functional barrier that can swell to
fill gaps/voids and retains cationic
radionuclide species

= Deters microbial activity

From NAGRA 2022
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Buffer/Backill Functions, 2/2

= Favorable properties of Bentonite Buffer
* Self healing with similar properties and compatibility to clay-bearing host

* Proven durability in repository environment (clay formations have stability on geologic
time scales and under repository conditions)

* Low permeability, diffusion-dominated transport when intact (i.e., no fractures or
channels)

* Swelling behavior upon saturation
e Retention of cationic radionuclides

= Bentonite Buffer Research crosscuts between Argillite and Crystalline
Research Areas
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Areas of Research Interest in the Design of

Buffer/Backfill, 1/2

Swelling Pressure Tests Results m Er:gn;‘e:;lglpnlg
! . Injection pressure (IP)=2MPa
= High temperature effects (related to higher 35 !
thermal output waste) s’
=5
* Lab and field scale tests to characterize 3 2 § -
- o 2y, y IP=0.0{MP
effect of high temperatures (above 100 °C) & "
. £ -=-Compacted bentonite
e SWE”Ing g 0.5 =-Pellet mixture
. . . v 0
* Radionuclide retention 0 4 8 12 16 20 24 28 32 36 40
" : : Time (day)
« Sensitive to near field chemistry and

TEXAS AGM UNIVERSITY

tem peratu re, both via com plexatlon and Thermal Conductivity Clay-Pellets Enhanced I\eﬁxmresm Engineering

sorption capacity

» Thermal conductivity
u Therma| COﬂdUCtiVity Thermal conductivity for pure clay pellets and enhanced clay-pellet/graphite mixture 9/1 (% dry mass).
 Additives to improve thermal conductivity 7 hermal conductivity at dlferent temperatures > Testing Setup
= Pelletized vs. Compacted Bentonite Buffer el o 0908 /
Emplacement ° o o ¢ U =i _
* Homogenization - extent and rate of pellets o o-n ° °" e >
or blocks f S
= Crosscuts with Nuclear Energy e T s e - 5

University Partnerships

Graphics Courtesy of Prof. Marcelo Sanchez, Texas A&M University
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Areas of Research Interest in the Design of

Buffer/Backfill, 2/2

= Dry out and re-saturation

d am a g e a) Phenomenological description ; U3 ‘ U3
Cla — s - - ot ——
aggreg)étes F;?"é gas ore: [;ila;ancy = — f."_: - =
I 1 Quartz o e =y B 7 =iy
([ Diffusion i f:\«_ - - ’_"_—_ = = 2
Will bentonite buffer crack and to Gach o= et S A o B == o
. . - e e —

what extent and at what rate will it o 3 | = N e |

. ~1 um . — - -‘darr:f:ge zone | o -

h e al u O n re —Satu ratl O n ? Advection and diffusion Viso-capillary flow of gas and Dilatancy controlled gas Gas transport in tensile

g g

of dissolved gas water phase ("two-phase flow") flow ("pathway dilation") fractures ("hydro-/gasfrac")

= Gas flow through bentonite b Traneper mechaname

* Channeling

. c) Geomecanical regime
* Fracturing

= Buffer erosion (brittle Argillite) E -

. d) Barrier function of host rock ) o
= High performance sorbents and ey vansmlosy
getters Source: Marschall et al., 2005
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Wasteform

= Spent Nuclear Fuel

C h araCte rIStI CS Waste Type is Waste Form is what aggr:;;:;i i;oﬁg sitsea;orms
° R adl onu C|Id e inventories what exists today '::> could go underground :D e —

characteristics

* \Waste package loading

« Effect of burn-up “ i
e Cladding ' vase

E.g., Canisters of

HLW glass from d » E.g., All

multiple sites and HLW glass

sources regardless
of origin

existing
HLW glass

* Criticality control via neutron
adsorbers

* In-package chemistry

= These are fixed variables
that must be taken into
account by Repository/EBS
Design

Idea Mational Laboratary

From DOE 2014
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Waste Package

= Qverpack selection
* Steel for sealing shale

* Corrosion allowance material (e.g. copper) for Cask Lid
brittle shale, where potential for fracture —mediated

Dual Purpose Storage Cask*

Diameter: 98 ir

Steel Canister (0.5 in)

transport necessitates a long-lived waste package il e
fuel assemblies
= Multi-purpose canisters (e.g. Dual purpose
CaHISter) Concrete Wall (26.75in.) -

* Systems engineering challenge —is it more
efficient and/or safer to emplace fewer larger,

hotter waste packages vs a greater number of o A 4
smaller, cooler waste packages o ez RSO
. Typical Payload: 24 6@'3'&'&'?.@-" * Storage and Transportation
u CorrOSIOn RateS? Source: modified from Easton 2011

From DOE 2014
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International Field Tests in Argillite provide Proof of Concept and

Improve understanding of complex processes

= Proof of concept

= |Improve understanding of complex
processes
* Process model development

* Provide critical data for development of
computational representations of processes

= Demonstration Field Tests

e Mt. Terri

« For Example - FE : Full Scale Emplacement Heater
Test demonstrates emplacement and provides a
platform form for understanding/modelling
processes in the near field, including waste
package(heater), bentonite buffer, argillite host
rock— link to DECOVALEX 2023 Tasks

« Many, many others...EDZ, gas transport, sealing,
etc. Mont Terri, Switzerland

Critical to the
EBS Design
Process
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Conclusions and Summary, 1/2

= Preliminary Repository Design Concept includes a preliminary EBS Design —
both are based upon geologic setting and inventory

= Argillite is a broad rock type, which can vary widely in both chemical and
mechanical characteristics

= Varying characteristics plus the possibility for higher thermal loads generates
more potential EBS Design variations (rel. to crystalline and salt hosts), even
In the preliminary design phase for a generic design concept.

= The function and some high level design considerations have been have
presented and briefly discussed
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Conclusions and Summary, 2/2

* Field Scale Tests and International Collaborations via Underground Research
Lab investigations are crucial for:
* Proof of concept for design concepts and/or important processes
* Datasets that can be used to develop computational tools and process models for EBS
performance
= The EBS Design, Computational tools, and Process Models can be critical in
Geologic Disposal System Assessment by

* By increasing predictive confidence, providing parameter values, and/or bounding
constraints of parameter range.
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