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SUMMARY

Radioactive waste disposal in shale/argillite rock formations has been widely considered given
its desirable isolation properties (low permeability), geochemically reduced conditions,
anomalous groundwater pressures, and widespread geologic occurrence. Clay/shale rock
formations are characterized by their high content of clay minerals such as smectites and illites
where diffusive transport and chemisorption phenomena predominate. These, in addition to low
permeability, are key attributes of shale to impede radionuclide mobility. Shale host-media has
been comprehensively studied in international nuclear waste repository programs as part of
underground research laboratories (URLS) programs in Switzerland, France, Belgium, and Japan.
These investigations, in some cases a decade or more long, have produced a large but
fundamental body of information spanning from site characterization data (geological,
hydrogeological, geochemical, geomechanical) to controlled experiments on the engineered
barrier system (EBS) (barrier clay and seals materials). Evaluation of nuclear waste disposal in
shale formations in the USA was conducted in the late 70’s and mid 80°s. Most of these studies
evaluated the potential for shale to host a nuclear waste repository but not at the programmatic
level of URLSs in international repository programs. This report covers various R&D work and
capabilities relevant to disposal of heat-generating nuclear waste in shale/argillite media.
Integration and cross-fertilization of these capabilities will be utilized in the development and
implementation of the shale/argillite reference case planned for FY15.

Disposal R&D activities under the UFDC in the past few years have produced state-of-the-art
modeling capabilities for coupled Thermal-Hydrological-Mechanical-Chemical (THMC), used
fuel degradation (source term), and thermodynamic modeling and database development to
evaluate generic disposal concepts. The THMC models have been developed for shale repository
leveraging in large part on the information garnered in URLs and laboratory data to test and
demonstrate model prediction capability and to accurately represent behavior of the EBS and the
natural (barrier) system (NS). In addition, experimental work to improve our understanding of
clay barrier interactions and TM couplings at high temperatures are key to evaluate thermal
effects as a result of relatively high heat loads from waste and the extent of sacrificial zones in
the EBS. To assess the latter, experiments and modeling approaches have provided important
information on the stability and fate of barrier materials under high heat loads. This information
is central to the assessment of thermal limits and the implementation of the reference case when
constraining EBS properties and the repository layout (e.g., waste package and drift spacing).

This report is comprised of various parts, each one describing various R&D activities applicable
to shale/argillite media. For example, progress made on modeling and experimental approaches
to analyze physical and chemical interactions affecting clay in the EBS, NS, and used nuclear
fuel (source term) in support of R&D objectives. It also describes the development of a reference
case for shale/argillite media. The accomplishments of these activities are summarized as
follows:

e Development of a reference case for shale/argillite (Part I)
o A generic shale/argillite repository reference case is presented.

o Waste inventory, waste form, waste package, repository layout, EBS backfill and
host rock properties, and biosphere have been described to accommodate 12-PWR
and 32-PWR waste packages.



o Some aspects of the reference case for disposal in shale (e.g., waste inventory,
waste form) are consistent with that for disposal in salt and crystalline host-rock
media.

o The planned implementation of the reference case will use information gauged
from Parts 11, 111, 1V, and V of this report.

Investigation of Reactive Transport and Coupled THM Processes in EBS: FY14
(Part I1)

o Development and validation of constitutive relationships for permeability,
porosity and effective stress:

= Development of a new theoretical approach, a two-part Hooke’s Model
(TPHM) based on the basic concept that the elastic deformation in a rock
can be more accurately represented as a combination of two material
types, a harder (or stiffer) material and a softer material.

= Existing stress-dependent formulations for porosity and permeability were
reviewed, along with relationships between porosity and permeability.

= Preliminary evaluation of the model against published data produced on
silty-shale samples with encouraging results.

o Discrete fracture network (DFN) approach for fractures in argillaceous rock - The
use of the rigid-body-spring network (RBSN) approach to model geomechanical
behavior including fracturing:

= Linkage between TOUGH?2 for simulating heat and mass transport and the
RBSN method.

= A simulation of fracture damage around the excavated disturbed zone
(EDZ) of the HG-A microtunnel has been conducted and qualitatively
agrees with physical observations.

= TOUGH-RBSN simulator capabilities for strongly coupled hydro-
mechanical processes have been shown through a simulation of hydraulic
fracturing.

o THM Modeling of Underground Heater Experiments:

= Completed implementation of constitutive models for the coupled
geomechanical behavior of bentonite-based buffer material (i.e., dual-
structure model in the Barcelona Basic Model (BBM)).

= Verification and testing of the implemented geomechanical constitutive
models for bentonite-based buffer material by modeling laboratory
experiments and long-term behavior of a generic repository.

= Validation of TOUGH-FLAC and characterization of THM properties for
two types of bentonite-based buffer materials through modeling of
CIEMAT laboratory column experiments.



= Development of full-scale 3D TOUGH-FLAC models of the Horonobe
EBS experiment and Mont Terri FE experiment.

= Benchmarking associated with the Horonobe EBS experiment achieving
good agreement with the results of other international modeling teams.

= Published one journal paper (Rutqvist et al., 2014) on THM modeling of
nuclear waste disposal in argillite and submitted one journal paper on the
use of the dual-structure model for modeling long-term behavior of a
nuclear waste repository (Vilarrasa et al., 2014).

o Investigation of the maximum allowable temperature and detailed impacts of a
high temperature on repository performance:

»= Coupled THMC models were developed, with properties of clay formation
from Opalinus Clay, and two types of EBS bentonite—Kunigel-VI and
FEBEX bentonites.

= Two main scenarios were developed: a “high T” case where temperature
near the waste package can reach about 200°C and a “low T” scenario
where temperature peaks at about 100°C. Also conducted sensitivity
analyses to key parameters.

= Laboratory investigations: Results suggest the likelihood of heat-induced
changes in the strength and failure behavior of the compacted bentonite
and the Opalinus Clay from Mont Terri were caused by decrease of water
content from samples during heating.

o Transport in clay and clay rock:

= Two complementary approaches to modeling ion diffusion through clays
have been developed: (1) Donnan Equilibrium or Mean Electrostatic
Approach and (2) Nernst-Planck and Poisson-Boltzmann equation (termed
the PNP method).

= Benchmark studies using the software codes CrunchEDL versus
PHREEQC: Differences between the calculations are a result of the
neglect of the longitudinal gradient in the mean electrostatic potential in
CrunchEDL. A fix to this problem will be completed soon.

Update on Experimental Activities on Buffer/Backfill Interactions at elevated
Pressure and Temperature (Part 111)

o Peak temperature conditions (currently unknown and will be determine during
repository design) drives the formation of possible zeolite reactions (mordenite,
laumontite, analcime, wairakite formation) at the expense of kaolinite in the host
rock. This is indicative of repository conditions shifting towards the zeolite
metamorphic facies.

o Zeolite reactions, along with silica saturation reactions, will control the porewater
solution chemistry and determine any further mineral alteration.

o Illite formation can still progress, if a K-source is available. K-source stability
with respect to the repository conditions will determine the illitization rates.
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Thermodynamic Database Development: Evaluation Strategy, Modeling Tools,
First-Principles Modeling of Clay, and Sorption Database Assessment (Part V)

o Assessment and retrieval strategies of thermodynamic data for mineral and
aqueous species:

Evaluation of a thermodynamic data “deconstruction” from the “ground-
up” approach to establish consistency links with key reference data.

o Analysis of thermodynamic data and mineral phase stability relations of clays and
zeolites at elevated temperatures with the CHNOSZ software:

Chemographic analysis of equilibrium phase relations in the Na-Ca-Mg-
K-Si-Al-H,0 system for clay and zeolite using the CHNOSZ package.

Incorporation of recent literature thermodynamic (calorimetric) data for
smectite (MX-80), illite (IMt-2), and Na-saponite (Sap-Ca-1) phases,
relevant to clay barrier interactions at elevated temperatures.

o Comprehensive approaches to developing ion exchange and surface complexation
models for nuclear waste repository conditions:

Development of a self-consistent surface complexation/ion exchange
models: Expansion of the RES®T database to include raw sorption data to
allow user-choice of model fitting.

An example of this approach is the extraction of uranium sorption data for
quartz from the RES®T database fitted with a non-electrostatic model with
promising results.

Development of ion exchange mechanism of Np(V) sorption to
montmorillonite: Experimental work described in a manuscript recently
published in Applied Geochemistry (Benedicto et al., 2014)

o Application of first-principles computational approaches in the retrieval of
thermodynamic properties for kaolinite clay (Al,Si,Os(OH),4) and bischofite salt
plus its dehydrated phases [MgCl,-nH,0 (n=6, 4, 2, 1)]:

Application of the density functional theory corrected for dispersion
(DFT-D) with the generalized gradient approximation (GGA) describes
the van der Waals interactions in layered silicate structures like kaolinite.

Analysis of two types of cell deformation was investigated (hydrostatic
and uniaxial deformation) along the z-axis normal of the layers.

Bulk moduli hydrostatic compression in close agreement with the
experimental values.

Computed isobaric heat capacity using uniaxial deformation of the cell
reproduces handbook calorimetric data.



e ANL Mixed Potential Model For Used Fuel Degradation: Application to Argillite
and Crystalline Rock Environments (Part V)

©)

Added a working noble metal particle (epsilon phase) domain on fuel surface to
account for the protective hydrogen effect.

Incorporated the radiolysis model subroutine in MPM (using an analytical
function provided by PNNL)

Performed systematic sensitivity runs that identify and quantify the processes that
affect the fuel dissolution rate.

Compared sensitivity results with available experimental data (ongoing).

Developed a research priority list based on results from sensitivity study and
comparison with experimental results.

Converted the MPM from MATLAB to Fortran to facilitate integration with PA
codes (PFLOTRAN) (ongoing)
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1. Evaluation of Used Fuel Disposition in Clay-Bearing Rock
1.1 Introduction

Radioactive waste disposal in a deep subsurface repository hosted in shale/argillite rock
formations has been widely considered given the desirable isolation properties (low
permeability), geochemically reduced deep-seated groundwaters, anomalous groundwater
pressures, and widespread geologic occurrence (Bianchi et al., 2013; Gonzales and Johnson,
1984; Hansen et al., 2010; Mazurek et al., 2003; Neuzil, 2013; Schurr, 1977). In addition to
shale media being nearly impermeable, the predominance of diffusive transport and
chemisorption phenomena are other key attributes of shale to impede radionuclide mobility
making these formations target sites for disposal of high-level radioactive waste (Horseman et
al., 1996). Evaluation of shale formations in the USA with potential to host nuclear waste were
conducted in the late 70’s and mid 80’s. Gonzales and Johnson (1984) provide a comprehensive
review of the distribution and type of shale formations in the U.S.A. Schurr (1977) describes the
potential for the Late Cretaceous Pierre shale (northern Great Plains) to host a nuclear waste
repository. Hansen et al. (2010) provides a review of the limited shale repository studies related
to two small-scale heater tests conducted in the USA: (1) the Eleana argillite (McVey et al.,
1979) and (2) the Conasauga shale near Oak Ridge, TN (Krumhansl, 1983). The former was a
preliminary study towards a full-scale heater test whereas the latter, similarly, aimed at
characterizing thermally-induced phenomena on shale. One interesting conclusion on the study
by Krumhansl (1983) was that, in general, clay minerals were “unreactive” when exposed to high
temperatures. Similar conclusions have been obtained in laboratory experiments on clay
interactions including pyrite oxidation (Jové Colon et al., 2013).

Clay/shale rock formations are characterized by high content of clay minerals such as smectites
and illites. From here on, the term ‘shale’and/or “argillite’ will be used interchangeably and
generically to delineate mudrock composed primarily of clay minerals plus other minor phases
such as quartz, Fe oxides, pyrite, and feldspar. Common definitions of clay/shale rock are based
on mineralogical content and textural features such as grain size, fisillity, and the presence of
laminations. For simplicity, no rigorous distinction between shale and argillite on the basis of
metamorphic grade or level of clay induration will be made in this report. It should be noted that
the term ‘argillite’ is commonly referred in sedimentology to a mud- or clay-shale having a low
degree of metamorphism (Boggs, 2006). This is different from ‘argillaceous’ rock where this
term refers to sedimentary rocks having argillite components. Hansen et al. (2010) summarizes
the classification of clay-bearing rocks on the basis of texture and level of induration.

There is large body of nuclear waste disposal research on shale media and related disposal
concepts (Hansen et al., 2010) and such information will be deferred to the existing literature.
For example, the reports by Hansen et al. (2010) and those from numerous studies in shale-
hosted underground research laboratories (URLS) in Belgium, France and Switzerland (ANDRA,
2005; NAGRA, 2002; Wickham, 2008) outline the extensive scientific knowledge obtained to
assess the long-term repository isolation performance of nuclear waste in shale. In the past few
years, under the UFDC disposal R&D activities, coupled Thermal-Hydrological-Mechanical
(THM) and Thermal-Hydrological-Mechanical-Chemical (THMC) models have been developed
for shale repository and tested against URL and laboratory data to demonstrate: model capability,
understand spatio-temporal behavior of the Engineered Barrier System (EBS), bentonite barrier
material, and evaluate different disposal scenarios in argillite (Liu et al. 2013; Rutqvist et al.
2014a, Zheng et al. 2014a). A large scale 2-D hydrogeologic model by Bianchi et al. (2013)
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investigated the hydraulic connection between an emplacement drift and surrounding
hydrogeological units. The Disposal Systems Evaluation Framework (DSEF) (Greenberg et al.
2013) has been used to evaluate the repository thermal evolution as a thermal conduction
problem approximated by line and point sources to facilitate the analysis of disposal design
options in shale and other host rock media. In addition, a brief description of the history of shale
consideration in the U.S. is also given by Hansen et al. (2010). Bianchi et al. (2013) provides a
description of diffusive transport in a clay-hosted repository based on single-phase flow and full
saturation using parameter data based on documented studies in European repository programs.

Hardin et al. (2012) provides descriptions of reference disposal concepts on the basis of host
media and thermal load management analysis. The report also evaluates reference disposal
concepts according to geologic host-rock media, waste type (thus inventory), and mode of
operation. The latter refers to whether repository will be backfilled at closure (enclosed) or
ventilated for many years either without backfilling openings or backfilling at closure. Schurr
(1977), Hansen et al. (2010), and Hardin et al. (2012) emphasize on the main criteria for site
suitability for long-term radioactive waste disposal in shale: formation thickness, depth, low
hydraulic conductivity, areal coverage, self-healing, mineralogy, stratigraphic and structural
uniformity, hydrogeochemistry, and tectonic and/or seismogenic activity. These items will be
discussed further in a later section. These criteria items can be met by a large suite of shale
formations in the continental U.S. Gonzales and Johnson (1984) provide a comprehensive
evaluation of the distribution and type of shale formations in the U.S.A. Schurr (1977) describes
the potential for the Late Cretaceous Pierre shale (northern Great Plains) to host a nuclear waste
repository.

The establishment of a reference case, based on the acquired knowledge and methods developed
in the Used Fuel Disposition Campaign (UFDC), is an important phase in setting up a baseline
for model development to evaluate repository performance. A generic salt repository reference
case was developed in Freeze et al. (2013) and a generic shale repository reference case is
presented in this report. The definition of a reference case requires the characterization of the
waste inventory, waste form, waste package, repository layout, EBS backfill, host rock, and
biosphere. Emphasis is given to properties and processes of the EBS and natural barrier
(bentonite and host rock) that are key to performance assessment (PA). Brief descriptions are
given for other components of the reference case such as waste inventory, waste form, waste
package, repository layout, and biosphere.

2. Generic Argillite Repository Disposal Concept

The reference case for shale/argillite is largely based and consistent with that developed for the
generic salt repository disposal concept (Freeze et al. 2013), with some modifications to meet the
requirements for a repository hosted in shale. Specific assumptions of the generic disposal
concept in shale are the following:

e Waste disposal capacity is 70,000 metric tons of heavy metal (MTHM).

e Waste packages (canister/container plus disposal overpack) will be sealed permanently to
avoid any risk of additional exposure during handling operations. As described in Hardin
et al. (2012), disposal overpacks are cost effective in satisfying the operational
requirements for heat dissipation, impact damage, and corrosion resistance.
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e Horizontal repository layout consists of excavated emplacement drifts or tunnels
separated by the shale host rock, connected (laterally) with an operations tunnel between
two vertical shaft facilities (Figure 1):

» Waste package spacing and drift spacing are dictated by thermal loading, total
radionuclide inventory, waste package size, and EBS configuration. Hardin et al.
(2013) (Figure 2) determined drift and waste package spacing based on a thermal
limit at the rock wall of 100°C.

» The repository layout option of a centralized access hallway with disposal
galleries on each side similar to that advanced by Freeze et al. (2013) for disposal
in salt could be considered as an alternative.

e Horizontal disposal galleries (Figure 2) are emplaced end-to-end with waste packages in
drifts that are lined with cement (see Figure 3) and/or metal support structures. Disposal
galleries are then backfilled with clay material. The space between waste packages can
be backfilled with clay rock or cement. Multilayered backfilling is part of the EBS
configuration (Figure 3).

e Ground support structures and cement linings (Figure 3) are needed for structural
integrity of the disposal gallery. The lining properties (rigidity, pervious/impervious)
depend on the mechanical and hydrologic properties of the clay rock.

e Drifts and access/operations tunnels are sealed at closure. Drift and operations tunnel
design layout can vary depending on waste type, heat loads, and canister size.

e Access shafts are used for construction, waste handling/emplacement operations, and
ventilation. These will be sealed at closure.

e Excavated drifts will be emplaced at a depth of about 650 meters within a clay rock unit.
Given the anticipated heterogeneities in shale formations, the presence of either bentonite
clay strata or other lithologic units should be accounted for.

Access shaft
Repository tunne|

Operation
~—"tunnel

[ Upper rock formation
] Host rock formation

[ ] Lower rock formation

Figure 1. Generic design for a deep geological nuclear waste repository in shale (Modified after
Bianchi et al. (2013)).
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Repository design will meet operational requirements to guarantee safe pre- and post-closure
performance. Pre-closure operational constraints encompass shaft dimensions for access and
ventilation during mining activities, transport, emplacement of waste packages, sealing, and
monitoring. Hardin (2014) provides a review of excavation and construction practices of
underground tunnels in clay/shale rock media. This study is part of a feasibility evaluation for
the direct disposal of SNF in large heat-generating DPCs. The report summarizes the experience
(about 50 years or more) and technological viability garnered in the construction of large-
diameter and long tunnels for vehicle transportation (highways, railroads) and underground water
passages in the USA and Europe. Einstein (2000) provides a good summary of tunneling
activities and potential issues (clay softening and swelling) in the construction of tunnels in
Opalinus clay/shale. Einstein (2000) also provides important points of consideration on recent
tunnel construction methods such as the use of circular tunnel cross-sections (reduced shear
stress) and the emplacement of pre-fabricated liners that are evenly-arranged and water-tight to
preclude water ponding and its movement from the rock.

Drift spacing will be constrained by the dimensions of pillar structures to support safe
underground tunneling (preclude drift collapse) and pre-closure operations during emplacement.
Drift spacing and in-drift spacing between waste packages will be constrained by thermal
loading on compliance points relative to coordinate locations of waste packages in the drift and
the clay host rock. At this point, compliance points are defined as ‘observation’ points for
temperature-time profiles located within the drift (e.g., drift wall, buffer, and waste package
surface) or within the host rock at a defined distance from the drift wall represented by
temperatures at a given time. The current treatment of compliance points is arbitrary and it is
used mainly for evaluation of thermal loads for a given type of waste and package size
(Greenberg et al. 2013). The use of compliance points would be key to the evaluation of thermal
limits combined with other knowledge on EBS material properties and thermal characteristics,
and host-rock thermal-hydrologic (TH) properties.

= —
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Figure 2. Schematic illustration of an emplacement drifts for an argillite-hosted repository
(Hardin et al. 2013).
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3. Generic Argillite Repository Reference Case

The generic crystalline repository reference case has the following major elements:
e Waste inventory
o Engineered barrier system (EBS)
- Waste form
Waste package
Repository layout

- Backfill

- Seals
o Natural barrier system
o Biosphere

Here we briefly describe components of the reference case such waste inventory, waste form,
waste package, repository layout, and biosphere following the structure and details of the salt
disposal reference case. The biosphere will not be treated in much detail at this point since it
depends on receptor scenarios (pumping well from an aquifer) and “fast” upward transport
through shafts among other parameters that may be site specific.

Temperature (K)

500

521

Spacer
(Clay?

Concrete?) B
400
Waste Canister Overpack

208 300

Figure 3.(a) Schematic representation of a longitudinal section of a backfilled single drift with multiple
waste canisters and a multi-layered EBS; (b) results of the Albany 3D-FEM thermal model
showing temperatures distributions for a single-drift multiple-waste-package case (Jové Colon
et al. (2013); 12-PWR UOX, 40 GWd/MT burnup, 50 years time out of the reactor).
Temperature color mapping does not apply to waste canisters shown here for schematic
purposes.

3.1 Waste Inventory

The waste inventory assumed for the shale the reference case is the same as that for the salt
disposal system as discussed in Freeze et al. (2013). We therefore summarize the waste inventory
in this section and refer to further details in Freeze et al. (2013).

Just like the salt reference case, repository capacity for the argillite reference case for is 70,000
metric tons heavy metal (MTHM). For simplicity, the entire single-repository inventory is
assumed to consist of pressurized water reactor (PWR) used nuclear fuel (UNF) assemblies.
Each PWR UNF assembly contains 0.435 MTHM (91,000 MTHM/209,000 assemblies). The
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single-repository reference case PWR inventory assumes a bounding fuel burn-up 60
GWdA/MTHM. The isotopic composition of the reference case 60 GWd/MTHM PWR inventory
assumes an initial enrichment of 4.73% and 30-year out-of-reactor (OoR) decay storage, as
reported in Carter et al. (2012, Table C-1). This reference case inventory can be augmented with
boiling water reactor (BWR) and high-level waste (HLW) inventories as the performance
assessment (PA) model matures.

The reference case PWR UNF inventory includes approximately 450 isotopes with a total mass
of 1.44x10° g/MTHM and a decay heat of 1.438 KW/MT (Carter et al. 2012, Table C-1). The
total mass of the PWR inventory includes actinides (dominated by **®U), oxygen from the UO,,
zirconium from cladding, and other fission and activation products. The mass inventory of these
selected radionuclides in a reference case PWR UNF assembly (60 GWd/MTHM burn-up, 30-
year O0R, 4.73% initial enrichment) is shown in Table 1. Smaller subset of radionuclides that
are considered in the salt reference case (Freeze et al. 2013) are also assumed for the argillite
reference case, including neptunium series alpha-decay chain, uranium series alpha-decay chain,
and *°I, a non-sorbing radionuclide with a long half-life. Details of their half-life and decay
constants are given in Freeze et al. (2013).

Information regarding heat loads according to fuel type and burnup can be retrieved from the
DSEF catalog. Also, thermal properties of barrier materials and host-rock can be also obtained
from the information available in DSEF. Such information can be used in other models such as
the Albany 3D finite element model (FEM) as described in Jové Colén et al. (2013). Albany is a
multi-physics FEM code based on the Agile Components vision built almost entirely from the
functionality obtained in reusable libraries. In expanding activities started in FY13, the Albany
3D FEM thermal model was extended to a single-drift multi-waste-package scenario as depicted
in Figure 3b. 3D FEM models are suitable for this type of thermal problem given the thermal
heterogeneities in the EBS materials and the natural barrier plus geometrical asymmetries in the
disposal gallery configuration. Zheng et al. (2014c) concluded that a 3-D thermal model is
needed to accurately compute the maximum temperature in the disposal system given the
accuracy limitations in a 2-D model for the longitudinal configuration of waste packages spaced
from each other. This is still an ongoing effort and there are plans to expand the 3D mesh to a
multi-drift multi-waste-package scenario where sensitivities to drift and waste package spacing
can be evaluated.
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Table 1. UNF Radionuclide Inventory for the Reference Case (same as Table 3-1 in Freeze et al.,
2013)

Mass fraction”  Mole fraction

Waste inventory Molecular

mass- (g weight® (g/mo mol / g
Isotope L (g/MTHM) ight? (@/mol)  (g/gUNF)  (mol /g UNF)
22y 9.10 x 10° 238.05 6.32 x 10 2.66 x 10
“"Np 1.24 x 10° 237.05 8.61x 10" 3.63x10°
21am 1.25 x 10° 241.06 8.68 x 10 3.60 x 10°°
242py, 8.17 x 10° 242.06 5.68 x 107 2.34x10°
129) 3.13 x 10° 129.00 2.17 x 10* 1.69 x 10°
24y 3.06 x 10° 234.04 2.13x10™ 9.08 x 10
2307 2.28 x 107 230.03 1.58 x 108 6.89 x 10!
233y 1.40 x 102 233.04 9.73x 10 417 x 10
29T 6.37 x 10° 229.03 4.43 x 102 1.93x 10
226Ra 3.18x 10° 226.03 2.21x 10 9.77 x 10

Yfrom Carter et al. (2012, Table C-1)
*from Sevougian et al. (2013, Table 1)

3.2 Engineered Barrier System (EBS)
The description of EBS for the argillite reference case includes the following components:

Waste Form
Waste Package
Repository Layout
Backfill

Seals

3.2.1 Waste Form

As described above, the reference case inventory is limited to PWR UNF waste. Each irradiated
PWR assembly is assumed to contain 0.435 MTHM and 1.44x10° g/MTHM of isotopes, with
mass fractions of the selected radionuclides as listed in Table 1. This corresponds to a total mass
of 6.27x10° g of isotopes per PWR assembly. The PWR waste forms are assumed to be
predominantly UO, with zircaloy cladding. UO, has a solid density of 10.97 g/cm® (Lide 1999,
p. 4-94). Therefore, the solid volume of a PWR assembly can be approximated by (6.27x10°
glassembly)/(10.97x10° g/m®) = 0.057 m®.

Typical dimensions for unirradiated PWR assemblies are lengths of 111.8 to 178.3 in (2.84 —
4.53 m) and widths of 7.62 — 8.54 in (0.19 — 0.22 m) (Carter et al., 2012, Table A-1). Based on
these dimensions, the total volume of a PWR assembly can range from about 0.10 — 0.22 m®. The
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uranium loading (0.435 MTHM per assembly) is consistent with loadings, burn-ups, and
enrichments of PWR assemblies listed in Carter et al. (2012, Table A-3).

The release of radionuclides from UNF includes a fast/instant release fraction (IRF) —
predominantly from radionuclides and fission gases located in the fuel and cladding gap, rod
plenum regions (fission gases like Kr and Xe), and grain boundaries. Then a slower fraction —
from radionuclides released from the UO, matrix through dissolution/conversion of the matrix.
Sassani et al. (2012) describes the current state of knowledge of IRF processes in irradiated used
fuels, structural considerations (e.g., accessible and inaccessible grain boundaries; Figure 4), and
IRF models, and distributions for the IRF of radionuclides. The IRF distributions are based
largely on empirical correlations depending on the state of the fuel and cladding, burnup rates,
and irradiation history. For PA sampling, Sassani et al. (2012) advances the IRF implementation
in two sets of distributions: (a) triangular distributions representing minimum, maximum, and
mean (apex) values for LWR used fuel with burnup at or below 50 GWd/MT, and (b) a process
model has yet to be developed with functional parametrics. Table 3.2 1 of Sassani et al. (2012)
provides model and values of IRF (% of radioelement inventory) for spent fuel pellets of various
burnups, for a variety of environment conditions, and from various regions of the fuel pellet
samples.

Cladding

Accessible Grain Gap

Boundaries

Grain
Boundaries

Potentially Inaccessible
Grain Boundaries

Fuel Pellet

Figure 4. Schematic of a fuel pellet cross section showing the relative locations of radionuclide
inventories for the gap, grain boundaries, fuel matrix, and noble metal particles. Also
shown are the general locations of accessible grain boundaries and inaccessible grain
boundaries (after Sassani et al. 2012).
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3.2.2 Waste Package

The reference case considers the design for two types of waste packages: the dual-purpose
canister (DPC) that contains a used fuel waste inventory of 32-PWR UNF assemblies
(Pressurized Water Reactor) and 12-PWR UNF assemblies. Waste package is composed of the
stainless steel canister/container plus enclosing disposal overpack. Various types of disposal
overpacks have been proposed in U.S. and international repository programs. Materials for
disposal overpack can range from stainless steel, copper, and carbon steel depending on the
barrier operational design (e.g., corrosion allowance) within the EBS concept. No decision on
the disposal overpack material has been advanced so far but likely candidates are carbon- and
stainless-steel. It is expected that implementation of the shale reference case with the generic
disposal system analysis (GDSA) will consider waste package failure and thus provide the basis
to make decisions on the disposal overpack material. Section 4.3.1 of Hardin et al. (2011)
provides more details on waste packages for SNF and HLW.

3.2.2.1 12-PWR Waste Package

Similar to the reference case for disposal in salt (Freeze et al. 2013), the reference case for
disposal in shale considers a waste package consisting of a canister containing a 12 PWR UNF
assemblies with a disposal overpack. The 12-PWR waste package has a length of 5.0 m and a
diameter of 1.29 m (Hardin et al., 2012, Table 1.4-1). These outer dimensions include a 5.0 cm
thick disposal overpack. Waste package dimensions are summarized in Table 2. This overpack
thickness is considered sufficient to withstand general corrosion and ensure a retrievability
period (if considered) of 50 years (Sevougian et al. 2013, Section 2.2.3). More details of 12-
PWR waste package are given in Freeze et al. (2013). A burnup of 60 GWd/MT for 12-PWR
UNF is also assumed (Freeze et al. 2013).

3.2.2.2 32-PWR Dual Purpose Canister (DPC) Waste package

Hardin et al. (2013) discussed the characteristics of DPC while presenting the concept of direct
disposal of DPC. The design capacity of a DPC can accommodate 32-PWR assemblies or 68-
BWR assemblies. The average burnup for existing spent nuclear fuel (SNF) in dry storage is
nominally 40 GWd/MT. We therefore assume a burnup of 40 GWd/MT for 32-PWR DPCs.
Also, many of the cases developed by Greenberg et al. (2013) for scoping thermal calculations
for DPCs use a 40 GWd/MT burnup. The nominal dimensions of DPCs have a length of 5 m and
a diameter of 1.74 m based on the HI-STAR 100 Multi-Purpose Canister (MPC-32) (Greene et
al. 2013). The exterior dimensions of the MPC-32 should include an additional 5.0 cm thick
overpack for a total outer diameter of about 1.79 m. It should be noted that the HI-STAR 100
design includes a storage overpack with a wall thickness of 34.5 cm (Greene et al. 2013). Figure
5 shows a cross-section view of the MPC-32 for the HI-STAR 100 system. According to Hardin
et al. (2013), DPCs having a 5 cm steel overpack would add about 30 MT in addition to
approximately 50 MT of a fully loaded DPC.
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Table 2. Canister dimensions for the waste package types considered in the shale reference case.
Waste package diameter includes overpack (see text).

Canister type Dimensions, m Remarks

12-PWR 1.29 m (diameter) Source: (Hardin et al., 2012,
5.0 m (length) Table 1.4-1)

32-PWR 1.79 m (diameter) Source: Greene et al. 2013

5.0 m (length)

Figure 5. Cross-section view of the multi-purpose canister MPC-32 for the HI-STAR 100
system (after Greene et al. 2013). Red and blue represent younger (higher dose) and
older (lower dose) fuel assemblies, respectively.

3.2.3 Repository Layout

The repository layout must consider various operational, mechanical, and thermal design
constraints. Liu et al. (2013) summarized the thermal constraints on EBS bentonite imposed in
disposal concepts throughout the world for disposal in argillite and crystalline host-rock media.
A 100°C thermal limit is imposed unanimously in all these disposal concepts despite their
differences in EBS design concepts. The same thermal limit was used when presenting the
generic repository design concepts for clay (shale/argillite) repository (e.g. Hardin et al., 2011,
2012). As a result, in order to address assumed thermal constraints imposed on the buffer
materials and shale/argillite host-rock media, waste packages that can accommodate 4-PWR or
9-BWR assemblies have been evaluated for this disposal concept (Hardin et al., 2011).
Subsequently, thermal analysis for UNF disposal in shale was performed for 4-PWR waste
package scenarios given their maximum thermal limit of 100°C for the waste package surface in
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their analysis. However, the basis for a 100°C thermal limit is not backed up by rigorous
scientific studies (Liu et al., 2013; Jove Colon et al. 2012). Reviews of the performance of
bentonite backfill at temperatures above 100°C (e.g., Wersin et al., 2007; Pusch et al., 2010),
modeling (Liu et al., 2013; Zheng et al., 2014a), and experimental studies (e.g. Pusch et al.,
2003; Caporuscio et al., 2012; Cheshire et al., 2013; Cheshire et al., 2014) describing the
mechanical and chemical changes showed little or moderate deterioration of bentonite. While
further analyses of the THMC alteration of EBS bentonite and argillite at high temperatures are
warranted, these modeling and experimental studies (e.g. Zheng et al., 2014a; Cheshire et al.,
2014) in the UFDC suggest that an argillite repository EBS with bentonite clay could sustain
temperatures exceeding 100°C. Thermal analyses with the Disposal System Evaluation
Framework (DSEF) or other codes (e.g., Albany 3-D FEM thermal analysis) are needed to
determine the effects of drift and waste package spacing under thermal loads higher than a 100°C
in the vicinity of the waste package surface, drift wall, and compliance points at distance within
the rock.

3.2.3.1 Layout for 12-PWR Waste Package

The repository layout dimensions for shale/argillite hosting drifts with 12-PWR waste packages
are given in Table 3. Estimated values for the repository dimensions were approximated by the
UNF loading, and waste package and drift spacings consistent with the reference case for
disposal in salt. There are differences between the disposal concept in salt and shale/argillite, for
example, with respect to specified thermal limits in the salt host rock (200°C) and the EBS
configuration (e.g., crushed salt backfill). Therefore, evaluation of thermal responses to the
proposed shale repository layout and the analysis of thermal limits in the EBS and the natural
barrier will be investigated. This could lead to modifications on the proposed layout prior to
implementation in GDSA.

Layout dimensions include a drift diameter of 4.5 m with waste package (end-to-end) and drift
spacings of 5 m and 20 m, respectively. UNF storage and ventilation times of 50 years are
assumed for the reference case. As expected, there are close similarities in the values to those
listed in Table 3-3 of Freeze et al. (2013). However, it should be noted that the repository design
for the disposal concept in salt includes a central hallway for waste emplacement and disposal
drifts on each side. The shale disposal concept only accounts for a series of emplacement drifts
on one side of the access tunnel. Therefore, repository length dimensions and thus the overall
footprint geometry will be different.
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Table 3. Layout Dimensions for the Shale Repository Reference Case for 12-PWR Waste
Package.

12-PWR Waste Package

Parameters Value Source
Waste Package
(WP)
WP length (m) 5 Freeze et al. 2013, Table 3-3
WP outer diameter (m) 1.29 Freeze et al. 2013, Table 3-3
Overpack thickness (alloy steel) (cm) 5 Hardin et al. 2012
5 This work; 10 m center-to-
WP end-to-end spacing (in-drift) (m) center
Inventory per 12-PWR WP (MTHM) 5.225 Freeze et al. 2013, Table 3-3
Approx. number of WPs for 70,000 13,397.40 Freeze et al. 2013, Table 3-3
MTHM
Emplacement
Drift
45 Jove Colon et al. 2013; Part IV
Drift diameter (m) ' Table 1
Drift center-to-center spacing (m) 20 This work
Number of WPs per drift 80 Freeze et al. 2013, Table 3-3
. Freeze et al. 2013, Table 3-3;
Drift seal length (m) 10 Bianchi et al. 2013 Table 1
Drift length, including seals (m) 805 Freeze et al. 2013, Table 3-3
Shaft access height (m) 5 This work
Shaft access diameter (m) 5.4 Bianchi et al. 2013 Table 1
Access tunnel height (m) 5 This work
Access tunnel width (m) 8 Freeze et al. 2013 uses 8.0 m
Approx. number of drifts
needed for 70,000 MTHM 167 Freeze et al. 2013, Table 3-3
(rounded)
Repository
Approx. repository length (m) 813 This work
Approx. Repository width (m) 3320.0  This work
Repository Depth (m) 600 This work.
Total length of all drifts (m) 134435  This work
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3.2.3.2 Layout for 32-PWR DPCs

The drift layout dimensions for disposal of DPCs in shale/argillite host-rock is given in Hardin et
al. (2013, Table 4-1). A drift of 5 m high by 7 m wide or a circular cross-section with a diameter
of 5.5 m was proposed in the report. Greenberg et al. (2013) did a series of thermal analyses for
32-PWR waste packages with a burnup of 40 GWd/MT and with different drift and waste
package spacings and ventilation times. In the shale reference case, we assume a drift spacing of
70 m, waste package spacing of 20 m, and a ventilation time of 50 years.

Table 4 lists parameters and corresponding values used to estimate the overall repository layout
dimensions for disposal of DPCs. The temperature at the waste package surface and additional
compliance points calculated by DSEF (Greenberg et al., 2013, case 500-11) are given in Table
5. This is just an example of how compliance points can be defined in accord with canister
dimensions, EBS geometry, and thermal loads. Zheng et al. (2014) provides a THM evaluation
of disposal of DPCs in argillaceous host rock. The thermal part of this evaluation consisted in
model comparisons between Disposal Systems Evaluation Framework (DSEF) using analytical
solutions for heat conduction and the TOUGH numerical simulator. Although some of the
layout characteristics are somewhat similar to those adopted here for a 32-PWR DPC (e.g., waste
package spacing), other key parameters like drift spacing are different. Still, the analysis
provides model comparisons between analytical and numerical methods and also delineates
important bounding cases to evaluate sensitivities to ventilation scenarios and hydrological
parameters. Notice also (from Table 4) that a 32-PWR canister configuration yields a much
lower number of drifts (~63 drifts) relative to the 12-PWR case (~167 drifts) needed to
accommodate 70,000 MTHM of UNF. However, the areal repository footprint for the 32-PWR
case is larger than the 12-PWR scenario mainly due to larger drift and waste package spacings.
Drift and waste package spacings are influenced by the thermal load in the disposal galleries.
Therefore, a more integrated evaluation of thermal limits is needed and based on information
obtained from high temperature clay interaction experiments and thermodynamic analysis of
phase stability relations.
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Table 4. Layout Dimensions for the Shale Repository Reference Case for 32-PWR Waste
Package.

32-PWR Waste Package

Parameters Value Sources
Waste Package
(WP)
WP length (m) 5 Freeze et al. 2013, Table 3-3
WP outer diameter (m) (inc. 1.79  after Greene et al. 2013
overpack)
E)C\r/r?)rpack thickness (alloy steel) 5 Hardin et al. 2012
15 This work; 20 m center-to-
WP end-to-end spacing (in-drift) (m) center
Inventory per 12-PWR WP i
(MTHM) 13.92  Freeze et al. 2013, Table 3-3
Approx. number of WPs for 70,000 5028.74 Freeze etal. 2013, Table 3-3
MTHM
Emplacement
Drift
Drift diameter (m) 55 Hardin et al., 2013
Drift center-to-center spacing (m) 70 Zheng et al. 2014c; This work
Number of WPs per drift 80 Freeze et al. 2013, Table 3-3
. Freeze et al. 2013, Table 3-3;
Drift seal length (m) 10 Bianchi et al. 2013 Table 1
Drift length, including seals (m) 1595  This work
Shaft access height (m) 5 This work
Shaft access diameter (m) 5.4 Bianchi et al. 2013 Table 1
Access tunnel height (m) 5 Freeze et al. 2013
Access tunnel width (m) 8 Freeze et al. 2013
Approx. number of drifts
needed for 70,000 MTHM 63 This work
(rounded)
Repository
Approx. repository length (m) 1603  This work
Approx. Repository width (m) 4340.0 This work
Repository Depth (m) 600 This work.
Total length of all drifts (m) 100485 This work
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Table 5. The peak temperature at several compliance points for a argillite repository with a
waste package of 32 PWR, 40 GWd/MT, drift spacing of 70 m, waste package spacing of 20 m,
and ventilation time of 50 years (case 500-11 in Greenberg et al., 2013)

Location Radius, m Peak temperature, °C
Second compliance point 3.25 103.8
Peak rock 2.25 125.8
Liner inner surface 2.225 125.8
Backfill inner surface 1 233.9
Envelope inner surface 1 233.9
Waste package surface 1 233.9

3.24 Bentonite Backfill

As described earlier, two different waste-package designs are considered: (1) a DPC that
contains a larger waste inventory of 32-PWR fuel assemblies, and (2) a 12-PWR canister. An
engineered clay buffer backfill can be emplaced in a multi-layered configuration to optimize
thermal, flow, and sorption properties of the buffer/backfill media. Figure 6 shows a double layer
backfill configuration having two clay buffer materials for the 12-PWR canister. The choice of a
double layer permits the use of two different clay buffer materials that can be tailored to optimize
the barrier physical and chemical properties, while maintaining a low level of complexity in the
overall EBS design. While the double layer backfill configuration can certainly be applied to the
disposal of DPCs, a single layer backfill configuration (as shown in Figure 7) could also be
another option. It may be operationally challenging to install a two-layer backfill to
accommodate the relatively large dimensions and substantial weight of a DPC. On the other
hand, the high thermal load of a DPC would impose the partial sacrifice of the inner buffer layer
closest to the waste package surface. The extent of such a “sacrificial layer” can be engineered
with a tailored inner clay backfill layer as part of a double-layer system.
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Waste

Canister

Figure 6. 2-D schematic diagram two-clay buffer layer EBS geometry used in 12-PWR
thermal calculations. Point values are radial distances in meters from the center of the
waste canister (Jové Coldn et al. 2013).

Figure 7. Geometry of a cross section of a drift for the disposal of DPC, largely based on
Hardin et al (2013) and Greenberg et al. (2013).
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3.24.1 Relevant Processes

Numerous modeling studies have been conducted by international research groups and by the
UFDC. Some processes have long been identified as of great importance for the performance of
a repository, such as diffusion and sorption. But the importance of some processes is not clear
and requires more modeling and experimental studies. Here are the processes that are thought to
be important and, therefore, have to be considered in the reference case:

e Heat transport by advection and conduction. An accurate prediction of the
temperature profile in EBS is clearly important. The thermal limit in many countries
(Hicks et al., 2009) is based on the temperature of the EBS.

e Fluid (water and vapor) flow by advection and diffusion. The hydrological condition
is also obviously important, because they affect heat transport, mechanical changes,
and chemical reactions in the EBS.

e Mechanical changes in the EBS, which are also important because they affect the
long-term stability of the EBS and drift.

e Chemical reactions including mineral precipitation/dissolution, sorption, and cation
exchange are very important because they either directly control the migration of
radionuclides or affect radionuclide transport indirectly through changes in the
chemical conditions within the EBS. Cation exchange reactions also affect the
volumes of the clay phase and thus the swelling properties.

e Interactions between the EBS and the canister materials, which have a significant
impact on the redox environment and thus radionuclide solubility.

While the coupling between TH (e.g., heat transport by the advection of water), TC (e.g., change
of mineral solubility with temperature), TM (e.g., thermal expansion and pressurization), and HC
(e.g., solute transport by advection) are known to be important, recent modeling work sheds light
on the importance of HMech (such as swelling due to moisture change) and MC (e.g. change in
swelling pressure due to pore-water chemistry changes) couplings. Coupled THM models have
been developed in Rutqvist et al. (2009, 2011, 2014a, 2014b). The results from the model
developed in Rutgvist et al. (2014b) show that it takes about 2780 years to fully saturate the EBS
bentonite if the interaction between micro- and macro-structures is considered. This is much
longer than the saturation time for the EBS predicted with single-structure models. Coupled
THMC models have also been developed (Liu et al. 2013; Zheng et al. 2014a) to evaluate the
impact of chemical processes on mechanical behavior, specifically the effect of illitization, pore-
water chemistry changes, and cation exchange on the swelling of EBS bentonite. Liu et al.
(2013) showed that chemical changes result in a decrease in swelling pressure of 0.2-0.3 MPa
(about 20-30% of the swelling capacity) for Kunigel-VI bentonite (JNC 2000). In one extreme
case, Kunigel-VI bentonite could loss up to 70% of its swelling capacity, which suggests that
MC coupling is important for Kunigel-V1 bentonite. Zheng et al. (2014a) conducted modeling
studies which consider FEBEX bentonite (ENRESA, 2000) as the EBS buffer/backfill material.
Model results showed only a moderate decrease in swelling stress of about 0.08 MPa, accounting
for just 2% of the swelling capacity of FEBEX bentonite. The possible reasons for FEBEX
bentonite experiencing less swelling pressure loss than Kunigel-V1 bentonite are as follows: (a)
less illitization is predicted for FEBEX bentonite, and (b) FEBEX bentonite has much higher
swelling capacity (5-8 MPa) than Kunigel-VI bentonite (around 1MPa). The tentative conclusion
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from current THMC models is that MC coupling does not necessarily need to be included in a
performance assessment model. However, before making the determination that MC coupling
could be neglected, coupled THMC modeling is warranted when site-specific data are available.
The bentonite properties that need to be specified to address these processes are given the
following section.

3.2.4.2 Thermal, Hydrological and Mechanical Properties

The basic material in the backfill is typically bentonite which is an impure clay consisting mostly
of smectite (montmorillonite), along with small amounts of other minerals such as quartz and
feldspar. In some disposal concepts (ENRESA 2000; SKB 2006), the backfill contains bentonite
exclusively, but mixtures of bentonite with graphite or silica phases (e.g., quartz) have also been
considered in some disposal concepts to enhance thermal conductivity (e.g., JNC 2000). Here we
focus on the properties of two widely studied bentonites: FEBEX (ENRESA 2000) and MX-80
(SKB 2006) bentonites. The properties of bentonite mixtures with other materials are not
discussed here.

Table 6 lists typical thermal, hydrological and mechanical parameters for the two bentonites that
have been studied as the backfill material for nuclear waste disposal. Thermal, hydrological and
mechanical properties for bentonite vary a great deal with degree of compaction (dry density).
Those properties listed in Table 6 are for the dry density range that is widely used in tests of
different scales and are considered candidates for use in a future repository. For example, a dry
density of around 1650 kg/m? for FEBEX bentonite bricks has been used in the Mockup and In
Situ test (ENRESA 2000) and it is also the design used in the Spanish reference concept for high
level nuclear waste disposal (ENRESA 2000). Properties for FEBEX and MX-80 bentonite (see
Table 6) are largely from ENRESA (2000) and SKB (2006), respectively, but some are taken
from various other sources as noted below.

Saturated permeability for FEBEX bentonite is typically around 2—3x10%* m?, but a summary
from various sources (ENRESA 2000; Borgesson and Hernelind 2005; Zheng et al. 2011a) leads
to a larger range of permeabilities.

The relative permeability curve for FEBEX bentonite is typically given as:
Ki=8" 1)

where Ky is the relative permeability, S is the water saturation, and n is a constant. The exponent
n ranges from 3 to 4.5 (ENRESA 2000), but most models (Zheng et al. 2011a; Sanchez et al.
2012) have used 3. The relative permeability curve for MX-80 bentonite is the same as in
equation (1), with n ranging from 2 to 4 (Hokmark 2004).

Typically the van Genuchten (van Genuchten 1980) function is used for water retention curve,
which expresses the capillary pressure, s, as a function of water saturation, S.

% -1
S, =S, +(S, —sr){u(%} } @)
0

where S, and Sy, are the residual and maximum degree of water saturation, Py is the material

property that represents capillary strength, and A is m in van Genuchten’s notation, which

represents the effects of the pore-size distribution. ENRESA (2000) lists a quite large range of
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A and Pg, but in some modeling works (Zheng et al. 2011a; Sanchez et al. 2012), A is 0.18 and
Pois 2x10’ Pa; Villar et al. (2008) used the same value of A but a slightly different value for Py
(2.8x10’ Pa). The parameters 4 and P, for MX-80 bentonite are from Hokmark (2004). The
specific heat capacity for MX-80 bentonite is from Man and Martino (2009).

Table 6. Thermal, hydrological and mechanical parameters for two bentonites.

Parameter FEBEX bentonite MX-80 bentonite
Grain density [kg/m’] 2700 2700

Dry density [kg/m?] 1650-1700 1650-1700
Porosity ¢ 0.41 0.41

Thermal conductivity 0.57/1.28 0.3/1.3

[W/m °C] dry/wet

Saturated permeability [m?] 1.75x10?! - 8x104 2.0x10%
Relative permeability, ki Ky=8° Ky=8°

van Genuchten Py (Pa) 2x10" to 1x10° 0.9x10" to 2x10’
van Genuchten m (or 1) 0.18-0.475 0.4-0.45
Compressibility, 5 [1/Pa] 3.2x107 3.2x10°
Thermal expansion coeff., 1.0x107 1.0x107

[1/°C]

Dry specific heat, [J/kg °C] 767-939 800

Tortuosity for vapor phase $'%s,1 " $'%s,1 "
Swelling pressure (MPa) 5-10 7.5-8

3.24.3

The chemical properties of the buffer layer are critical for the performance of a repository. First,
these properties significantly affect the chemical environment in which canisters or overpack
react with incoming formation water, particularly at elevated temperatures. Second, the buffer
layer serves as the first barrier for retarding radionuclide migration, the effectiveness of that
retardation is highly sensitive to the chemical conditions in the buffer. The most relevant
chemical properties of bentonite buffer are the initial-state mineral and aqueous compositions.

Chemical Properties

Mineralogical Composition

The most prominent mineral in bentonite backfill is smectite clay, which typically accounts for
40% to 95% of the total mass of bentonite. Table 7 lists the mineral compositions of FEBEX and
MX-80 bentonites. In addition to smectite, quartz, K-feldspar, and oxides are common accessory
minerals. Highly soluble minerals such as calcite and gypsum could also be present. These
minerals could have a significant impact on the pore-water chemistry during the hydration of
EBS bentonite.
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Table 7. Mass fraction (%) of minerals for FEBEX (ENRESA 2000; Ferndndez et al. 2004) and
MX-80 bentonite (Borgesson et al. 2006).

Mineral FEBEX bentonite MX-80 bentonite

Calcite trace 0
Dolomite 0.0 0
llite 0.0 1
Kaolinite 0.0 0
Smectite 92+3 87
Chlorite 0.8 0
Quartz 2+1 3
K-Feldspar trace 3
Siderite 0.0 0
Ankerite 0.0 0
Cristobalite 2+1 0
Plagioclase + 0

pyrite 0.02 0.25
Mica 4
Gypsum 0.14 0.7

Bentonite pore-water Chemistry at the Initial State

Pore-water chemistry at the initial state of bentonite backfill is very important, because it affects
the chemical environment in which the radionuclides migrate. The initial state of bentonite
backfill for the repository conditions is typically characterized by the dry density and water
content, or solid/liquid ratio. For example, FEBEX bentonite blocks have an initial gravimetric
water content of 13.5-14% (ENRESA 2000), which is about 56% in terms of volumetric water
content (Zheng et al. 2011a). However, as mentioned in Bradbury and Baeyens (2003a),
obtaining the pore-water chemistry of compacted bentonite is not a straightforward task, and
therefore there is considerable uncertainty associated with the concentrations of ions in the pore-
water. Major uncertainties are as follows:
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1. The concentration of ions for the initial state of compact bentonite cannot be measured
directly; therefore indirect measurement methods have to be used. Squeezing and
aqueous extract are the most commonly used methods. Pore-water squeezed out of the
rock in sufficient amounts provide aqueous solution concentrations. However, squeezing
does not allow extracting pore-water from clay samples with gravimetric water contents
less than 20% (Fernandez et al. 2001, 2004). This means that this method cannot be used
for FEBEX bentonite blocks, which initially have a water content of 14% (ENRESA
2000). In an aqueous extract test, a crushed sample is placed in contact with water at a
low solid/liquid ratio (ranging from 1:16 to 1:1). After establishing equilibrium, the solid
phase is separated and the liquid phase is analyzed (Fernandez et al. 2001). Because of
the low water content (high solid/liquid ratio as well), the pore-water chemistry at the
initial state can only be measured indirectly by squeezing conducted at higher water
content or aqueous extract. Both methods introduce artifacts that result in scattered data
and geochemical modeling is therefore needed to constrain aqueous ion concentrations at
low water content (Zheng et al. 2008). Any uncertainties associated with the geochemical
models affect concentration levels at low water content (the water content at the initial
state).

2. It is generally agreed that there are two types of pore-water in compacted bentonite: (1)
external or intergranular water that resides in large pores and (2) interlayer water located
in the interlayer spaces of the swelling smectite (e.g., Bradbury and Baeyens 2003a).
External water can be viewed as two types: (1) bulk or “free” water and (2) diffuse
double layer (DDL) water adsorbed on the mineral surface. Typically the “pore-water”
refers to the free water, whose concentrations are for the ions present in the bulk aqueous
solution.

3. Compacted bentonite blocks are typically fabricated by adding a small amount of water
to dry bentonite power. Sometimes deionized water is used but in some cases the water
from the potential host formation is used, which affects the pore-water chemistry.

Table 8 lists the concentration of major ions in compacted MX-80 and FEBEX bentonites as
examples. The pore-water for FEBEX bentonite is calculated from measured concentrations at
different solid/liquid ratios with bentonite being mixed with granite water from the Grimsel test
site (ENRESA 2000). Pore-water for MX-80 bentonite is calculated from data obtained by
mixing MX-80 bentonite powder with Opalinus Clay pore-water (Curtis and Wersin 2002).
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Table 8. Pore-water composition of FEBEX bentonite (Fernandez et al. 2001) and MX-80
bentonite (Curtis and Wersin 2002).

Species MX-80 Bentonite FEBEX Bentonite
pH 7.25 7.72
Cl 1.91E-1 1.60E-01
S0,” 6.16E-2 3.20E-02
HCOs 2.83E-03 4.1E-04
Ca* 1.32E-02 2.2E-02
Mg*? 7.64E-03 2.3E-02
Na' 2.74E-01 1.3E-01
K* 1.55E-03 1.7E-03
Fe*? 4.33E-05 NR*
SiO,(aq) 1.80E-04 1.1E-04
AlOy 1.92E-08 NR*

*not reported

Sorption Properties

Cation exchange capacity (CEC) is usually needed for reactive transport modeling of a
repository system: it generally represents the sorption capacity of bentonite. FEBEX bentonite
has a CEC of ~102 meq/100 g (ENRESA 2000; Fernandez et al. 2001) and MX-80 bentonite has
a CEC of ~78.7 meqg/100 g (Bradbury and Baeyens 2002). Table 9 shows the cation occupancies
of the exchangeable sites.

Table 9. The CEC and exchangeable cations for FEBEX bentonite (Fernandez et al. 2001) and
MX-80 bentonite (Bradbury and Baeyens 2002).

Cations (meq/100 g) MX-80 Bentonite = FEBEX Bentonite

Ca™ 6.6 34.6
Mg* 4.0 34.0
Na* 66.8 31.1
K* 1.3 1.94
CEC (meq/100 g) 78.7 102

54



The radionuclide sorption properties of the clay material are represented in the form of K4
(distribution coefficients) or retardation factor, Ry. Ky is defined as the ratio of the sorbed
radionuclide mass per unit mass of solid divided by the radionuclide solution mass concentration.
Rq is defined as:

o,
Rd =1+7de (3)

where p, is the dry bulk density of the soil and & is the volumetric water content.

The Ky approach and its variants have been widely adopted in transport calculations and have
been calibrated to capture dependencies, such as aqueous phase and bulk rock chemistry. Ky
values for various radionuclides have been determined for various types of materials. Current
UFD work (experimental and modeling) is under way to assess diffusion data for U and other
radionuclides in clay material. Reactive diffusion through clay is also part of this effort to
mechanistically represent the effect of compacted porous clay on diffusive fluxes, particularly
for charged species. Sorption data (expressed as a retardation factor, Rq) for MX-80 bentonite
were tabulated in Bradbury and Baeyens (2003b), with a subset of those tables shown in Table
10. A critical review of Kq for several bentonites and argillites are given in Miller and Wang
(2012).

Table 10. In situ retardation factor Rq value (m®/kg) for the MX-80 bentonite at pH = 7.2
(Bradbury and Baeyens 2003b)

Species  Retardation factor Species Retardation factor
Cs(l) 0.12 Ra(ll) 0.0021
Ce(1l) 4.7 Ac(l11) 26.8
PM(I11) 4.7 Th(IV) 63

Sm(ll) 4.7 Pa(V) 5

Eu(lll) 4.7 u(1v) 49.1

Ho(l11) 4.7 Np(IV) 63

Hf(IV) 81 Pu(ll) 26.8

Pb(I1) 7.9 Am(111) 26.8

Po(IV) 0.068 Cm(lI) 26.8
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Diffusion coefficients are important parameters that control the migration of radionuclides.
Although the diffusion coefficient for major cations such as Na and trace elements such Sr and
Cs have been widely studied—for example, Garcia-Gutiérrez et al. (2001) for FEBEX bentonite
and Ochs et al. (2001) for MX-80 bentonite—the diffusion coefficients for radionuclides are not
widely reported. Table 11 lists the effective diffusion coefficients of several radionuclides for
MX-80 bentonite (Brandberg and Skagius 1991).

Table 11. Effective diffusion coefficient for some elements for MX-80 (Brandberg and Skagius
1991).

Effective diffusion coefficient

Species (m?s)
C-14 10™
1-129 2x107"
Sr-90 2x10°®
Cs-137 2x107
Na-22 2x107°
Pu-238 10
Am-234 100

Radionuclide Solubilities

Radionuclide solubility must be considered as a key limiting mechanism to arrest species
mobility. These solubilities can be estimated through chemical equilibrium calculations using
existing thermodynamic data. Some limitations exist with regard to temperature and the effects
of ionic strength. However, such calculations have been performed and embedded in PA
calculations with uncertainty bounds to address some of these limitations. Current efforts
directed at describing used fuel interactions and the effects of radiolytic phenomena will provide
a comprehensive analysis of source term releases (Buck et al. 2013). An update of those efforts
is discussed in another part of this report. Bernot (2005) provides an evaluation of radionuclide
solubilities for implementation into PA. Recent efforts in thermodynamic database development,
along with tools for computing solution-mineral equilibria, are being assessed for a more
rigorous computation of solubility limits. Such type of evaluation could be used to bound
solubilities of actinides like plutonium, neptunium, uranium, thorium, americium, actinium, and
protactinium.

3.25 Concrete Liner

Ground support for the drift is generally needed, especially for the disposal of DPCs. Hardin et
al. (2013) mentioned that steel sets or shotcrete could be used, with the latter probably being
more economically viable. Currently, for the reference case, a 25 cm thick shotcrete layer
(Figure 7) is considered. Similar to the bentonite backfill, shotcrete undergoes simultaneous
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THMC alterations. Those processes that are relevant for the bentonite backfill are also important
for the concrete liner. Because coupled THMC models for shotcrete were not found in the
literature, the importance of some coupled processes such as HMech and MC couplings cannot
be evaluated. HMech and MC presumably might not be too important for the safety assessment.
For example, moisture-induced stress changes, the predominant HMech coupling, might not be
important because concrete is much more rigid than bentonite. Chemically-induced stress effects,
a typical MC coupling, would not be significant unless concrete undergoes significant chemical
changes. However, modeling of coupled processes needs to be performed before making
decisions on whether to neglect HMech and MC couplings. Because a concrete liner is emplaced
between the bentonite backfill and argillite host rock, concrete/bentonite and concrete/argillite
interactions are potentially important. Experimental and modeling studies of concrete/bentonite
interaction are extensively reviewed in Gaucher and Blanc (2006). Kosakowski and Berner
(2013), Gaboreau et al. (2012), and De Windt et al. (2008) provide modeling studies of
concrete/argillite interactions. The parameters needed to describe those processes are given
below.

3.25.1 Thermal, Hydrological and Mechanical Properties

Shotcrete has been used in the Full-Scale Emplacement Experiment (FE) at the Mont Terri URL,
Switzerland (Vietor 2012) and models for scoping calculations and benchmarking have been
developed in Houseworth et al. (2013). Table 12 lists the thermal and hydrological parameters
for shotcrete used in these models. The relative permeability and retention curve for shotcrete
are described by the van Genuchten relationship, with formats shown in Equations (4) and (5).
The parameters for Equations (4) and (5) are given in Table 12:

The water relative permeability in the shotcrete is given by:

2
s = (225 fr - (S Sy ™Y
W Sm_Sr Sm_Sr

Capillary pressure in the shotcrete is given by:

1-m

B(S.) = é{(;: - i:)_l/m _ 1}

where iis equivalent to P, in Equation (2).
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Table 12. Thermal and hydrological parameters for shotcrete (Houseworth et al. 2013).

Parameters Shotcrete
Solids density (kg/m°) 2700.
Porosity 0.15
Permeability (m?) 35x 104
Thermal conductivity (saturated) (W/m) 1.7
Specific heat (solids) 800.
Thermal conductivity (desaturated) (W/m) 1.06
Tortuosity 1.

Water relative permeability parameter m, (Equation (4)) 0.52
Water relative permeability residual saturation, S; (Equation (4)) 0.0071
Water relative permeability maximum saturation, Sy, (Equation (4)) 1.
Capillary pressure parameter, a. (Pa™) (Equation (5)) 9.091 x 10°®
Capillary pressure parameter, m, (Equation (5)) 0.29
Capillary pressure residual saturation, S, (Equation (5)) 0.0071
Capillary pressure maximum saturation, S; (Equation (5)) 1.

Vapor and air diffusion coefficients (D in Equation (6)) (m*/s) 2.68 x 10™
Vapor and air diffusion temperature exponents, (n in Equation (6)) 2.3

The vapor and air diffusion coefficients are both given by, D, which is modeled as a function
of temperature and gas-phase saturation using the following relationship,

P, (273.15+T)’

D¥ =7S,D : .
P, (273.15) @

9 9

where P, is the gas phase pressure, T is the temperature in Celsius, P, is the gas-phase pressure
at a temperature of zero Celsius, 7 is the tortuosity, S is the gas saturation, and D is the
diffusion coefficient at a temperature of zero Celsius, and n is an empirical coefficient.
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3.2.5.2 Chemical Properties

The properties of concrete vary according to the locations where the cement is fabricated. De
Windt et al. (2008) modeled reactive transport at the concrete/argillite interface. Table 13 lists
the mineralogical composition of concrete used in their model. The extensive review of Pabalan
et al. (2009) discusses important characteristics of cement degradation relevant to engineered
barriers in radioactive waste disposal. For example, chemical degradation processes such cement
corrosion, carbonation, and leaching. Mechanical effects include thermal cracking or shrinkage
as a result of desiccation. Pore-water composition data for concrete phases is scarce and it’s
usually specific to certain types of cementitious materials. Still, bounding pore water
compositions can be estimated through geochemical modeling and through knowledge of the
cement phase composition.

Table 13. Mineralogical composition of concrete after De Windt et al. (2008).

Mineral Shotcrete
Calcite (aggregate) 66.5
CSH 1.8 23
Ettringite 1.5
Hydrotalcite 0.5
Monosulfoaluminate 1.5
Portlandite 0.8

An example of concrete pore water composition calculated by equilibrating unhydrated cements
with water is given in Kosakowski and Berner (2013). A thermodynamic database compilation
for clay and cementitious materials has been compiled in a previous report (Jové Colon et al,
2011) along with modeling tool development of C-S-H solid solution and computation of
equilibrium agueous species concentrations (Jové Coldn et al, 2012). Sorption onto concrete is
also an important process for migration of radionuclides. McKinley and Scholits (1993)
compiled and compared different sorption databases for cements.

3.3 Seals

Seals comprise the isolation system emplaced in deep repository structures — such as
shaft/tunnel/disposal gallery accesses and drift linings and/or support assemblies — to limit
radionuclide mobility and fluid flow beyond the confines of the near-field environment. The
shaft seal system is designed to limit access of formation water into the repository and disposal
galleries. Conversely, it is also designed to restrict the outflow of contaminated fluids from the
repository. Extensive work conducted at the WIPP repository provides the basis for the
evaluation of the expected performance depending on the seal configuration and materials to be
considered.
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The design guidance items for a shaft seal system are given by Hansen et al. (2010):
 Limit waste constituents reaching regulatory boundaries

* Restrict formation water flow through the sealing system

» Use materials possessing mechanical and chemical compatibility

* Protect against structural failure of system components

+ Limit subsidence and prevent accidental entry

» Utilize available construction methods and materials.

Seal materials include cement and clay that are consistent with shaft sealing material
specifications and the repository makeup. In general, small amounts of groundwater (if any) are
expected to percolate into the repository even with distal or proximal aquifers. Although cement
and bentonite clay are regarded as stable seal materials, potential processes such as thermally-
induced phase transformations and interactions with intrinsic or extrinsic fluids may cause
degradation. However, significant degradation of this type is not expected to occur in a
clay/shale repository, given the expected level of isolation. Another aspect of seals is its close
relationship to the excavated disturbed zone (EDZ) as described by Bianchi et al. (2013).
Permeability ranges for seals can be obtained from existing literature sources for cement and clay
materials.

3.4 Natural Barrier System

The natural (barrier) system (NS) for the reference case includes the unaltered host rock and the
excavation damaged zone (EDZ) around the tunnels and access shafts of the repository. The host
rock is represented by an argillaceous formation characterized by low permeability, high
retention capacity for radionuclides, and potential self-sealing of fractures. Geological
formations with similar properties are currently under consideration for disposal of HLW by
several countries such as France (argillite), Belgium (plastic clay), and Switzerland (claystone).
Argillaceous or clay-rich formations can have a wide range of lithologies in terms of degree of
consolidation, textural parameters (e.g., presence of lamination), and mineralogical composition
(i.e., type of clay minerals, percentage of carbonate or quartz particles). Moreover, the term
“clay” is often ambiguous, since it can be used to refer to a group of minerals (clay minerals),
rock fragments rich in clay minerals, or sediment grains smaller than fine silt (< 2 um). Because
of the wide range of clay-rich formations in the United States, and the fact that a specific site has
not been yet identified, the generic term argillaceous formation is used to describe a clay-bearing
host rock in the reference case. This term indicates a generic sedimentary formation with a
lithological composition of at least 50% clay. More specific details on the argillaceous formation
considered in the reference case are presented in the next section.

34.1 Relevant Processes

Those processes relevant to the performance of EBS bentonite are also important for the argillite
host rock, including heat transport by advection and conduction, water flow by advection, vapor
flow by advection and diffusion, mechanical changes, and chemical reactions. Vapor flow by
diffusion is of particular importance for argillite in the short term. Argillite near the
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concrete/argillite might become unsaturated for a short period for the disposal of 12-PWR
canisters whereas argillite undergoes a desaturation during ventilation for the disposal of DPCs
(Zheng et al. 2014c). Concrete/argillite interactions could have significant impact on the
migration of the radionuclides because minerals precipitation in concrete might cause pore
clogging (Gaboreau et al. 2012).

Coupled THM models for argillite have been developed in Rutqvist et al. (2014a) and coupled
the THMC models have also been developed (Liu et al. 2013; Zheng et al. 2014a, 2014b).
Because of significant increases in stress due to thermal pressurization (Rutqvist et al. 2014a),
the stress change due to illitization caused by MC couplings (Liu et al. 2013; Zheng et al. 2014a)
seems not to be very important. However, the effect of illitization on the sorption capacity of
argillite still requires further study. MC couplings are therefore not deemed indispensable in the
performance assessment model. However, when site-specific data are available, the use of a
coupled THMC model is warranted before deciding to neglect MC couplings.

3.4.2 Properties of the Argillaceous Host Formation

For the reference case, the stratigraphic setting and hydrogeological properties of a generic
argillaceous formation are made consistent with the characteristics of argillaceous units in four
major shale provinces in the United States based on the classification of Gonzales and Johnson
(1984): Eastern Interior, Great Plains, Rocky Mountains, and Colorado Plateau. These provinces
were chosen because of the higher number of units with potential for HLW storage (Table 1-1 in
Hansen et al. 2010). Figure 8 shows the areal distribution of shale in the USA along with depth
to top mapping of formation units. In collecting data from several potential units, we also
considered the recommendations of Hansen et al. (2010) and Shurr (1977):

e Formation thickness: Formation thickness should be at a minimum 150 meters. Lesser
values have been proposed (75 meters) but larger thicknesses are desirable depending on
formation stratigraphic uniformity.

e Depth: The repository horizon should be at a depth between 300 to 900 meters. A depth
of ~600 meters is considered in generic disposal concepts. The report by Perry et al
(2014a) provides an analysis of shale formation depths and thicknesses distributed along
continental USA.

e Low hydraulic conductivity: Shale media is highly desirable for its very low
permeability with small values in the order of 10— 10% m?.

e Areal coverage: Widespread distributions of sedimentary basins in the continental USA
contain thick shale sequences extending hundreds of kilometers. Gonzales and Johnson
(1985) and more recently Perry et al. (2014a) provide a comprehensive description of
shale distribution in the USA.

e Self-healing: A key property of shale is plasticity (along with swelling) allowing for
healing or self-sealing (used here interchangeably) of fractures as a result of burial
processes or during excavation activities. Self-healing leads to reduction to hydraulic
conductivity of fracture and can occur through chemo-mechanical (swelling), chemical
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(fracture filling and mineral precipitation), and mechanical closure of fracture through
rock deformation (Mazurek et al. 2003).

e Mineralogy: Shale formations can have variable mineralogy and organic content. The
desirable mixed-clay fraction (illite/smectite) should exceed 85% where the remainder is
usually as assemblage of accessory minerals such as quartz, Fe oxides, pyrite, and
feldspar.

e Stratigraphic and structural uniformity (bedding and faulting): Uniform
stratigraphy (e.g., lack of sandstone lenses, and allocthonous materials) with low bedding
angle or flat-lying sequences and marginal thick sedimentary layering within the
repository horizon. Minimal structural geologic features such as folding, faulting, and
joint/fractures is desirable within the extent of the repository footprint.

e Hydrogeochemistry: The hydrochemistry of deep-seated clay-bearing is often
represented by reduced aqueous fluids with bulk chemistries enriched in Na-Ca-CI-SO,
and often saline. Salinity tends to increase with depth due increase fluid isolation.
Therefore, mixing with more diluted waters from overlying or much shallower
formations is usually not observed.

e Tectonic and/or seismogenic stability: Preference is given to areas that are seismically
quiet, devoid of active faults or far from major tectonic lineaments.

e Borehole activity: Oil and gas drilling targets for hydrocarbon resource exploration and
production in shale are unwanted, particularly in the exploitation of unconventional
(often deep) shale reservoirs.

In the Eastern Interior Province, the characteristics of the Upper Ordovician Black River Group
and Middle Ordovician Trenton Group of the Michigan Basin were considered (Clark et al.
2013; Beauheim et al. 2014) . In the Great Plains Province, most of the data analyzed refers to
the Pierre Shale (Neuzil 1986; 1993; Bredehoeft et al. 1983; Olgaard et al. 1995; Smith et al.
2013). Based on this information, the reference case assumes a depth for the top of the argillite
host formation of 450 m (with a range of ~300 m to 900 m), a thickness of 150 m (with a range
of ~75 m to 300 m), and an extent of 300 km x 300 km (with a range of ~100 km x 100 km to
500 km x 500 km). There are several locations in the Eastern Interior, Great Plains, Rocky
Mountains, and Colorado Plateau shale provinces that have argillaceous formations with these
ranges of depth, thickness, and areal extent, such that they can be targeted for HLW disposal. It
is also assumed that the argillaceous formation is bounded at the top and at the bottom by two
geological units with permeability 4 to 5 orders of magnitude higher than the argillaceous host
rock. The lithology of these surrounding units is not specified at this stage, but will be specified
when a site will be selected.

As for the structural and stratigraphic setting, the values assumed for the hydrogeological
properties of the argillaceous host formation in the reference case are based on available data
from argillaceous formations in the U.S. (Table 14). The permeability of the unaltered
argillaceous rock is assumed equal to 5x1072° m? (with a range of 1x10™*° m? to 1x10%! m?). This
value is also consistent with the range of permeability values measured in argillaceous
formations currently under investigation as potential host rock for HLW disposal, such as the
Callovo-Oxfordian Argillites (e.g., ANDRA 2005, Armand et al. 2013), and the Opalinus Clay
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(e.g., NAGRA 2002; Croisé et al. 2004). The same value was also adopted by Bianchi et al.
(2013; 2014). The total porosity is assumed equal to 0.15 (with a range of 0.1 — 0.4), while the
accessible porosity—that is, the fraction of pore space that actually accessible to diffusion—is
assumed equal to 0.08 (with a range of 0.04 to 0.1).

3.4.3 Hydraulic Conditions in the Argillaceous Formation

The reference case formation is assumed saturated with a specific storativity of 1.0x10° m™
(with a range of 8.0x10° m™to 4.0x10° m™). A vertical upward hydraulic gradient equal to 1
m/m is assumed. At this stage, the hydraulic head distribution in the reference case is assumed at
equilibrium relative to the hydraulic heads in the overlying and underlying formations with
higher permeability. However, an anomalous head distribution within the host formation is
expected since this phenomenon is typically observed in several argillaceous formations. For
example, hydraulic head measurements in the Callovo-Oxfordian argillite at Bure, France,
revealed overpressures between 20 to 40 meters water column equivalent relative to the upper
and lower surrounding formations (ANDRA 2005). Similarly, the Opalinus Clay near Benken,
Switzerland (NAGRA 2002) is overpressurized. In the U.S., the Middle Ordovician Trenton
Group in the Michigan Basin is significantly underpressurized (Beauheim et al. 2014). Hydraulic
head data for the Pierre Shale in South Dakota also provide evidence of underpressurized
conditions with head values as much as 125 m below hydrostatic level (Neuzil, 1993). As shown
recently by Bianchi et al. (2014), pressure anomalies within the host argillaceous formation can
have an impact on radionuclide transport from the repository toward the biosphere. In particular,
inward flow induced by negative pressure anomalies in the host rock can delay radionuclide
transport therefore enhancing the performance of the geological barrier to confine radioactive
waste in a deep subsurface shale repository (Neuzil, 2013). Conversely, local high gradients,
owing to the presence of overpressures, can speed up the transport process. Pressure conditions
within the host rock will be thoroughly assessed once more specific details of the argillaceous
host formation become available through site characterization.
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Table 14. Properties and distribution of the clay-rich formations in the USA (adapted from
Gonzales and Johnson (1984) and other studies)

Property Value Formation Location Source
0.05 t0 0.18 H‘gﬁrongﬁ’;‘lger K;TL%_ky Soeder (1988)
0.02t00.11 Ordovician Ontario Sykes et al. (2008)
Total_ 0.134 Pierre Shale South Dakota Olgaard et al. (1995)
porosity (-)
0.35t00.45 Pierre Shale Saskatchewan Smith et al. (2013)
0.021t00.01 Trenton Group Ontario Gartnezzlbeoegl)_imited
Accessible 0.07 t0 0.08 Wilcox Louisiana Kwon et al. (2004)
porosity (-) 0.04100.1 Pierre Shale South Dakota  Bredehoeft et al. (1983)
8e-12 t0 5.2e-11 Ordovician Ontario Sykes et al. (2008)
4e-12 to 1e-11 Pierre Shale South Dakota  Bredehoeft et al. (1983)
le-14 to 1le-13 Pierre Shale South Dakota Neuzil (1993)
2E-12 Pierre Shale South Dakota Neuzil (1986)
:'Oi]d(;j::ii\‘;ity 2e-16 to 2e-10 Trenton Group Ontario Beélljgﬁi?tegl ?I('Zgzlgl)‘l)’
(ms™) 8e-13 to 2e-12 Trenton Group Ontario Gartner Lee Limited
(2008)
7.9e-14 to 8.2¢-11 H‘gﬁinorgﬁ';}ger KS}TL%'ky Soeder (1988)
5.8e-11to 1.9e-10 Marcellus West Virginia Soeder (1988)
3e-15to 3e-12 Wilcox Louisiana Kwon et al. (2004)
1.3e-6to 1.2e-4 Ordovician Ontario Sykes et al. (2008)
8.0e-7 Pierre Shale South Dakota Neuzil (1986)
3%$;g\i/?ty 2.69e-5 to 3.60e-5 Pierre Shale South Dakota  Bredehoeft et al. (1983)
(m?) 1.1e-5t02.4e-5 Pierre Shale Saskatchewan Smith et al. (2013)
1.2e-6 10 1.3e-6 Trenton Group Ontario Gartner Lee Limited

(2008)
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3.4.4  Excavated Disturbed Zone (EDZ)

A major concern in post-closure safety evaluations of the repository system is the potential for
hydro-mechanical perturbations caused by excavation. These perturbations are found within the
excavation damaged zone (EDZ) around the repository tunnels and access shaft. The EDZ is
primarily caused by redistribution of in situ stresses and rearrangement of rock structures (Tsang
et al. 2012). Field investigations conducted at underground laboratories such as at Mont Terri
(Switzerland) and Bure (France) have shown that the permeability of the EDZ can be one or
more orders of magnitude higher than the unaltered argillaceous rock. This is primarily caused
by the higher concentration of macro- and micro-fractures. For these conditions, the EDZ could
then act as a preferential flow path for advective transport and thereby speed up radionuclide
migration toward the biosphere. The EZD properties and their evolution over time have been
analyzed in laboratory and field studies (Bossart et al. 2004; Baechler et al. 2011; Armand et al.
2013). These investigations suggest that a partial or complete self-sealing of fractures due to clay
swelling and creep within the EDZ is possible after a certain amount of time. The self-sealing
process can potentially decrease the EDZ permeability over time, which may eventually return to
the values of the unaltered rock. However, the mechanisms and the time evolution of self-healing
is still a matter of research, and at this point models simply assign constant permeability values
for base-case scenarios. For the reference case described in this report, we followed the same
simplified approach: the permeability in the EDZ is assumed constant in time with a value equal
to 1x10™® m. This value, which is 20 times higher than the unaltered argillaceous rock
permeability, was used in previous performance assessment studies (ANDRA 2005; Genty et al.
2011), and more recently by Bianchi et al. (2013; 2014) The thicknesses of the EDZ around
horizontal tunnels and the shaft in the reference case is assumed equal to 1.2 times the radius of
the corresponding excavation (with a range of 0.8 to 1.6). This value is comparable to
observations conducted at the Mont Terri in the Opalinus Clay (Bossart et al. 2004). The same
thickness was also used in the simulations presented in Bianchi et al. (2013; 2014).

3.45 Radionuclide Transport Mechanisms in the Host Formation and EDZ

Bianchi et al. (2013; 2014) conducted numerical simulations of groundwater flow and
radionuclide transport to understand factors controlling transport behavior within a generic HLW
repository in an argillaceous formation. These simulations are based on simplified 2-D
representation of the repository, including one horizontal emplacement tunnel, a vertical shaft,
and cross section of the argillaceous host formation. Several scenarios were simulated to study
the influence of several factors on transport behavior, including the hydraulic gradient in the host
rock, the presence of pressure anomalies, the thickness of the EDZ, and its hydraulic properties.
In their base case, these authors considered a vertical upward hydraulic gradient (1 m/m)
resulting from imposing specified heads as boundary conditions at the top and bottom of the
argillaceous formation, as well as hydrogeological parameters with values analogous to those
presented for this reference case. The simulated flow field and the spatial distribution of the
Peclet number (Pe) for the base-case scenario is considered in Bianchi et al. (2013; 2014), as
shown in Figure 9.
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Figure 9. Simulated steady-state flow field (a) and Pe spatial distribution (b) in the base case

scenario considered in Bianchi et al. (2013, 2014). The EZD is shown in red (a).
(Modified from Bianchi et al. 2014).

The Peclet number was used to investigate whether and where transport in the simulated flow
fields is driven by advection (Pe > 10) or molecular diffusion (Pe < 1). Results show that
radionuclide transport is driven by molecular diffusion in the argillaceous formation and (mostly)
by advection in the EDZ. Diffusion is predominant in the emplacement tunnel and in the
bentonite seals, while advective transport is prevalent in the more permeable tunnels backfill. In
most of the simulated scenarios, the EDZ plays a major role as a preferential flow path for
radionuclide transport. When the EDZ is not taken into account, transport is dominated by
molecular diffusion in almost all the components of the simulated domain. On the other hand, in
these simulations, the host rock, EDZ, and EBS are assumed to be fully saturated, and therefore
these results have to be considered conservative with respect to the safety performance of the
repository system. In particular, processes such as the self-sealing of the EDZ and consolidation
of clay components in the EBS, may prevent preferential flow along the EDZ (Hansen et al.
2010). Moreover, advective transport along the EDZ and the access shaft may be insignificant
due to a limited amount of water inflow from the argillite formation (Blimling et al., 2007,
Hansen et al. 2010). All these aspects need to be further investigated after a site is identified. At
this stage, the presented reference case considers diffusive transport in the argillaceous
formation. This scenario corresponds to the “Nominal Scenario, Pathway 2” proposed by Hansen
et al. (2010), in which diffusion is the prevalent mechanism moving radionuclides upward from
the repository, through the NS, to a shallow aquifer from which they are pumped to the
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biosphere. In this scenario, radionuclide transport is expected to be delayed by the reducing
environment in the host rock and by sorption. Radioactive decay is also taken into account.

3.4.6 Chemical Properties

Chemical properties including mineralogical composition, water chemistry, diffusion, and
sorption coefficients are critical for evaluating the migration of radionuclides in host rocks. Some
reference values of these properties are given below. More detailed information can be found in
the sources given below, particularly in the case of mineralogical characterization and
chemisorption properties.

3.4.6.1 Mineralogical Composition

As previously mentioned, some shales and argillites that are candidate host rocks for HLW
disposal have been studied extensively, such as the Opalinus Clay at Mont Terri (Switzerland)
(Thury 2002). Table 15 lists the mineralogical composition of Opalinus Clay. The measured
mineralogical composition of Opalinus Clay varies remarkably, probably because of the spatial
heterogeneity in mineralogical composition and the analytical method used. For example,
Bossart (2011) summarized measured mineralogical composition from Waber et al. (1998), De
Canniere (1997), Thury and Bossart (1999), and NAGRA (2003), and reported the mixed layer
illite/smectite ranging from 5% to 11%. However, Lauber et al. (2000) reported the illite/smectite
mixed layer ranging from 14% to 22%. The mineralogical compositions listed in Table 15 are the
average of the Bossart (2011) and Lauber et al. (2000).

Table 15. Mineral volume fraction (dimensionless, ratio of the volume for a mineral to the total
volume of medium) of Opalinus Clay (Bossart 2011; Lauber et al. 2000).

Mineral Opalinus Clay
Calcite 0.093
Dolomite 0.050
Ilite 0.273
Kaolinite 0.186
Smectite 0.035
Chlorite 0.076
Quartz 0.111
K-Feldspar 0.015
Siderite 0.020
Ankerite 0.045
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3.4.6.2 Pore-water Chemistry

Pore-water chemistry in shale formations can be variable and hard to obtain, due to their low
volumes and difficulties in extraction from rock. Most pore waters compositions found in the
literature are extracted from shale samples found in weathered zones (e.g., Cody shale),
groundwater from seeps and springs (e.g., Mancos shale), and production waters from oil field
wells (e.g., Pierre shale). Water chemistries should preferably be limited to careful extractions
from rock samples obtained at repository depths. Moreover, samples should be well
characterized and obtained at various formations depths to resolve chemical variability (both
major elements and isotopes) and the extent of or lack of mixing with shallower groundwaters.
Studies by Fernandez et al. (2007) and Turrero et al. (2006) provide fairly comprehensive
chemical characterizations of pore-waters for the Opalinus Clay (Switzerland) and an Oligocene-
Miocene Clay from Spain. Very few sources of pore water chemistry data relevant to clay
formations in the USA can be found. However, the majority of deep-seated pore water
chemistries tend to be briny with Na-Ca-Cl as the main components but with K and SO, in
relatively lower concentrations depending on the geologic setting. The data given by Ferndndez
et al. (2007) and Turrero et al. (2006) will be used to constrain nominal pore water chemistries in
the reference case. Perry (2014b) reported Cl concentrations for a wide array of shale/argillite
pore waters showing an increasing concentration trend with depth. Such trend resembles that of
seawater evaporation; however, a complete analysis of aqueous species (cations and anions) is
necessary to accurately assess pore-water compositional trends. Fernandez et al. (2007)
presented another study that provides data on the pore-water composition of the Opalinus Clay.
These authors conducted five onsite water sampling campaigns from borehole BDI-B1. The
average concentrations of these five campaigns are shown in Table 16.

Another important aspect of deep-seated groundwaters to a nuclear waste repository is the redox
state of the natural barrier pore waters and the EBS. Jové Coldn et al. (2010) discusses the
importance of redox conditions to nuclear waste disposal from the standpoint of natural analogs
and the EBS. Groundwater interaction with metallic barrier components in the EBS leads to
consumption of available O,. Corrosion of iron present in the form of barrier materials could
exert a strong influence on Hyg) partial pressures and thus dissolved Oy(,q) in solutions contacting
a corroding waste canister. Figure 10 (Jové Coldn et al. 2010) shows the redox stability of iron-
bearing phases as function of pH for common corrosion products of potential metallic barrier
materials such as steels. The strong agreement depicted by the Eh-pH relations for the ferric-
ferrous iron system and measured Eh-pH reported for the Pu solubility experiments (Rai et al.
2001 and Neck et al. 2007) suggests overall solution redox could be controlled by equilibria with
phase like green rust. The figure also shows the solution redox of subsurface waters for three
types of host-rock environments: salt, clay rock, and granite. The redox relations for solutions
sampled in these environments indicate a consistent reduced state which is a common trend for
deep subsurface waters. Such a reduced state in the pore waters is key in mitigating radionuclide
transport by lowering solubilities. Moreover, the equilibria of reduced solutions with potential
corrosion products could also serve as an enhanced redox barrier to further reduce radionuclide
mobility. The trend depicted in Figure 10 indicates a close similarity in Eh-pH relations for the
three host-rock settings where the redox state of these waters falls within the “green rust”
stability field. Such relation will be used to bound Eh-pH in the adopted pore water chemistries.
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Figure 10. Plot of Eh versus pH relationships for the iron system with relevance to solution
redox control for a corroding metallic barrier material (see text). Diagram was
constructed using thermodynamic data from Bourrie et al, (1999, 2004) for green rust
phases, YMP Pitzer thermodynamic database (Mariner, 2007) for ferrihydrite
(Fe(OH)3(s)), and ancillary data used obtained from the YMP thermodynamic database
(Wolery and Jové-Coldn, 2007), Robie et al. (1979), Stefansson et al. (2005), and
Parker and Khodakovskii (1995). The Eh-pH data depicted in the diagram for the
Canadian Shield waters, WIPP ERDA-6 brine, Callovo-Oxfordian clayrock, and Mont
Terri Opalinus Clay (borehole BDI-B1) are from Gascoyne et al. (2004), D'Appolonia
Consulting Engineers (1983), Gaucher et al. (2009), and Turrero et al. (2006),
respectively.
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Table 16. Average pore water composition of Opalinus Clay.

Opalinus Clay — Average Concentrations
(Fernandez et al., 2007)

pH 7.40
Eh(V) 0.268
Cl (mol/L) 3.32E-01

S04 (mol/L) 1.86E-02
HCOs (mol/L)  5.18E-03
Ca*? (mol/L) 2.26E-02
Mg* (mol/L)  2.09E-02
Na* (mol/L) 2.76E-01
K* (mol/L) 2.16E-03
Fe*? (mol/L) 3.46E-06
SiOy(aq) (mol/L) 1.10E-04
AlO; (mol/L)  3.89E-08
F (mol/L) 1.68E-05
Br (mol/L) 3.2E-04
O,(aq) (mol/L)  1.07E-41
UO," (mol/L)  1E-10

3.4.7 Diffusion Coefficients in the Argillaceous Host Rock

Diffusive transport of sorbing radionuclides in the reference argillaceous formation is defined by
Fick’s second law:

Rac_v D.VC
ER—= = (DVC) )

where C is concentration, t is the time, ¢ is the effective porosity, D, is effective diffusion
coefficient and R is retardation factor.

The effective diffusion coefficient takes into account the fact that in porous media the diffusion
process is slower than in free water due to longer diffusive paths. D, can then be described by the
following equation:
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D, = ¢D, = e1D,, A3)

where Dy is the pore-water diffusion coefficient, = is a geometrical factor representing the
tortuosity of the diffusive paths in the porous medium, and D,, is the molecular diffusion
coefficient in water. A uniform value equal to 0.1 is specified for tortuosity in the reference case.

Previous studies collected and reported datasets of diffusive parameters from argillaceous
formations (e.g., Aertsens et al. 2004; van Loon et al. 2004a and 2004b; Descostes et al. 2008;
Appelo et al. 2007). A summary of the diffusion parameters collected in clay-rock formations
available in the literature was presented by Zheng et al. (2011b). For example, the D, of *Na and
83y in the Opalinus Clay range from 1.20x10™** m?/s to 6.0x10™ m?/s for 2Na and from
1.4x10™ m?/s to 2.4x10™* m?/s for ®Sr. Measurements of D, of iodide in the Boom Clay along
a depth interval of about 100 m range between 9.1x10™* m?/s and 5.2x10™° m%s, with an
average value of 1.6x10™° m%s and a standard deviation of 9.0x10™ m%s (Huysmans and
Dassargues 2006). Laboratory scale experiments also showed that D, is anisotropic; Samper et
al. (2008), for instance, found that the anisotropy ratio e of D, for HTO in a cylindrical rock
sample of Callovo-Oxfordian argillite is between 0.26 and 0.56.

For the reference case described in this report, the water diffusion coefficient of generic
radionuclide is assumed to be equal to 1.08x10° m%s (Bianchi et al. 2013; 2014), and with
radionuclide-specific effects (e.g., due to size and charge) not considered at this stage. This value
is similar to the diffusion coefficient of iodine, which is abundant in radioactive waste. Since
iodine is also highly mobile in the solute phase, the assumed value is a conservative choice with
respect to the safety performance of the repository system. Compound-specific diffusion
coefficients will be considered in future stages of the repository performance assessment. Part 11,
Section 6) of this report describes reactive diffusion modeling for clay and clay rock. This
model adopts different approaches from Fick’s law that are based on ion diffusion through clay.

3.4.7.1 Sorption Data

Modeling sorption via linear sorption isotherm, i.e. distribution coefficient (Kg) is widely used in
PA-level models. Because Ky depends not only on the properties of the adsorbate (i.e.,
radionuclides) but also adsorbents (i.e. host rock), it varies a great deal and is affected by many
factors. For example, the plutonium Ky value was correlated to parameters specifying the
aqueous chemical conditions and solid characteristics, using the data from Glover et al. (1976).
This data set provides sorption data and a quantitative specification of the mineral phase and
solution chemistry associated with each sorption experiment. The correlation indicates that the
main controls on sorption are the soluble (or dissolved) carbon content (DC) of the clay, the
inorganic carbonate content (i.e., the CaCOj3 content) (IC), pH, and the solution electrical
conductivity (EC). Such correlations can be useful as guidance on potential factors controlling
radionuclide sorption. McKinley and Scholits (1993) compiled and compared different sorption
databases for argillites. More recently, Miller and Wang (2012) also reviewed sorption
coefficients for some argillites. The information compiled by these authors on Ky data will be
important to determine the adequate bounds and ranges when developing distributions to
represent these data. Part IV of this report documents the advances of thermodynamic database
developments including that applicable to sorption models (ion exchange and surface
complexation) for nuclear waste repository conditions.
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4. Biosphere

The biosphere representation is usually dependent on regulatory guidance and specific scenarios
for potential pathways towards near-surface receptors of contaminants (e.g., shallow aquifers,
well water). The conceptualization of the biosphere is typically specified by regulation and can
vary between different national radioactive waste disposal programs. For the reference case, the
biosphere conceptualization is based on the International Atomic Energy Agency (IAEA)
BIOMASS Example Reference Biosphere 1B (ERB 1B) dose model (IAEA 2003, Sections A.3.2
and C.2.6.1). The ERB 1B dose model assumes that the receptor is an individual adult who
obtains drinking water from a pumping well drilled into the aquifer above the argillaceous host
rock. Dissolved radionuclide concentrations in the aquifer are converted to estimates of annual
dose to the receptor (dose from each radionuclide and total dose) using ERB 1B dose model
parameters, which include the well pumping rate, the water consumption rate of the receptor, and
radionuclide-specific dose conversion factors. Determination of dose model parameter values
depends on the characteristics of the biosphere (e.g., climate) and the habits of the population
(receptor) in that biosphere. Dose model parameters are not currently specified, but will be
determined as the PA model matures.

5. Concluding Remarks

A generic argillite repository reference case is presented in this part of the report. In the past
several years, under the auspices of the UFDC, various kinds of models have been developed for
repositories in argillaceous rock to demonstrate the modeling capability, understand the spatial
and temporal alteration in the EBS bentonite and host rock, and evaluate different disposal
scenarios. The establishment of a reference case requires the description of waste inventory,
waste form, waste package, repository layout, properties of EBS backfill and host rock, and
biosphere. Some of these parameters needed to represent repository components such as waste
inventory, waste form, and waste package dimensions (12-PWR only) are consistent with those
adopted for disposal in salt by Freeze et al. (2013). The description of the reference case for
shale focuses on relevant processes and properties of EBS bentonite and host rock, it proposes a
repository layout for 12-PWR and 32-PWR waste packages, and provides a brief description of
the biosphere. The latter is specific to certain parameters to be defined in the evolving PA model
and characteristics of the site hydrogeology along with receptor consumption rates.

Some processes, including heat transport by advection and conduction, water flow by advection,
vapor flow by diffusion, mechanical changes, and chemical reactions are known to be important
for the EBS and host rock. Recent coupled THM and THMC simulations of these subsystems
(Rutgvist et al. 2014a, 2014b; Zheng et al. 2014a, 2014b, 2014c) are very helpful in evaluating
the importance of HMech and MC couplings. The HMech coupling could be important because
of its relevance to the time needed to fully saturate the EBS bentonite. The tentative conclusion
from current THMC models is that MC couplings need not necessarily be directly included in the
PA model. However, the variation in clay swelling capacity resulting from THMC couplings in
the EBS should be included for uncertainty analysis in the PA model. Moreover, when site-
specific data are available, coupled THMC models are warranted before determining whether to
neglect certain couplings. Figure 11 shows a stylized chronological evolution of a coupled
THMC processes in a shale disposal environment (Jové Colon et al. 2013). Such a schematic
diagram or “whiteboard” approach allows for a high-level evaluation of the importance of
coupled processes like, for example, HMech and MC throughout the repository timeline. The
precise timing of these coupled processes is a gross estimate based on the expected repository
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thermal behavior and the projected impact on other phenomena. Thermally-driven processes
such as moisture transport (desiccation) affects chemical processes like water uptake from clay
and thus would impact swelling. Then most of the clay swelling “performance” would be more
important during the post thermal period (after ~1000 years) where relative humidity is high.
Leveraging on both modeling and experimental studies would provide enhanced confidence on
delineating the extent of these processes to inform decisions on exclusion or inclusion into PA
models. Integration of information obtained from other UFDC activities (e.g., clay interaction
and thermo-mechanical experiments) is key to the evaluation of thermal limits in the EBS and
the natural barrier. Such thermal constrains will determine the various repository layout options
through thermal evaluation of the proposed reference case for shale.
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Figure 11. Chronological evolution of coupled processes in a shale/argillite repository.

74



6. Plans for FY15
The main goals for FY15 related to the reference case for disposal in shale are:

Implementation of the shale reference case. This will be a concerted effort between
SNL and LBNL in which strategies for reference case implementation into GDSA
framework will be evaluated.

THMC analysis will be conducted in support of reference case implementation
activity. This may also include the thermodynamic analysis of clay-fluid interaction
to evaluate the extent of MC effects.

Expand the 3-D FEM thermal model to a multi-drift and multi-waste-package
scenario using the Albany platform suitable for large-scale parallel computation. Such
model would be more accurate to capture peak temperatures and the effects of
geometric asymmetries in the EBS configuration of a DPC, for example.
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1. Introduction

Shale and clay-rich geological formations have been considered as potential host rock for
geological disposal of high-level radioactive waste throughout the world, because of their low
permeability, low diffusion coefficient, high retention capacity for radionuclides, and capability
to self-seal fractures. Permeabilities arising from the primary porosity of these rock types are low
because of the extremely fine-grained constituents and the very small pores associated with the
fine-grained material. Permeability values are typically less than 10 microdarcies (10" m? or
about 10™° m/s equivalent hydraulic conductivity) and are often two to four orders of magnitude
lower. While fractures can occur, clay and shale often demonstrate the tendency to self-seal
fractures, which reduces the effects of fractures on bulk permeability. This occurs as a result of
swelling from the increased water potential in fractures, the generation of fracture infilling
materials and mineral precipitation, and plastic deformation of the rock (Mazurek et al., 2003).
The low permeability of clay and shale rock are well-known in the hydrogeology community
where these rock types represent aquitards that severely limit groundwater movement, and in
petroleum geology, where they act as caprocks limiting the rise of buoyant petroleum fluids.
Other favorable characteristics of clay/shale rock are the strong sorptive behavior for many
radionuclides and (in saturated systems) the low flow rates, which typically lead to reducing
conditions because of the lack of oxygen transport from the surface. Clay and shale rock also act
to chemically buffer the effects of materials introduced through repository construction,
operation, and emplaced materials (Arcos et al., 2008).

A large body of information concerning the behavior of clay/shale geologic environments using
bentonite backfill/buffers for nuclear waste disposal has been developed through the repository
programs with underground research laboratories in Switzerland, France, Belgium, and Japan. At
Switzerland’s Mont Terri underground rock laboratory, experiments are being carried out to
investigate the geological, hydrogeological, geochemical and rock mechanical properties of the
Opalinus Clay formation, an indurated clay (also referred to as shale) (Meier et al., 2000).
Experimentation is ongoing in a variety of areas including hydrogeology, geomechanics,
geochemistry, characterization of the excavation damaged zone (EDZ), heater testing,
radionuclide diffusion and retention, cement-clay interactions, and self-sealing behavior. The
Callovo-Oxfordian clay formation, an indurated clay at Bure in France, is used for research
emphasizing reversible geologic disposal of high-level and long-term intermediate level
radioactive waste (Fouche et al., 2004). The program is investigating the role of faults or
fractures in hydrogeologic behavior, geochemical properties of water and gas and interpretations
of system connectivity, geochemical properties affecting radionuclide mobility, and feasibility of
excavation. The program is also addressing complex issues concerning bentonite backfill and
material interactions with cement and metallic components. The Toracian clay at Tournemire,
France, is an indurated clay that is used for scientific evaluation of argillaceous formations for
nuclear waste disposal but is not a candidate disposal site (Patriarche et al., 2004). Investigations
include the effects of hydro-geochemical properties, rheological properties, excavation effects,
the role of fractures in argillaceous formations, and interactions with concrete. The underground
laboratory at Mol in Belgium conducts experiments to investigate the geological,
hydrogeological, geochemical, and rock mechanical properties of the Boom Clay formation
(Barnichon and Volckaert, 2003). This is softer clay than the Opalinus, Callovo-Oxfordian, or
Toracian clays, and its geomechanical behavior is described as “plastic.” Experiments include
studies of the damage zone around drifts, thermal impact of the waste, radionuclide migration,
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and backfill characterization. The Koetoi and Wakkanai Formations at Horonobe, Japan, have
been recently developed as a URL (Hama et al., 2007). The argillaceous rock at this location
consists of mechanically soft to indurated, highly porous diatomaceous mudstone.

In addition to the favorable characteristics of and international interest in argillaceous rocks for
nuclear waste disposal, another reason for considering this rock type for the U.S. nuclear waste
disposal program is the abundance of clay/shale geologic resources in the United States. Recent
work on the UFD Campaign has updated shale resource estimates and identified extensive
regions within sedimentary basins where shale formations are present, as shown in Figure 1.1.
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Figure 1.1. Summary of GIS data for depth to top of shale formations within major sedimentary
basins in the US currently incorporated in the LANL GIS database. Figure produced by LANL
from shale data populated into the GIS database. (updated after Perry et al., 2014).

The focus of research within the UFD Campaign is on repository-induced interactions that may
affect the key safety characteristics of an argillaceous rock. A nuclear-waste-repository
excavation causes changes in mechanical stress and water saturation, and introduces air into the
underground environment. These changes have been observed in URLSs discussed above and
have been found to lead to fracture formation around the drift in a region called the excavation
damaged zone (EDZ). The formation of fractures and increased permeability of the EDZ needs
to be evaluated for its potential effects on repository performance. The behavior of the EDZ has
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also been observed to change rapidly over time in response to changes in mechanical and
hydrological conditions, including fracture self-sealing. Therefore, the formation and evolution
of fractures in an argillaceous rock is a dynamic process.

Maximum allowable temperature is one of the most important design variables for a geological
repository, because it determines waste-package spacing, distance between disposal galleries,
and therefore the overall size (and cost) of the repository for a given amount of waste. This is
especially important for a clay repository, because clay rock has relatively low thermal
conductivity. However, data and knowledge gaps exist in establishing a scientific basis for
determining this temperature for a clay repository.

Within the natural (barrier) system (NS) group of the Used Fuel Disposition (UFD) Campaign at
the Department of Energy’s (DOE) Office of Nuclear Energy, LBNL’s research activities have
focused on understanding and modeling EDZ evolution and the associated coupled processes,
and impacts of high temperature on parameters and processes relevant to performance of a clay
repository to establish the technical base for the maximum allowable temperature. This report
documents results from some of these activities. These activities address key Features, Events
and Processes (FEPs), which have been ranked in importance from medium to high, as listed in
Table 7 of the Used Fuel Disposition Campaign Disposal Research and Development Roadmap
(FCR&D-USED-2011-000065 REVO0) (Nutt, 2011). Specifically, they address FEP 2.2.01,
Excavation Disturbed Zone, for clay/shale, by investigating how coupled processes affect EDZ
evolution; FEP 2.2.05, Flow and Transport Pathways; and FEP 2.2.08, Hydrologic Processes,
and FEP 2.2.07, Mechanical Processes and FEP 2.2.09, Chemical Process—Transport, by
studying near-field coupled THMC processes in clay/shale repositories. The activities
documented in this report also address a number of research topics identified in Research &
Development (R&D) Plan for Used Fuel Disposition Campaign (UFDC) Natural System
Evaluation and Tool Development (Wang, 2011), including Topics S3, Disposal system
modeling — Natural system; P1, Development of discrete fracture network (DFN) model; P14,
Technical basis for thermal loading limits; and P15 Modeling of disturbed rock zone (DRZ)
evolution (clay repository).

This report documents progress made in LBNL’s FY 14 research activities, including
development and validation of rock stress-porosity and stress-permeability relationships based on
the two-part Hooke’s model, a new constitutive relationship for coupled hydromechanical
processes (Section 2), development of capabilities to treat anisotropic properties in a discrete-
fracture network, a fracture-damage model for investigating coupled processes in the EDZ
(Section 3), modeling of THM processes for the HE-E and FE heater tests at Mont Terri,
Switzerland (Section 4), the effects of strongly elevated temperature on the bentonite backfill and
near-field clay host rock (Section 5), and modeling of reactive diffusive transport with
application to the DR-A test at Mont Terri, Switzerland (Section 6). A summary and discussion
of future work activities are given in Section 7.

2. Relationships among Permeability, Porosity and Effective Stress for Low-
Permeability Sedimentary Rock Based on the Two-Part Hooke’s Model

2.1 Introduction

One of the major concerns in post-closure safety evaluations of the repository system is the
potential for hydromechanical perturbations caused by excavation, which is of particular
importance for argillite repository. These perturbations are found within the excavation damaged
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zone (EDZ) around the repository drifts and access shaft. The EDZ is primarily caused by
redistribution of in situ stresses and rearrangement of rock structures (Tsang et al., 2012). Field
investigations conducted at underground laboratories such as at Mont Terri (Switzerland) and
Bure (France) have shown that the permeability of the EDZ can be one or more orders of
magnitude higher than the unaltered argillaceous rock. For these conditions, the EDZ could then
act as a preferential flow path for advective transport and thereby speed up radionuclide
migration toward the biosphere. The EDZ properties and their evolution over time have been
analyzed in laboratory and field studies (Bossart et al., 2004; Baechler et al., 2011; Armand et
al., 2013). These investigations suggest that a partial or complete self-sealing of fractures due to
clay swelling and creep within the EDZ is possible after a certain amount of time. The self-
sealing process can potentially decrease the EDZ permeability over time, which may eventually
return to the values of the unaltered rock. Stress change during excavation is the mainly driving
force for the changes in permeability in EDZ, and stress recovery is also one of the major causes
for the self-healing, with the other one being chemical changes such as mineral precipitation. An
accurate mathematical representation of the permeability-stress relationship is therefore critical
for understanding the evolution of permeability and predicting the permeability changes during
excavation and self-healing stages.

The changes in permeability with stress in EDZ is a phenomenon (so called “stress-dependence
of permeability”) that is also widely observed for other low-permeability sedimentary rock and
in other engineering applications, such as fossil-fuel exploitation (McLatchie et al., 1958;
Vairogs et al., 1971; Jones and Owens, 1980; Walls et al., 1982; McKee et al., 1988; Brighenti,
1989; Spencer, 1989; Lei et al., 2008; Li et al., 2008), CO, geological sequestration (Rutgvist
and Tsang, 2002; Cui et al., 2007), coal-mining safety (Somerton et al., 1975; Jasinge et al.,
2011; Konecny and Kozusnikova, 2011), modeling fluid percolation and pore-pressure evolution
in the crust (David et al., 1994; Wibberley and Shimamoto, 2005; Ghabezloo et al., 2009a; Dong
et al., 2010). The low-permeability sedimentary rock typically refers to those with permeability
less than 0.1 mD under reservoir conditions (Byrnes, 1996; Shanley et al., 2004; Holditch, 2006).
Nowadays, hydraulic fracturing is widely used to extract oil and natural gas from tight sandstone
and shale gas reservoirs, which usually show highly stress-sensitive mechanical and/or hydraulic
properties. Knowledge of the dependence of such properties on stress is critical for productivity
estimation and recovery-method design (Jones and Owens, 1980; Walls et al., 1982). The stress-
dependence of porosity and permeability in argillite, especially in EDZ, as mentioned above, is
of great importance for the performance assessment of the disposal site (Tsang et al., 2005),
which motivate the study of an accurate mathematical representation of the permeability-stress,
porosity-stress relationship as presented in this report.

The permeability and porosity change with effective stress are quite different for low-
permeability rock. With an increase in effective stress, low-permeability rock undergoes fairly
small porosity changes, typically less than 10% (Thomas and Ward, 1972; Jones and Owens,
1980; Byrnes, 1996; 1997; Byrnes and Castle, 2000). Some empirical relationships have been
established between porosity and effective stress based on laboratory-measured data (Athy,
1930; Hoholick et al., 1984; Shi and Wang, 1986; Davies and Davies, 2001; Rutqvist et al.,
2002). In contrast, significant permeability changes have been observed with relatively small
increases in effective stress. For example, with the effective stress increases from zero to around
15 MPa (McLatchie et al., 1958; Thomas and Ward, 1972; Jones and Owens, 1980; Kilmer et al.,
1987; David et al., 1994; Ghabezloo et al., 2009a; Dong et al., 2010; Metwally and Sondergeld,
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2011), the permeability of this type of rock decreases more than one order of magnitude. Such a
phenomenon is usually referred to as stress-sensitive rock permeability at low effective stress
levels. Furthermore, as pointed out by McLatchie et al. (1958) and Vairogs et al. (1971), for tight
sandstone, the lower the reference permeability (routinely tested permeability), the greater the
permeability reduction under increasing effective stress. Some empirical relationships were
established between permeability and effective stress based on laboratory-measured data.
Representative relationships include exponential law (David et al., 1994; Evans et al., 1997;
Mohiuddin et al., 2000; Jones, 2013) and power law (Shi and Wang, 1986; Lei et al., 2008;
Ghabezloo et al., 2009a; Dong et al., 2010). However, the exponential law yields poor fitting in
low effective-stress ranges, and the power law gives unreasonable predictions for certain
effective-stress values. To describe the relationship between the significant permeability drop
and the insignificant porosity reduction under effective stress has been a great challenge for
scientists over a long period of time. Up to now, empirical relationships, usually in the form of a
power law, were established based on laboratory-measured data to relate permeability and
porosity. For example, Dong et al. (2010) systematically measured the porosity and permeability
change with increasing effective stress. The relationship between permeability and porosity was
represented by a power law, i.e. k/ko = (¢/¢o)"™, where ¢ and g, are the porosity under the current
stress state and ambient conditions, respectively; k and ko are the permeability under the current
stress state and ambient conditions, respectively; m is a material constant named porosity
sensitivity exponent of permeability. The underlying assumption in relating permeability changes
to the total porosity change is that the reduction of the total volume of pore space is the only
driver for the permeability change—an assumption that leads to some problems with these
relationships, one of which is the abnormally high m. If the flow path is largely controlled by
slot-like micro-crack networks (as has been postulated by many researchers (Somerton et al.,
1975; Jones and Owens, 1980; David and Darot 1989; David et al., 1994; Byrnes 1997; Evans et
al., 1997; Byrnes and Castle 2000; Lei et al., 2008; Dong et al., 2010; Soeder and Randolph,
2013), the permeability change with the crack aperture reduction (reflected by porosity
reduction) should obey the “cubic law” (Witherspoon et al., 1980; Zimmerman and Bodvarsson,
1996) which implies that m should be around 3. However, the calculated values of m based on
the experimental data for low-permeability samples were much higher than 3, with values up to
70 (David et al., 1994; Dong et al., 2010). The extremely high exponent in the current power law
for the relationship between permeability and porosity suggests that relating permeability
changes to the total porosity changes is not a valid assumption. In this report we therefore
attempt to establish relationships that are more physically robust for low permeability rock.

This study is based on the concept of the two-part Hooke’s model (TPHM). Natural rock, which
contains different mineral compositions, pores, micro-cracks and fractures, are inherently
heterogeneous and will experience non-uniform deformation under uniform stress. Based on this
consideration, Liu et al. (2009; 2011) conceptually divided the rock body into “soft” and “hard”
parts. As they pointed out, the natural strain (volume change divided by rock volume at the
current stress state), rather than the engineering strain (volume change divided by the unstressed
rock volume), should be employed in Hooke’s law for accurately modeling the elastic
deformation, unless the two strains are essentially identical (as they might be for small
mechanical deformations in the “hard” part). Based on this concept, a series of constitutive
relations between stress and a variety of hydromechanical rock properties can be derived, e.g.,
stress-dependent rock bulk compressibility, pore compressibility, rock porosity and fracture
aperture (Liu et al., 2009; Zhao and Liu, 2012; Liu et al., 2013a). These theoretically derived
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relationships could represent the experimental data in literature very well. However, the TPHM
based stress-dependent permeability relationship is not covered in the scientific literature. In this
report, we will derive the stress-dependence of permeability based on the concept of TPHM. The
derived relationships explain well the permeability stress-sensitive phenomena in the low
effective-stress ranges. As demonstrated later in the report the soft part, while only a small
portion of the low-permeability rock, plays a critical role in the stress-dependence of
permeability.

In the next section (Section 2.2), the empirical relationships between porosity and stress and
permeability and stress are reviewed and discussed. In Section 2.3, the theoretical development
of the TPHM is provided for the sake of completeness. In Section 2.4, we derive the stress-
dependence relationship for porosity and permeability based on the TPHM. In Section 2.5, the
proposed relationships are used to match the experimental measured data.

2.2  Existing relationships for stress-dependent rock properties

The stress-dependent rock mechanical and/or hydraulic properties have been extensively studied,
due to their importance in engineering applications (Walsh and Brace, 1984; McKee et al., 1988;
Dewhurst et al., 1998; Louis et al., 2005; Sadhukhan et al., 2012; Wu and Dong, 2012). In this
section, we discuss the existing empirical relationships for describing the stress-dependence of
rock porosity and permeability. Also presented is the relationship between permeability and
porosity as permeability changes occur via porosity changes with effective stress. Note that the
effective stress refers to the confining pressure minus the pore pressure.

2.2.1 Relationship between porosity and effective stress

The influence of effective stress on porosity for low permeability rock is small, usually with less
than 10 percent change of the total porosity (Byrnes, 1997; Byrnes and Castle, 2000). The
relationship between porosity and effective stress, albeit in a slightly different form, can be
described by exponential function, as shown in the following equations.

After studying the porosity of relatively pure shale samples from various depths, Athy (1930)
presented the compaction induced porosity-depth relationship using an exponential equation:
¢ = doexp(—bx) (2.1)

where ¢ is porosity at depth x, ¢, is the porosity of surface sample, and b is a constant. This
relationship could also be applied to sandstones (Hoholick et al., 1984). Because the equivalent
effective stress can be deduced from burial depth, Shi and Wang (1986) reformat Equation (2.1)
to relate the porosity to effective stress:

¢ = doexp(—fo) (2.2)
where ¢ is effective stress, and B is a material constant.

Based on laboratory experiments on sandstone by Davies and Davies (2001), Rutqvist et al.
(2002) proposed a modified empirical stress-porosity expression that added an additional
parameter called “residual porosity”:

¢ = ¢ + (b — dr)exp(—po) (2.3)
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where ¢, is the residual porosity at high effective stress. With the presence of residual porosity,
Equation (2.3) can better characterize the relatively large degree of stress dependency on
porosity in the lower effective-stress ranges.

2.2.2 Relationship between permeability and effective stress

It has been well-recognized that the effective stress has a huge influence on rock permeability.
Many empirical relationships have been put forward to describe permeability changes with
effective stress. In general, these relationships can be divided into exponential law and power
law.

2.2.2.1 Empirical exponential law for stress-dependency of permeability

Generally, the exponential law for describing stress-dependent permeability takes the form of
(David et al., 1994):

k = koexp[—y(o — 0¢)] (2.4)

where k is the permeability at the effective stress o, k;, is the permeability at ambient stress o,
and vy is the stress sensitivity coefficient.

In the study of generation and maintenance of pore-pressure excess in the crust, David et al.
(1994) conducted stress-dependent permeability experiments for five sandstones with effective
stress from 3 MPa to about 600 MPa, using water as the test fluid. The ambient porosities of
these samples range from 14% to 35%. The steady-state method and transient pulse method were
employed for permeabilities higher and lower than 10 uD, respectively. As indicated by David et
al. (1994) a typical permeability-effective stress curve has a sigmoidal shape, with an inflection
point called a “critical pressure” at which pore collapse occurs. The “critical pressures” for the
five sandstones vary from 75 MPa to 380 MPa. As also noted in David et al. (1994), the
permeability reduction caused by mechanical compaction (effective stress ranging from 3 MPa to
the “critical pressure”) could be approximated using Equation (2.4). This relationship was
suitable for the relatively high-stress part of the focused effective stress range. However, the
permeability of two out of five sandstones exhibits high stress-sensitivity at low effective-stress
range, which as argued by David et al. (1994) was related to closure of the micro-cracks.
Equation (2.4) cannot reflect the permeability change at this effective-stress range.

Evans et al. (1997) measured the stress-dependent permeability of intact core, fault core, and
damaged zone core of granite rock collected from outcrops, with ambient porosity ranging from
0.143% to 3.706%. Four intact cores, three fault cores, and five damage-zone cores were
subjected to a series of effective stresses ranging from 2.07-10.34 MPa, 2.07-33.10 MPa, and
2.07-46.89 MPa, respectively. The tests were conducted at room temperature using nitrogen and
a transient pulse method. An exponential equation, similar to Equation (2.4), was used to fit the
stress-dependency of permeability data. However, it should be noted that the data used in the
curve-fitting for the intact rock was only in the relatively low effective-stress range, i.e., from
2.07 MPa to 10.34 MPa. The other two have wider ranges of effective stress data. However, the
fitted curves underestimated the permeability in effective stresses lower than 5 MPa. The fitted
stress-sensitive coefficient for intact core was much higher than the other two, which the authors
speculated was due to the micro-crack closure in the intact rock.

The major caveat of the exponential law for permeability-effective stress is that it yields poor
fittings in low effective-stress ranges. When the measured permeability spans large ranges of
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effective stress, it is very hard to find one permeability-stress function to fit all the data. Evans et
al. (1997) seemed to be able to fit their data with one equation, but only because their data (for
intact rock) is only for low effective stress.

2.2.2.2 Empirical power law for stress-dependent permeability

A simple power law described by Equation 2.5 has also been used to fit measured permeability
with effective stress (Morrow et al., 1984; Shi and Wang 1986; Ghabezloo et al., 2009b):

k = acg™? (2.5)
where a and b are material constants, o is effective stress.

Ghabezloo et al. (2009b) studied the effective-stress law of permeability for limestone with
effective porosity (connected porosity) between 13.4% and 17.6%. A series of steady-state
permeability tests were performed for different combinations of pore pressure and confining
pressure, using water as the test fluid. The authors used Equation (2.5) to describe the variation
in permeability, with the effective stress ranging from ~1 MPa to ~ 8 MPa. However, as
indicated by the authors, this power law cannot be accepted as a general stress-permeability
relationship, due to the infinite permeability value at zero effective stress.

Shi and Wang (1986) also use Equation (2.5) to describe the relationship between effective stress
and the permeability of fault gouge measured by Morrow et al. (1984). Morrow et al. (1984)
studied the permeability changes in clay-rich, non-clay, and pure-clay artificial gouges under an
effective stress ranging from 5 MPa to 200 MPa. The artificial fault gouge was comprised of two
pieces of very permeable saw-cut Berea sandstone and 1-mm-thick-layer tested material. The
tests were conducted at a temperature of 27 £+ 0.5 °C , using distilled water and a steady-state
method.

A slightly different form of power law, as shown in Equation 2.6, was employed by Kwon et al.
(2001) to fit the measured permeability of illite-rich shale with different effective stresses
ranging from 3 MPa to 12 MPa.

k = ko[1- (o/P)™]? (2.6)

where Kk, is the reference permeability at zero effective pressure, o is effective stress, P; is the
effective modulus of the equivalent asperities, and m is a constant between 0 and 1. Kwon et al.
(2001) took samples from a depth around 3955 m in West Baton Rouge Parish, Louisiana, with
effective porosities from 7% to 8%. The transient pulse method was employed in a permeability
test using 1M NacCl solution as the test fluid. Equation (2.6) has the advantage that it relates
permeability with the equivalent fracture aperture, which provided a possible explanation for the
permeability change with effective stress through the “cubic law.” However, the flaw in the
equation is also obvious, in that it gives negative k when o is larger than P;. The value of P, is
only 19.3 + 1.6 MPa for shale, based on the fitting of the measured data (Kwon et al., 2001).
Jones and Owens (1980) also used a similar relationship to describe permeability reduction with
increasing effective stress for tight sandstone. A comprehensive review of stress-dependent
permeability based on the equivalent fracture models could be found in Ostensen (1983). The
common flaw of this type of relationship is that above a certain effective stress, the predicted
permeability gives negative values.

In summary, while the power law can provide a reasonable description of the permeability-stress
relationship at relatively low effective stress ranges, its flaw is quite obvious—Equation (2.5)
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yields infinite permeability at zero effective stress, and Equation (2.6) yields negative
permeability when effective stress is larger than a certain value.

2.3 Relationship between permeability and porosity

Porosity acts as a bridge between permeability changes and changes in effective stress when
assuming the mechanical compaction of the flow path as the main factor in causing permeability
reduction. Thus, researchers have tried to construct permeability-porosity relationships in
describing mechanical compaction. It is generally believed that the relationship between
permeability and porosity of a rock undergoing mechanical compaction could be expressed by a
power law:

k/ko = (¢/Po)” (2.7)

where k, and ¢, are permeability and porosity under ambient stress state, and « is a material
constant.

David et al. (1994) used Equation (2.7) to describe permeability and porosity data under different
effective stress for five types of sandstones, with exponent value a ranging from 4.6 to 25.4.
They also reviewed a batch of publish data on the permeability-porosity relationship for different
geomaterials, and with a varying from 1.11 to 25.4.

Ghabezloo et al. (2009b) measured the permeability-porosity relationship for oil-well cement
paste using a single transient method which allows the porosity and permeability data to be
measured in a single test. The permeability-porosity relationships obeyed a power law identical
with Equation (2.7), with a value equal to 11.

Dong et al. (2010) conducted a series of permeability and porosity tests under different effective
stresses. Equation (2.7) was also employed in these tests to describe the permeability-porosity
relationship, with exponent « value ranging from 2.04 to 5.04 for fine-grained sandstone, and
from 9.92 to 70.17 for silty-shale samples.

As shown above, the value of exponent a for most low-permeability rock is very large, which
means that a small change in porosity (due to the applied stress) causes a huge decrease in
permeability. This was first noticed by David et al. (1994), who noted that the theoretical models
that used low values of a. would underestimate the permeability reduction induced by
compaction. Dong et al. (2010) observed even higher values of a, and postulated that it was
caused by the effect of micro-crack closure. It is known that permeability is largely determined
by the pore throat, or the slot-like micro-cracks that connect large pores to form a flow network
(Byrnes, 1996; Dewhurst et al., 1998). This supports the applicability of a “cubic law”
(Zimmerman and Bodvarsson, 1996; Liu et al., 2013a) derived for a fractured medium. However,
the fact that an exponent a up to 70 has to be used to fit the measured data suggests that relating
permeability changes to total porosity is fundamentally flawed.

Using total porosity in Equation (2.7) is essentially assuming that all pores, both large pores and
micro-cracks, have equal contribution to permeability, which runs contrary to the fact that micro-
cracks actually control the connectivity of pores and subsequently control permeability. Another
fact is that the micro-cracks are generally more deformable, which means that they experience
relatively large deformation at low effective stress range. Thus, the impropriety of homogenizing
the contribution of different types of pores to permeability is more pronounced for low-
permeability rock under low effective stress. When the rock is subject to compaction, the

95



deformation of micro-cracks, although insignificant in term of volume, is critical for
permeability changes. It is therefore necessary to separate the contribution of micro-cracks and
large pores, which can be done via the concept brought by TPHM, as described in detail in the
following subsections.

2.4 A brief description of the TPHM

The TPHM proposed by Liu et al. (2009) is briefly described here for completeness. Liu et al.
(2009) argued that the true strain, rather than the engineering strain, should be used in Hooke’s
law for accurately modeling elastic deformation of rock, unless the two strains are essentially
identical (as they might be for small mechanical deformations). In terms of volumetric strain, the
true strain refers to volume change divided by rock volume at the current stress state, and the
engineering strain refers to volume change divided by the unstressed rock volume. (In the
literature of rock mechanics and other related scientific fields, however, engineering strain is
now used exclusively.) Liu et al. (2009) further argued that natural rocks are inherently
heterogeneous, and thus different varieties of Hooke’s law should be applied within ranges
having significantly different stress—strain behavior. They conceptually divide the rock body into
two parts, hard and soft, and hypothesize that the soft part obeys the true-strain-based Hooke’s
law, while the hard part approximately follows the engineering-strain based Hooke’s law for
mathematical convenience, because its deformation is small (true strain is practically identical to
the engineering strain when the deformation is small). This conceptualization can be represented
by the hypothesized composite spring system shown in Figure 2.1. These two springs are subject
to the same stress, but follow different variations on Hooke’s law. To be consistent with previous
work, the subscripts 0, e, and t denote the unstressed state, the hard part and the soft part,
respectively. For the soft part, Hooke’s law could be expressed using the true strain:
dv;
dO' = thEV,t = _KtT (2.8)
t
where K, is the elastic modulus of the soft part, and V; is the volume of the soft part. Integrating
Equation (2.8) and the initial condition V, =V, , for o = 0, we have:
_ (0}
Ve = Vorexp (_ K_t) (2.9)
For the hard part, using the engineering strain, we have:
dv,

¢ VO,e
where K, is the elastic modulus of the hard part, and V,, is the volume of the hard part.
Integrating Equation (2.9) and the initial condition V, = V; . for o = 0, we have:

dG = KedEV,e = —K

(2.10)

o
V, = Voo (1 - K_e) (2.11)

By combining Equations (2.9) and (2.11), the TPHM-based stress-strain relationship under a
hydrostatic state can be expressed by:

dv. dV, +dV, do ( o)dc

- V_O = —VO =Y, K_e + y.exp K_t (2.12)

Ky

E =
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_ Vor
Vo
Ye=1-Y; (2.14)

where V, is the rock bulk volume under an unstressed state. Equation (2.12)-(2.14) together
comprise the basic stress—strain relationship.

T80 8 Y.
‘ Hard Spring Soft Spring

Figure 2.1. A composite spring system consisting of two springs. The hard and soft springs
follow engineering-strain-based and natural-strain-based Hooke’s law, respectively.

Yt (2.13)

With the basic stress-strain relationship available, a number of rock mechanical and/or hydraulic
properties subjected to elastic deformation can be developed. For example, Liu et al. (2009)
derived the stress-dependent bulk rock compressibility, pore compressibility, rock porosity, and
fracture aperture based on the TPHM. The derived relationships were compared with a variety of
laboratory experimental data, which showed a great consistency. Furthermore, they argued that
the proposed relationships are robust for engineering applications, because the parameter values
estimated from different types of data are quite consistent for similar types of rocks. Zhao and
Liu (2012) extended the stress-dependent relationships for porous rock under elastic and
anisotropic conditions by assuming that the principal strain resulting from the soft part is a
function of principal stress along the same direction only. These relationships also showed great
consistency with the data gathered from the literature. Liu et al. (2013a) focused on the normal-
stress dependent fracture hydraulic properties. The derived relationship between stress and
fracture permeability (or related aperture and closure) based on the TPHM showed a satisfactory
agreement with the datasets obtained from the literature. Li et al. (2014) incorporated the TPHM-
based relationships into a geomechanical simulator to study the coupled hydromechanical
behavior of the Opalinus Clay in responding to tunnel excavations. The simulation results
obtained using the TPHM-based constitutive relationships are more consistent with the field
observations than the results using the traditional constitutive relationships.

2.5 Stress-dependent relationships for rock porosity and permeability
based on the TPHM

It is clear that the permeability changes in the low stress range are mainly due to the compaction
of micro-cracks that experienced relatively large deformation. As pointed out by Liu et al. (2009;
2013a), some portion of the pores and microfractures in a rock body could be subjected to
significant deformation due to their geometrical heterogeneity. Byrnes et al. (1997; 2000) found
that the average pore-throat size in low-permeability sandstones under in situ stress decreased by
as much as 50 to 70% (e.g., from 1 pm to 0.5-0.3 um) compared with that under no confining
stress, whereas, the porosity under in-situ stress were just several percent less than that under no
confining stress. As indicated by Byrnes et al., the thin and sheet-like interconnecting throats,
although constituting only a small portion of the porosity, make a significant contribution to
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permeability reduction. More attention should be paid to the deformation of the more compliant
part of the rock body (e.g., micro-cracks), since they act as critical fluid-flow paths that
determine hydraulic properties. However, most previous studies (Gangi, 1978; Shi and Wang,
1986; Ghabezloo et al., 2009a; Dong et al., 2010) assumed homogeneity of the rock sample and
ignored the likelihood that the different parts of the rock have different mechanical responses
under stress and thus affect permeability differently. The division of hard and soft parts in THPM
provides us with a framework to consider such heterogeneity development of stress-dependent
permeability-porosity relationships. The derivations based on the TPHM are given below.

2.5.1 Stress-dependence of porosity

As discussed above, we conceptualize the pore structures into two parts. The hard part
experiences small deformation, whereas the soft part undergoes relatively large deformation. The
aforementioned micro-cracks correspond to the soft part, while the rest of the pores and solids
belong to the hard part. Using the same notations as in Section 2.4, the porosity change could be
defined as:

dvP dv? +dV)  dV, +dVp
Vo VoV
where the superscript p refers to pore space. The soft part of rock body V; is considered to be a
portion of pore volume, which leads to V, = V. Liu et al. (2009) indicated that, for the purpose
of calculating porosity, the changes in total rock volume V could be ignored, and its value could
be approximated with the unstressed volume V,. With this assumption, and following the same
procedure used to derive Equation (2.12), we obtained:

d¢p = —,0Codo — K exp (~ %) do (2.16)

t

dg ~ (2.15)

$eo = Po — Ve (2.17)
where C, is the compressibility for the hard fraction of pore volume.
Integrating Equation (2.16) and using ¢ = ¢, for o = 0 gives

(0}
® = 9oa(1 = C.0) +yeexp (~ ) (218)
Pe = Peo(1—Cc0) (2.19)
$r = Yexp (— i) (2.20)
K, :

As expressed by Equations (2.18)—(2.20), the porosity of a rock sample is divided into two parts.
The hard-part porosity, i.e., ¢, = ¢, (1 — C.0), has a linear relationship with the effective

stress. The soft-part porosity, i.e., ¢ = y.exp (— Ki) changes exponentially with effective
t

stress. The soft-part porosity corresponds to those more compliant, slot-like micro-cracks, which
experience relatively large deformation under low effective stress. The two porosities experience
different types of reduction with increasing effective stress. Specifically, the soft part is
important in the low-stress range while negligible in the high stress range because K; is

relatively small (i.e., exp (— Ki) ~ 0 when 6 » K,).
t
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2.5.2 Stress-dependence of permeability

The division of total porosity into a soft part and a hard part, which obey different relationships
for effective stress, allows us to consider their respective effect on the total permeability.

The permeability changes in relatively high effective-stress ranges is controlled by the hard part
with the consideration that the soft-part porosity could be neglected in this stress range (micro-
crack closure). Mathematically, the stress-dependent permeability contributed by the hard part
(referred to as “hard-part permeability” hereafter) could be written as:

ke = ke 0exp[B(¢e — de0)| = Ke,0exp[—BCee,o0 | (2.21)

where ¢, and k,, are the stress-dependent hard-part porosity and permeability, B is a constant
that represents a stress-sensitive coefficient. Equation 2.21 is consistent with most of the
experimental observations (David et al., 1994; Evans et al., 1997; David et al., 2001; Kwon et al.,
2001), such that permeability changes linearly with the logarithm of effective stress within the
relatively high effective stress range, as discussed in Section 2.2.2.1.

The stress-sensitive permeability changes in the low effective-stress range are mainly due to the
deformation of the soft part (micro-cracks) porosity, which experienced relatively large
deformation, despite the fact that the soft-part porosity makes up only a small portion of the total
pore volume. The permeability contributed by the soft part, referred to as the “soft-part
permeability” hereafter, could be considered as the total permeability minus the hard-part
permeability:

k, =k -k, (2.22)
where k is the total permeability and k, is the soft-part permeability.

Mathematically, we postulate the relationship between soft-part porosity and soft-part
permeability as:

ke = agp™ (2.23)
where ¢, k; are the soft-part porosity and permeability, respectively; and o and m are constants.
Combining Equations (2.20)-(2.23) yields the total permeability as:

k = Ke0exp[—BCee o0 | + [YteXp (— K%)]m (2.24)

In this report the soft part corresponds to those thin, slot-like micro-cracks. If such a hypothesis
holds, the permeability change caused by the soft-part deformation should obey the “cubic law”
(Witherspoon et al., 1980; Zimmerman and Bodvarsson, 1996; Kwon et al., 2001). In other
words, the soft-part permeability should be well related with the soft-part porosity through a
relationship similar to the “cubic law,” i.e., m in Equation (2.23) should be around 3. In the next
section, we will evaluate the equations proposed here using the experimental observations
collected from the literature.

2.6 Verification of the proposed stress-dependent relationships for rock
porosity and permeability based on the TPHM

Here we evaluate the proposed relationships using the experimental observations provided by
Dong et al. (2010). Actually, there are a number of stress-dependent permeability data for low-
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permeability rock in the literature (McLatchie et al., 1958; Vairogs et al., 1971; Thomas and
Ward, 1972; Walls et al., 1982; Wei et al., 1986; Kilmer et al., 1987; Brighenti, 1989; Spencer,
1989; Kwon et al., 2001; Lei et al., 2008; Jasinge et al., 2011; Konecny and Kozusnikova, 2011,
Metwally and Sondergeld, 2011). However, those that include stress-dependent porosity data are
few. To the best of our knowledge, these data sets can be found in Wyble (1958), Jones and
Owens (1980), Yale and Nur (1985), David et al. (1994), Mohiuddin et al. (2000); and Dong et
al. (2010). In the selection of the experimental data sets we used to evaluate the proposed
relationships, several criteria were considered. First of all, the samples and the measurement
procedures had to be well documented. Second, we preferred that the permeability be measured
by gas rather than liquid, because gas (e.g., nitrogen and helium) is more chemically inert than
liquid (e.g., pure water and NaCl solution). Third, the samples collected from wells were
preferred over outcrop rock samples, since the relationships of interest are mostly for
underground engineering applications. Other selection considerations include sufficient data
density and microscopic pore structure analysis. Given these considerations, we chose the data
sets provided by Dong et al. (2010) to evaluate the proposed relationships.

2.6.1 Experiments description

Rock samples from depths of 900-1235 m were collected from a deep drilling project (Taiwan
Chelungpu Fault Drilling Project, TCDP-A) in the Western Foothills of Taiwan. Only the
relatively homogeneous cores were selected; cores with interbedded layers were discarded. The
samples were carefully prepared to reduce the occurrence of micro-cracks during sample
preparation. A series of stress-dependent porosity and permeability of dry rock samples were
measured on an integrated porosity/permeability measurement system, i.e. YOYK2. A steady-
state flow method was employed to assess the stress-dependent permeability, while stress-
dependent porosity was measured by a gas-expansion method. Nitrogen was used as the test fluid
for both tests. The experiments were conducted by first gradually increasing (loading) the
confining pressure P, from 3 to 5 MPa, then to 20 MPa (in 5 MPa increments), and finally to 120
MPa (in 10 MPa increments). P. was then gradually reduced (unloaded) back to 3 MPa in the
reverse order. The average pore pressures P, were relatively low, i.e., 0.13-1.40 MPa for the
permeability measurement and 0.3-1.41 MPa for the porosity measurement. The effective stress
is defined as the difference between the P, and P,,. Tested samples included Pliocene to
Pleistocene fine-grained sandstone and silty-shale. The sandstone samples had relatively high
permeability, exceeding the definition of low-permeability rock. In this study, we focused on the
stress-dependent hydraulic properties of the silty-shale. The basic geophysical properties of the
samples are listed in Table 2.1.

Table 2.1. Basic geophysical properties of silty-shale samples for permeability and porosity
measurements

Sample name Depth(m) Dry density (g/cm3)  Rock type
R255 sec2 902.68 2.59 Silty-shale
R287_secl 972.42 2.58 Silty-shale
R351 sec? 1114.33 2.59 Silty-shale
R390_sec3 1174.24 2.66 Silty-shale
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2.6.2 Matching experiment data using TPHM based relationships

Since the porosity under zero effective stress (¢, o) Was not given due to the limitation of the
experimental method, we simply used the porosity at lowest effective stress ¢, ; to substitute
¢.,0. The subscript 1 hereafter refers to the lowest effective stress state. Equation (2.18) is
therefore revised as:

A
& = dea(1 = Ceo) +yeaexp (~1) (2.25)

where Ac = 0 — 04, and y, ; Was the soft-part fraction at the lowest effective stress.
Similarly, the Equation (2.24) was revised as:

Ao\1™

= kerespl-BCupano] + arsenn (-2 229
The matching process of stress-dependent porosity and permeability for the loading part of
sample R255_sec2 was used to illustrate the determination of parameters in Equations (2.25) and
(2.26). As shown in Figure 2.2(a), the porosity-effective stress relationship can be well
represented by a straight line for the relatively high effective-stress range. In this study, we chose
the effective-stress range 35 MPa—120 MPa as the relatively high effective stress range. The
slope of the straight line was used to determine (—¢, ;C,), because the second term on the right
hand side of Equation (2.25) is negligible for high effective stress values. The value of ¢, ; was
determined by extrapolating the straight line to o4, as illustrated by the intersection of the red
line and Y axis in Figure 2.2(a). The measured porosity ¢, was equal to ¢, 1 + v, as implied by
Equation (2.25). The above procedure allowed for direct determination of values for ¢, ;, Ce,
and y, . The remaining parameter K, could be estimated using the porosity data at relatively low
effective stress, based on Equation (2.25). The effective stress range 3 MPa—15 MPa was chosen
as the relatively low effective-stress range.

Figure 2.2(b) shows the permeability-effective stress relationship with permeability plotted in
logarithm. A linear relationship exists for log(Ke) versus o, as shown by the red straight line for
the relatively high effective-stress range. In this effective-stress range, the contribution of the
soft part to permeability is neglected, because the second term on the right-hand side of Equation
(2.26) is negligible. The slope of the straight line in the relatively high effective-stress range
yields the value of (—BC.¢, 1), which leads to the determination of 8 as ¢, ; and C, is known by
fitting the porosity-stress data. k, 4, the hard-part permeability at o4, is given by the intersection
of the straight line with Y axis.

Once the hard-part permeability is known, the soft-part permeability is calculated by the total
permeability minus the hard-part permeability. Then, the soft-part permeability is related to the
soft-part porosity at corresponding stress with k., = a¢,™, which yields the exponent m. The m
value is marked out on the stress-permeability figure.

Experimental data matched with Equations 2.25 and 2.26 are shown in Figures 2.2-2.5. A close
match between Equation (2.25) and (2.26) and the experimental data confirms the validity of
these TPHM-based porosity-stress and permeability-stress relationships. As shown in the
porosity- stress figures, the soft part mainly accounts for the nonlinear porosity reduction with
effective stress in the low stress range. The porosity reduction in this range resulted mainly from
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the deformation of slot-like micro-cracks. In addition, as shown in the permeability-stress
figures, the soft part accounts for most of the permeability reduction in the low effective-stress
range. The soft-part porosity, which occupied only a small portion of the total pore volume, acted
as critical flow paths that connected the hard-part porosity. Thus, its deformation significantly
affected the permeability. Using the concept of dividing the rock body into hard and soft parts,
the stress-dependent rock porosity and permeability have a reasonable explanation.

The determined value of ¢, 1, Ce, Y¢.1, K¢, Ke 1, B, @, m and its coefficient of determination R are
listed in Table 2.2. As listed, the soft-part porosity at lowest effective stress y, ; was only a small
portion of the total porosity (from 0.07% to 0.77%). The elastic modulus of the soft part (from
2.83 to 14.81 MPa) was significantly smaller than the general rock bulk modulus. The values of
k. 1 were significantly smaller than the total permeability, suggesting that the soft part makes the
major contribution to the total permeability at low effective-stress range. In addition, the soft-
part permeability is nicely correlated to the soft-part porosity by a power law with exponent m

from 1.62 to 3.03, which validates our hypothesis that the soft-part permeability is controlled by
the slot-like micro-cracks.
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Figure 2.2. The matching result of the proposed relationships and the experimental test data for
sample R255_sec2. (a) porosity-stress on loading stage. (b) permeability-stress permeability on

loading stage. (c) porosity-stress on unloading stage. (d) permeability-stress permeability on
unloading stage.
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Table 2.2. Fitted parameter values from the experimental data of Dong et al. (2010).

Pe1 Yt1 Ce K; Ke 1 B 08 m R?

B ) Py P () (m?)

R255_  Loading  9.73 0.07 8.75x10* 283  1.97x10™ 061 1.66x10%° 170 0.94
sec2  Unloading 9.01 0.34 241x10* 484  151x10™ 1.30 1.99x10 241 0.69

R287_  Loading 10.40  0.41 6.81x10”* 14.81 9.54x10 325 1.32x10%® 234 0.99
secl  Unloading 9.75 0.36 1.48x10* 13.04 1.19x10% 253 553x10™® 265 0.91

R351_ Loading  8.75 049 6.97x10" 8.09  2.54x10%° 224 261x10% 3.03 0.83
sec2  Unloading 8.26 090 2.35x10” 6.67 1.01x10%° 2.68 4.12x10%™ 154 0.95

R390_ Loading 1064 033 8.11x10* 874  3.66x10™ 3.30 5.42x10™ 204 0.9
sec3  Unloading 9.87 0.77 2.12x10* 11.30 2.04x10™® 1.49 1.33x10™ 1.62 0.95

2.6.3 Match of Klinkenberg corrected permeability data using TPHM based
relationships

The permeability measured using gas as the test fluid is generally higher than when using water,
due to the Klinkenberg gas slippage effect (Klinkenberg 1941). As discussed in Tanikawa and
Shimamoto (2009), the Klinkenberg effect is important when the permeability is lower than 1078
m?and when there is little pore-pressure difference on the different sides of the test sample. The
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following equations, suggested by Tanikawa and Shimamoto (2009) and Dong et al. (2010), are
used in this study to correct the measured permeability data.

kg, =k;[1+ (b/Pyy)] (2.27)

where k, is the measured gas permeability, k; is the corrected permeability using Klinkenberg

correction, and P, is the average pore pressure, which could be calculated using Dong et al.
(2010):

Pay = Z(Puz + PP + P&)/3(Pu+Pd) (2.28)

where P, denotes upper-end pore pressure, P4 denotes the lower-end pore pressure, assumed at
atmospheric pressure. b is the Klinkenberg slip factor and can be obtained using the following
equation, based on the experimental data (Tanikawa and Shimamoto, 2009):

b = 0.15 x k; %37 (2.29)

The same procedure is used to determine the parameters in the permeability-stress relationship
for Klinkenberg corrected permeability. The matching results for the Klinkenberg corrected
permeability are shown in Figures 2.6-2.9. The determined value of k. 1, a, 8, m and the
coefficient of determination R? are listed in Table 2.3.
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Figure 2.6. The Klinkenberg corrected permeability matching result of the proposed
relationships and the experimental test data for sample R255_sec?2. (a) Stress-dependent
permeability on loading stage. (b) Stress-dependent permeability on unloading stage.
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Figure 2.7. The Klinkenberg corrected permeability matching result of the proposed
relationships and the experimental test data for sample R287_secl. (a) Stress-dependent
permeability on loading stage. (b) Stress-dependent permeability on unloading stage.
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Figure 2.8. The Klinkenberg corrected permeability matching result of the proposed
relationships and the experimental test data for sample R351_sec?2. (a) Stress-dependent
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In general, the Klinkenberg corrected permeability k; is smaller than the gas-measured
permeability k . After the Klinkenberg correction, the k, ; value decreases, and the stress
sensitivity coefficient 3 for the hard part increases. In addition, the porosity sensitivity parameter
for soft part m increases slightly, which means that the Klinkenberg corrected permeability drops
quicker with the porosity decrease at low stress range. The coefficient of determination R?
remains almost the same.

2.7 Concluding remarks

Redistribution of in situ stresses and rearrangement of rock structures leads to development of
EDZ. In the one hand, field investigations conducted at underground laboratories have shown
that the permeability of the EDZ can be one or more orders of magnitude higher than the
unaltered argillaceous rock. For these conditions, the EDZ could then act as a preferential flow
path for advective transport and thereby speed up radionuclide migration toward the biosphere.
On the other hand, laboratory and field studies (Bossart et al., 2004; Baechler et al., 2011,
Armand et al., 2013) suggest that a partial or complete self-sealing of fractures due to clay
swelling and creep within the EDZ is possible after a certain amount of time. The self-sealing
process can potentially decrease the EDZ permeability over time, which may eventually return to
the values of the unaltered rock. In either case, permeability in EDZ shows strong stress-
dependence. An accurate mathematical representation of the permeability-stress relationship is
therefore critical for understanding the evolution of permeability and predicting the permeability
changes during excavation and self-healing stages.

Because of its importance in other engineering applications such as fossil-fuel exploitation and
CO; geological sequestration, the stress-dependence of permeability and porosity has been
widely studied. The permeability and porosity change with effective stress for argillite is featured
with significant permeability changes with relatively small changes in effective stress and
porosity. Some empirical relationships were established between permeability and effective
stress based on laboratory-measured data. Representative relationships include exponential law
and power law. However, the exponential law yields poor fitting in low effective-stress ranges,
and the power law gives unreasonable predictions for certain effective-stress values. Moreover,
to describe the relationship between the significant permeability change and the insignificant
porosity change has been a great challenge for scientists over a long period of time. Up to now,
empirical relationships, usually in the form of a power law, were established based on
laboratory-measured data to relate permeability and porosity. The underlying assumption in
relating permeability changes to the total porosity change is that the reduction of the total volume
of pore space is the only driver for the permeability change—an assumption that leads to some
problems with these relationships, one of which is the abnormally high value for the exponent,
which is up to 70 in some studies (David et al., 1994; Dong et al., 2010). The extremely high
exponent in the current power law for the relationship between permeability and porosity
suggests that relating permeability changes to the total porosity changes is not a valid
assumption. In this report we established relationships that are more physically robust for low
permeability rock.

Based on the concept of the two-part Hooke’s model Liu et al. (2009; 2011), in which rock body
is conceptually divided into “soft” and “hard” parts, we derived a series of stress-porosity, stress-
permeability and permeability-porosity relationships. The derived relationships explain well the
stress-dependence of permeability and porosity in the low effective-stress ranges for low-
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permeability rock such as argillite, and they have been validated by the published data. These
relationships provide a critical link between hydrological to mechanical properties and will
greatly improve our capability of modeling the coupled processes for a radioactive waste
repository.

In the future, we hope to further validate the derived constitutive relationships with more
comprehensive experimental data. Then these relationships will be implemented in our simulator
TOUGHREACT-FLAC3D to evaluate the evolution of the EDZ for an argillite repository.

3. Discrete Fracture Network (DFN) Approach for Fractures in Argillaceous
Rock

Although clay-rich formations are usually characterized by low intrinsic rock permeability and
very limited fracture permeability, observations indicate that permeable fracture networks can
form for limited times (e.g., Bossart et al., 2004; Cosgrove, 2001). There are two classes of
fracturing that require investigation: (1) fracturing around an excavation in the excavation
damaged zone (EDZ) and (2) natural fracturing.

Fractures in the EDZ have been routinely observed in clay-rock underground research
laboratories (URL) in Europe, including the Opalinus Clay in Switzerland, Boom Clay in
Belgium, and the Callovo-Oxfordian Clay in France (Volckaert et al., 2004). These fractures
form as a consequence of tectonic disturbance by excavation, shrinkage caused by ventilation
dry-out, and other conditions that are expected during the pre-closure phase of a repository.
However, post-closure effects, such as thermal pressuring and gas evolution may also result in
fracturing (Bliimling et al., 2007). The EDZ not only exhibits fracturing along tunnel surfaces,
but can contain fracture damage in thin zones (<~1 m) around drifts, which has been verified
from measurements of permeability in that area (Bossart et al., 2004). Finally, fractures in clay-
rich formations also show significant self-sealing over a three-year period (Bossart et al., 2004).
The connectivity of fractures along a tunnel has been observed in the HG-A test at Mont Terri,
Switzerland, where a test tunnel section, sealed by a packer, was injected with fluid that showed
preferential pressure increases along the packer where the most severe EDZ damage was
observed (Lanyon et al., 2009).

Fracturing has also been observed in clay-rich formations as a result of natural processes, often
associated with abnormal pore-pressure conditions. These can lead to fault reactivation and
hydraulic fracturing. Geologic evidence suggests that the Mercia Mudstone within the Bristol
Channel Basin in the UK was subject to repeated episodes of natural hydraulic fracturing over its
250 million year history (Cosgrove, 2001). This mudstone underwent 150 M years of burial
followed by 100 million years of uplift. Outcrop evidence shows that natural fractures formed,
conducted fluids, and then sealed at various points in time both during burial and uplift.

The main inference to be drawn from the observations is that fractures in argillaceous rocks are
transient features that require a dynamic modeling approach. In this part of the report, we mainly
focus on the first case of fracturing process, which undergoes relatively in a short period, such as
the excavation damage fracturing. The TOUGH-RBSN model is applied to simulate coupled
thermal-hydrological-mechanical (THM) processes including fracture initiation, propagation,
and evolution in rock formations.
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3.1  Overview of the RBSN Approach for Mechanical Damage Modeling of
Geomaterials

Discrete models have been used to study the heterogeneous characteristics of geological systems,
with advantages in modeling mechanical behavior accompanied by discontinuities, such as
fracture processes. The Rigid-Body-Spring Network (RBSN) approach, as a kind of discrete
model, represents the system behavior by simple two-node elements interconnected on a set of
nodal points. The RBSN formulation is based on the concept of the Rigid-Body-Spring Model
(RBSM), first introduced by Kawai (1978), in which the material constitution is represented as a
collection of rigid bodies connected by spring sets.

The RBSN model adopts the Voronoi diagram for partitioning the domain and the dual Delaunay
tessellation for constructing the assembly of lattice elements. A lattice element is formed from a
spring set, which is connected to neighboring nodes i and j via rigid-body constraints (Figure
3.1). The spring set has zero size since the rigid arm constraints relate to the same position, C
(the centroid of the common Voronoi cell boundary). For the case of 3-D modeling, three
displacements and three rotations are defined at each node, and the rigid-body constraints link
these nodal degrees of freedom to the generalized relative displacements of the spring set. The
spring set consists of three axial springs and three rotational springs acting independently, with
stiffnesses D = diag[ky, ks, k¢, kgn, ks, ke in local n-s-t coordinates. The local spring
coefficients are defined according to the geometrical features of VVoronoi diagram:

ky =k, = ajk, = alazE::—Z, kg = Ei—”} kgs = E;—] kge = E’% (3.1)
in which E is the elastic modulus, Jp, lss, and Iy are the polar and two principal moments of
inertia of the VVoronoi cell boundary with respect to the centroid, respectively. The axial and
rotational springs are scaled in proportion to the lattice element length hj;, and the area of the
Voronoi cell boundary Aj;. Effective (i.e., macroscopic) Poisson ratio can be adjusted by setting
oy and o, for the axial spring coefficients, but a local description of Poisson effect is not realized.
For the special case of a; = a = 1, the Voronoi scaling of the spring coefficients enables the
model to be elastically homogeneous under uniform modes of straining, albeit with zero effective
Poisson ratio (Bolander and Saito, 1998; Asahina et al., 2011).

rigid constraint

rigid constraint

b) C)
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Figure 3.1. Typical RBSN element ij: a) within a VVoronoi grid; b) isolated from the network;
and c) a zero-size spring set located at centroid C of VVoronoi cell boundary area Aj; (rotational
springs have been omitted for clarity).

The RBSN model provides a discrete representation of fracture in the matrix material. Crack
movement is constrained to occur along cell boundaries; therefore, the lattice orientation is
important for the fracture representation. The random lattice geometry based on the Delaunay-
Voronoi discretization reduces mesh bias on the cracking directions (Bolander and Saito, 1998).

Fracture is represented by the damage/breakage of the springs. For the damaged spring set, the
local stiffness matrix is

D'=(1-w)D 3.2)

where w is a scalar damage index with a range from 0 (undamaged) to 1 (completely damaged).
In the modeling of brittle fracturing, which is applied to the cases presented in this report, w is
either 0 or 1. Fracture may initiate within a lattice element when the applied stress exceeds the
given material strength. To determine the stress state, a stress ratio is calculated for each lattice
element:

Ry = 0,/6 (3.3)

where ¢, is the measure of the element stress and & is the material strength. During iterative
calculations, only one element, with the most critical stress state (i.e., the largest R = 1), is
allowed to break per iteration, and the fracture event entails a reduction of spring stiffnesses
(Equation (3.2)) and a release of the associated elemental forces.

In this study, a Mohr-Coulomb criterion is used to determine the fracture event. Figure 3.2 shows
the fracture surface defined by three parameters: the angle of internal friction y (surface
inclination with respect to on-axis); cohesive strength c (surface intersection with the shear axes);
and the tensile strength f, (tension cut-off). Nodal displacements produce forces F,, Fs, and F; in
the respective axial springs, and dividing these spring forces by the cell boundary area A;; yields
measures of stress P(an, o5, av). The criticality of the stress state is assessed as Ry = OP/0OP,,

where P, is the point at which OP intersects the fracture surface.

Figure 3.2. Mohr-Coulomb fracture surface with tension cut-off.
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3.2 Representation of Anisotropy

Most sedimentary and metamorphic rocks (e.g., shales and slates) have directional features such
as bedding, foliation, and flow structures that result in anisotropic mechanical behavior. These
types of rocks usually exhibit transversely isotropic elastic properties in macro-scale. For
example, Young’s modulus parallel to bedding of the Opalinus Clay has been observed to be
greater than normal to the bedding (Bossart, 2012). Anisotropic features may also be found in
strength properties. In this section, a new scheme is proposed to represent the anisotropic rock
properties in the RBSN model. The novelty of the new modeling scheme is the use of
unstructured Voronoi grids without manipulating the mesh geometry, and straightforward
formulations to construct the local stiffness matrix reflecting the anisotropy.

3.21 Anisotropic elastic properties

Figure 3.3 shows the arrangements of spring sets within a Voronoi grid and the corresponding
lattice elements. A 2-D modeling case is illustrated to simplify visualization of the geometry, but
the method is applicable to 3-D. In the ordinary RBSN model, the spring sets are oriented to their
individual local coordinates defined by the VVoronoi diagram (Figure 3.3a, and refer to Figure 3.1
for 3-D formations). In the new scheme, by comparison, all the spring sets are aligned to the
principal bedding direction. The spring coefficients are defined in global fabric coordinates,
where two orthogonal N- and P-axes are normal and parallel to bedding, respectively (Figure
3.3b). The formulation of the spring coefficients is based on the local geometry of the VVoronoi
diagram and a logical extension to Equation (3.1) for anisotropic materials. Transversely
isotropic elastic properties are calculated by using two different Young’s moduli related to the
bedding direction:

ky = Ey A%j; kp = Ep 2_;: k¢ = ENI_¢ (3.4)

hi hij

where Ey and Ep are Young’s moduli normal and parallel to bedding, respectively, which can be
directly determined from laboratory measurements.

normal to
bedding

ks L b
T
\§ § n
/\\
P y
N

X

X

Figure 3.3. Arrangements of the spring sets in the identical lattice structure: a) the ordinary
RBSN approach representing isotropic materials; and b) modified orientation of spring
components with transversely isotropic elastic properties.
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As seen in Figure 3.3Db, three distinct coordinate systems are considered for representation of
kinematic quantities: global X-Y coordinates based on domain construction; local x-y coordinates
for individual elements; and global N-P coordinates related to the orientation of fabric. For each
spring set, the spring stiffness matrix is established in N-P coordinates:

ky
k, = kp (35)
ke
Although the derivation is invariant to coordinate systems, it is more convenient for matrix
formulation to represent and manipulate the stiffness quantities in local x-y coordinates rather

than in global N-P coordinates. Thus the spring stiffness matrix, Kk, is transformed to local x-y
coordinates using following coordinate transformation (McGuire and Gallagher, 1979):

ks=v"kyy (3.6)

where vy is the 3x3 coordinate transformation matrix from local (x-y) to global fabric (N-P)
coordinates:

Nx Ny 0
Yy=|Px Py O (3.7)
0 0 1

The first 2x2 entries in y are the direction cosines between the bedding direction and the local
coordinate axes.

The element stiffness matrix, k, (with respect to local x-y coordinates), is obtained by post- and
pre-multiplication of kg by the geometric transformation matrix that relates the generalized
relative displacements at the spring set to the nodal displacements. Detailed formulation is
presented elsewhere (Bolander and Saito, 1998; Berton and Bolander, 2006).

Finally, the element stiffness matrix is transformed to global coordinates in a similar way to
Equation (3.6):

K,=TITk,T (3.8)

where T is the coordinate transformation matrix from global domain (X-Y) to local (x-y)
coordinates. The transformed element stiffness matrices, K., for individual lattice elements are
assembled into the system stiffness matrix.

3.2.2 Anisotropic failure properties

Anisotropic strength in failure behavior is represented in the RBSN with an anisotropic version
of the Mohr-Coulomb criterion. On the notion of microstructure of the RBSN model, the
anisotropy of the strength parameters is represented based on the relative rotation 6, between
normal to bedding and normal to the VVoronoi cell boundary (Figure 3.3b). The dot product of the
unit vectors in these two directions gives

cosd=b-n (3.9

Spatial variations of the strength parameters are calculated as linear scalar functions of the fabric
tensors. The concept of the fabric tensor is introduced by Pietruszczak and Mroz (2001). The
diagonal entries of the fabric tensor, representing the spatial bias of the strength parameters, are
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summed to be zero. For the Mohr-Coulomb fracture criterion, the friction angle, cohesion, and
tensile strength can be calculated respectively as

y=w,[1+2"(1~-3cos?6)] (3.10)
c=co[l+ & (1—3cos?0)] (3.12)
o =0,[1+ & (1—3cos?0)] (3.12)

where y,, co, and g, are constant coefficients; and 2, &, and ¥ are the intensities of
anisotropy. Equations (3.10), (3.11), and (3.12) can be written in a generalized form as

s = 5o[1+ 2(1—3cos?0)] (3.13)

The strength parameter becomes the minimum s,,,;,, = so(1 — 2£) when the VVoronoi cell
boundary is parallel to the bedding plane (i.e., 8 = 0°), and the maximum s,,,4, = so(1 + £2)
when the Voronoi cell boundary and the bedding plane are orthogonal (i.e., & = 90°). Then,
Equation (3.13) can be rewritten as

S = Spin €082 0 + S;a, (1 — cos? 0) (3.14)

This spatial correlation function serves the local failure with some preferred characteristics in
accordance with the orientation of fabric. By virtue of the random geometry of the VVoronoi grid,
the model can inherently represent heterogeneity as well as anisotropy in the failure behavior of
geomaterials.

3.3 Coupled THM Models using TOUGH-RBSN Simulator
3.3.1 Coupling procedure

This section describes the linkage between the multiphase flow simulator TOUGH2 and the
RSBN model. Several advantages of the coupled TOUGH-RBSN simulator stem from the
availability of sharing the same geometrical mesh structure based on the VVoronoi discretization
techniques (Okabe et al., 2000), which allow representation of dynamically forming discrete
fracture networks (DFNs) within a rock matrix in a simple and straightforward manner.

Rutgvist et al. (2002) have developed the TOUGH-FLAC software, which is based on linking
TOUGH2 with FLAC3D, a continuum geomechanical modeling code. The general coupling
procedure of TOUGH-RBSN is basically similar to that of the TOUGH-FLAC simulator, but the
coupling modules to handle the thermal-hydrological and mechanical quantities are substantially
modified and extended for modeling the existence of the DFNs. TOUGH?2 is used to simulate
scalar quantities (e.g., temperature, pressure, and degree of saturation) associated with fluid flow
and heat transport, whereas RBSN accounts for mechanical quantities (e.g., displacement, strain,
and stress) of interest. Such primary variables are coupled through simplified linear relationships
or through nonlinear empirical expressions, which could be estimated by laboratory experiments
with appropriate calibration. As previously noted, both models share the same unstructured, 3-D
Voronoi grid and the same nodal information, which simplifies their data exchange.

Figure 3.4 shows a schematic flow diagram of the coupling procedure between TOUGH2 and
RBSN, which are currently linked through external modules that handle two-way coupling of the
relevant quantities at each time step. First, the TOUGH2 to RBSN link, shown on the left side of
Figure 3.4, supplies multiphase pressure, temperature, and degree of saturation to update the
mechanical quantities. For multiphase liquid, the choice of the definition of pore pressure is
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problem-specific and depends on the target materials. Various approaches to determine the pore
pressure have been exampled elsewhere (Rutqvist et al., 2001a; 2011; Vilarrasa et al., 2010).

The stress applied to the lattice element is modified by the general conventional effective stress
law of Biot’s theory (Biot and Willis, 1957):

o'=0+a,P (3.15)
where ¢ is the total stress obtained from overall loading, including external loads; ¢ is the
effective (grain-to-grain) stress; a,, is the Biot effective stress parameter; and P is the pore

pressure. Note that the effective stress concept is valid only for the normal stress terms, and
tensile stress is taken to be positive. In incremental form, Equation (3.15) becomes

Ac' = Ao + ap(AP; + AP;) /2 (3.16)
where AP; and AP; are the changes in pore pressures over the time step at neighboring nodes i
and j.
It is assumed that the local changes in temperature and liquid saturation induce strain as follows:
Aer = ar(AT; + AT}) /2 (3.17)
Aeg = ag(AS; + AS})/2 (3.18)

where & is thermal strain; &, is shrinkage/swelling strain; a is the coefficient of linear thermal
expansion; and «a is the hydraulic shrinkage coefficient. The changes in temperature and
saturation are averaged from the variables at nodes i and j. If an expansible soil material is
subjected to constant stress conditions in an elastic region, the effective stress due to thermal and
swelling/shrinking strains can be calculated as

Ac’ = (Aer + Ag)E (3.19)
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Figure 3.4. Flow diagram of the linkage between the TOUGH2 and the RBSN for coupled THM
simulations.

Thereafter, the RBSN to TOUGH?2 link, shown on the right side of Figure 3.4, supplies vectorial
variables for the effective stress and the strain calculated at the lattice element to update the
hydrogeological properties of the corresponding VVoronoi cells i and j in the TOUGH2 model.
The following general relations are considered (Rutgvist and Tsang, 2002):

¢ = ¢(a',¢) (3.20)
K =K(d',¢) (3.21)
P. =P.(0',¢) (3.22)

where ¢ is porosity, K is permeability, and P, is capillary pressure.

In the TOUGH2 model using an ordinary VVoronoi grid to represent an intact rock matrix, flow
and mass transport are enacted only between nodes i and j, across the VVoronoi cell boundary.
However, if a fracture occurs within the matrix, substantial flow and mass transport may happen
along the fracture length. As an integrated finite volume method, TOUGH2 allows for flexible
gridding that can accommaodate representation of fractures or fracture networks embedded within
the matrix (Zhang et al., 2004; Rutqvist et al., 2013a). By utilizing a discrete fracture approach,
continuity of the fracture is not assumed but rather explicitly modeled. A flow through the
discrete fracture is activated in response to the damage/breakage of the lattice element from the
RBSN simulation (i.e., w # 0). Following Darcy’s law, the intrinsic permeability of an
individual fracture can be based on a parallel-plate model which relates fracture permeability to
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fracture aperture b (Bear, 1972). Details about forming fractures and their interconnections
within Voronoi grids are presented in the next section.

3.3.2 Discrete representation of flow and mass transport in fractured media

In this study, a fracture is considered to be a discrete feature that facilitates flow and mass
transport. Such crack-assisted flow and its permeation into the surrounding matrix are explicitly
represented. Pre-existing or newly generated fractures are directly mapped onto the VVoronoi grid
representing the spatial domain of the geomaterial system. Descriptors of the fracture geometry
(e.g., fracture orientation, length, width, shape) can be obtained by field mapping, computer-
generated statistical representations, or the simulation outcomes of mechanical models. With
reference to the 2-D case, a straight-lined fracture is discretized as follows (Figure 3.5):

e Discretize the spatial domain with an irregular VVoronoi grid.

e Overlay the reference fracture onto the VVoronoi grid.

e Select node-node (natural neighbor) connections that cross the reference fracture. The
corresponding Voronoi cell boundaries of such nodal connections represent the reference
fracture.

e Mmatrix node

\Voronoi cell
boundary

reference
fracture

discretized
fracture

Figure 3.5. Mapping of a fracture geometry onto an irregular VVoronoi grid.

The grid size should be selected to obtain a sufficiently accurate representation of the fracture
line. As the density of nodal points increases, the discretized fracture path more closely
resembles the reference line. By repeating the above process for multiple fractures, a network of
discrete fractures can be generated. The advantages of this DFN generation approach include the
abilities to: (1) simply activate and connect new discrete fractures; (2) automatically handle
discrete fracture intersections; (3) control mesh size with a graded nodal density, which can be
advantageous for reducing computational expense; and (4) straightforwardly extend to more
complicated 3-D geometries.

Dynamically forming flow channels (i.e., discrete fractures) are implemented by introducing
fracture nodes and the associated connections in addition to matrix nodes and connections within
the Voronoi grid (Figure 3.6). A fracture node is inserted at the intersection of a VVoronoi cell
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boundary and a connection between two adjacent matrix nodes. The original matrix-matrix
connection is divided into two matrix-fracture (and vice versa) connections by the newly
generated fracture node. In addition, the connections between the fracture nodes are established
to represent flow channels through the fracture networks. The hydrological properties of an
individual fracture can be based on the grid geometry and the local fracture aperture computed
by a mechanical-damage model. In the following simulations, however, the fracture permeability
is simply assigned to be constant and very high relative to the permeability of the rock matrix.

@® matrix node ® fracture node
- - - matrix-matrix connection —— discrete fracture
— Voronoi cell boundary - - - matrix-fracture connection

- - - fracture-fracture connection
a) n b) a

Figure 3.6. Nodal connectivity in the DFN approach for flow simulations: a) ordinary matrix
nodes and connections; and b) additional fracture nodes and connections.

3.4 Mechanical Simulations of Transversely Isotropic Rock Formations
3.4.1 Uniaxial compression tests

The modeling scheme proposed in Section 3.2 is validated through uniaxial compression tests for
transversely isotropic rock specimens. Consider 2-D configurations of a cylindrical core sample
subjected to unconfined uniaxial compression, in which the loading direction forms an angle
relative to the bedding plane, 5 (see Figure 3.7a). In laboratory experiments, the drilling direction
for core sampling determines the angle between the axial loading direction and the bedding
direction. The simulations consider seven cases of the orientation of fabric:

£ =0°,15,30°45",60°,75°,90°. The model is discretized with about 3,800 nodal points and
10,000 elements. Boundary conditions are assigned at top and bottom layers of cells. Incremental
loading is applied at the top layers by displacement control and the bottom layers are fixed.
Herein the anisotropic mechanical properties of the rock material are adopted from the
experimental results for the Opalinus Clay (Bossart, 2012), which are arranged in Table 3.1.
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Table 3.1. Anisotropic mechanical properties of the Opalinus Clay (Bossart, 2012).

Rock mechanical properties Parallel to bedding Normal to bedding
Young’s modulus [GPa] 155 9.5
Uniaxial tensile strength [MPa] 2.0 1.0
Cohesion (shear strength)

[MPa] 55 2.2
Internal friction angle [ °] 25

Note: In Bossart (2012), the experiments on cohesion or shear strength are reported for three
different parameters: minimum value of 2.2 MPa (normal bedding), maximum value of 5.5 MPa
(parallel bedding), and the third value of 1 MPa (shear strength of bedding planes). In this
study, 2.2 MPa is taken as cohesion normal to bedding as stated.

loaded

rock
matrix

fixed

a)

Figure 3.7. 2-D specimen for uniaxial compression test: a) schematic drawing of the test
program; and b) model discretization.

The resulting stress-strain curves are plotted in Figure 3.8. The stress response is calculated by
dividing the sum of reaction measured at the fixed layers of cells by the cross sectional area of
the specimen. In the elastic region, the stress response linearly increases with strain. In the post-
peak region, the models exhibit brittle behavior. Once the first breakage (i.e., fracture initiation)
occurs at the most critical element, the neighboring elements undergo knock-on breakage even
without increasing load/displacement. After sufficient elements have broken to release the
energy in the fracture process, the fracture becomes stable in the sense that small load increments
no longer produce bursts of elemental breakages. The unstable fracture process can be controlled
by introducing softening/energy release rate of fracture in the post-peak behavior.
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Figure 3.8. Stress-strain curves of transversely isotropic rock specimens with various
orientations of bedding with regard to the loading direction.

The anisotropy of the elastic properties can be found in bulk Young’s moduli, the slopes of
linearly ascending branches in the stress-strain curves of Figure 3.8. Theoretically, the bulk
Young’s modulus at angle to bedding S can be obtained by (Pariseau, 2006):

1 cos*p ( 1 21/12) .9 2
-—= — — — | SIn COoSs
E Ep + G12 Ep ﬁ ﬁ +

sin* g
En

(3.23)

where Gy, is shear modulus and v1, is Poisson ratio. Equation (3.23) shows that the shear
modulus greatly influences the variation in Young’s modulus, so the shear modulus of
anisotropic rock should be measured rather than estimated (Pariseau, 2006). However, the shear
modulus can only be approximated in the RBSN model.

For an isotropic material, the shear modulus is derived from elasticity theory, which shows that
G=E/2(1+vV) (3.24)

Forv =0, G = E/2. An approximation of this relationship between shear modulus and Young’s
moduli for an anisotropic system with v = 0 is given as

Gy = 1/(% + %) (3.25)

With this assumption for Equation (3.23), the variation in Young’s modulus is depicted in Figure
3.9 and compared with the simulated bulk Young’s moduli, where the two curves show a good
agreement.
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Figure 3.9. Variation of bulk Young’s modulus of a transversely isotropic rock.

The peak stress values of the stress-strain curves, plotted in Figure 3.8, can be regarded as
uniaxial compressive strengths. A comparison of the peak stresses indicates that the rock exhibits
the maximum strength when the bedding is perpendicular to the axial loading (i.e., # = 90°) and
the minimum level of strength in cases of the bedding inclined to the loading direction. Similar
interpretations of the compression failure of anisotropic rocks have been presented in other
studies (Jaeger, 1960; McLamore and Gray, 1967; Kwasniewski and Mogi, 2000).
Quantitatively, however, the strength values are not accurately simulated. In the experiments, the
compressive strengths parallel and normal to bedding are measured as 10.5 MPa and 25.6 MPa,
respectively (Bossart, 2012). This discrepancy for the compressive strengths might result from
the vague choice for the anisotropic shear strength parameters. Also, the RBSN model has been
originally developed for simulating tension-dominated behavior, and the proposed fracture
criteria generally account for tension failure, which could lead to some shortcomings in modeling
of compression or multi-axial failure behavior (Bolander and Saito, 1998; Berton and Bolander,
2006). Currently, the failure is modeled to be brittle, which means the entire strength is lost at
immediate failure. However, a more realistic failure response may result in gradual loss of
strength during failure. In addition, contacts between fracture surfaces under compressive loads
lead to friction along the fracture surface, which is not appropriately represented in the current
model. This problem will be addressed in future studies.

Figure 3.10 shows deformed shapes and fracture patterns of the specimens at the final loading
stage with the global strain of 0.003. The specimens with the bedding parallel and perpendicular
to the loading direction do not demonstrate apparent directivity of the fracture patterns (Figure
3.10a and g). On the contrary, in the cases of the inclined orientations of fabric, the direction of
fracturing appears biased towards the bedding direction (Figure 3.10b to f). This directivity of
fracture pattern gets stronger with the bedding angle nearing 45°, in which the inclined major
cracks are connected across the specimen. An additional case of the bedding angle 8 = —15" is
considered (Figure 3.10h), in which the orientation of fabric has the same amount but the
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opposite direction of rotation from the vertical axis. As expected, a symmetrical fracture pattern
with respect to the vertical axis is presented, in comparison to the case of bedding angle § = 15°
(Figure 3.10b).

d) p=45°

plasys

e) f=60° f) B=75° g) f=90° h) B=-15°

Figure 3.10. Fracture patterns of the specimens with various orientations of fabric forming the
angle of B with the loading axis. Note that the positive angle indicates counter-clockwise rotation
from the vertical orientation.

In the set of simulations for uniaxial compression tests, the anisotropic characteristics in elastic
properties and failure properties are realistically demonstrated. VVarious bedding angles with
respect to the axis of loading are represented by assigning global coordinates related to the
orientations of fabric within the same Voronoi grid. By utilizing the proposed modeling scheme,
rock materials are represented as macroscopically homogeneous, whereas microscopically, the
anisotropic strength parameters, formulated by random local orientations of lattice elements, give
intrinsic heterogeneity in failure behavior. This modeling scheme is applied to simulate fracture
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processes in the excavation damage zone (EDZ) of the HG-A microtunnel, which is presented in
the next section.

3.4.2 Fracture damage modeling of the HG-A test

The HG-A test is being conducted on a 13-m long microtunnel of 1 m diameter, located at the
Mont Terri underground research laboratory (URL) near Saint-Ursanne, Switzerland. One main
purpose of the HG-A test is to provide data on the geomechanical and hydrogeologic effects of
the excavation damage zone (EDZ). The test is specifically targeted to observe how fluids
injected into a test section sealed by a packer penetrate both into the rock and within the EDZ
(Marschall et al., 2006). Although the long-term physical features observed in the test are related
to coupled hydro-mechanical processes, as an initial study, herein the problem is simplified by
assuming a constant uniform pore pressure such that fracture damage is simulated using the
mechanical modeling of the RBSN approach exclusively. This assumption is valid up until the
point at which mechanical deformation occurs much more quickly than water flow processes in
the rock formation, where mechanical equilibrium is held within a rapid (undrained) excavation
(Liu et al., 2013b).

The rock of the test site is relatively homogeneous in meter-scale, but pronounced bedding was
discovered at finer scales (Marschall et al., 2006). The rock formation is highly fractured with
frequencies of 0.3 to 1 m, although the fracture permeability is not significant, which indicates
that fractures are mostly closed under natural stress conditions (Marschall et al., 2006; 2008).
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Figure 3.11. a) Excavation damage viewing from the HG-A Niche towards back end (Marschall
et al., 2006); and b) Conceptual diagram of the damage zone (Lanyon et al., 2009; Marschall et
al., 2006).

Figure 3.11 shows excavation damage of the microtunnel. Partial damage and exfoliations have
occurred along the microtunnel wall (Figure 3.11a), which are mainly attributed to the
anisotropic strength characteristics of the rock. Strength of an anisotropic rock is found to be a
function of orientation relative to the bedding plane (Bock, 2001). The relative weakness
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orthogonal to the bedding and the weakness near faults intercepting the tunnel, as depicted in
Figure 3.11b, result in the nonuniform damage around the excavation wall.

The analyses start with the simulation of the elastic stress profiles around the microtunnel under
compression condition. Figure 3.12a shows a 2-D square domain with a 10-m long side, where a
circular opening with a radius of 0.5 m is placed at the center. The computational domain is
discretized with 2044 nodes, and the nodal density is graded for computational efficiency. Far-
field compressive stresses are 4.5 MPa in the horizontal direction and 6.5 MPa in the vertical
direction (Martin and Lanyon, 2003). First, a homogeneous and isotropic material is considered
in order that the simulation results can be verified with analytical solutions (Kirsch, 1898).
Young’s modulus and Poisson ratio are 15.5 GPa and 0.3, respectively. In Kirsch’s solutions, the
stress profiles are expressed as a function of the distance from the center, r and the normal angle,
6. Figure 3.12b compares the simulation results and the analytical solutions of stress profiles for
6 = 0°, which shows a good agreement between the two types of solutions.
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Figure 3.12. a) Discretization of the computational domain and loading configurations; and b)
radial and tangential stress values versus the radial distance.

Next, the excavation damage of the HG-A microtunnel is simulated. In Figure 3.12b, we see that
the asymptotic stress profiles approach sufficiently close to the far-field stresses at » = 4 m. For
that reason, the dimension of the computational domain is reduced. Figure 3.13a shows the
discretization of the reduced 8x8 m computational domain using a finer VVoronoi grid (4042
nodes). External loading configurations are the same as in the previous simulation, and
additionally, an internal pore pressure of 1.5 MPa is applied to the matrix volume. Mechanical
properties of the Opalinus Clay, summarized in Table 3.1, are used to represent anisotropy of the
on-site rock formation. The bedding planes are aligned at 45° from the horizontal axis, which is
similar to the orientation of fabric shown in Figure 3.11. Figure 3.13b illustrates the fracture
pattern, where the damage occurs mainly around the tunnel. Damaged zones are more prominent
at the tunneling wall tangential to the bedding planes, similarly to the failure characteristics seen
in Figure 3.11. For identification of failure modes, individual fracture segments are drawn in
different colors: blue and red segments represent tensile and shear failure modes, respectively.
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Tension fracturing is concentrated at the borehole boundary, due to the lack of constraints
against the pore pressure acting towards the center of the tunnel. This failure feature can be
supported by observation of the deformation around the borehole. Figure 3.13c depicts the
deformed shape of the tunnel, in which the deformation is exaggerated for better visibility.
Voronoi cells adjacent to the borehole come off the body, which indicates the tensile failure.

bedding

b)

Figure 3.13. a) Discretization of the computational domain for the HG-A test simulation; b)
nonuniform fracture pattern around the tunnel; and c¢) deformed shape of the borehole.

Although the tectonic faults around the tunnel are not modeled in this study, fracture damage
process is in qualitative agreement with observations. In future study, the fracture damage
process will be quantitatively analyzed along with long-term hydro-mechanical behavior, which
is simulated by a coupled THM modeling approach, i.e. the TOUGH-RBSN simulator.

3.5 THM Simulations of Hydraulic Fracturing

This section provides an example application of the TOUGH-RBSN simulator for coupled THM
processes, including hydraulic fracturing behavior within a geological system. Consider a 30x30
m domain with a relatively small borehole of 0.15 m diameter, subjected to respective far-field
stresses of 45.5 MPa vertically and 34.5 MPa horizontally (Figure 3.14a). The Voronoi grid is
generated with a graded nodal density, in which the mesh size around the expected fracturing
path is controlled to be much finer (Figure 3.14b). The rock material is assumed to be
homogeneous and isotropic with the following mechanical properties: Young’s modulus

E = 11.0 GPa; tensile strength f; = 15.0 MPa; cohesion ¢ = 22.5 MPa; and internal friction
angle ¢ = 45°. The hydrological properties are as follows: matrix density p = 2,500 kg/m*;
porosity ¢ = 0.06; and permeability K = 1015 m?. A pore pressure of 31.0 MPa is used
throughout the matrix as the initial condition, and injection of water is conducted at a constant
rate 0.18 kg/s per unit thickness.

If a fracture event occurs at a lattice element of the RBSN model, a fracture node and the
connections to the surrounding nodes for the TOUGH2 simulation are activated as described in
Section 3.3.2, and the porosity and permeability for the fracture node are drastically increased
(e.9., ¢ =1.0and K, = 107° m?). These hydrological properties for individual fractures can be
calculated as a function of fracture aperture; however, for simplicity, herein they are set to be
constant, irrespective of the fracture geometries.
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Two cases of rock formations are considered for simulations: (1) an intact medium without any
pre-existing fracture or damage within the rock matrix, and (2) a fractured medium, in which a 3-
m long inclined fracture is included (see Figure 3.14a), so that a newly generated fracture path
will meet the pre-existing fracture during the hydraulic fracturing process. The pre-existing
fracture retains high porosity and permeability from the initial stage of the simulation. The
simulations are performed for a 600 s duration, when the steady-state pressure evolutions at the

borehole are attained.
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Figure 3.14. Hydraulic fracturing simulation: a) simulation configurations; and b) discretization
of the computational domain.

Figure 3.15 compares the resulting fracture developments at the final stage for the two cases of
simulations. In both cases, a single major crack stretching out from the borehole forms in the
direction of maximum compressive stress, which represents tensile failure. As shown in Figure
3.15b, a distinctive bend in the fracture is observed near the inclined pre-existing fracture. The
opening of the pre-existing fracture is not pronounced due to the shear movement along the

fracture path.
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a)

Figure 3.15. Comparison of fracture paths in deformed shapes of the domain: a) intact rock
matrix; and b) fractured rock matrix.

Figure 3.16 arranges snapshots of pressure distributions, captured at the point of fracture
initiation, at the early and the latter stages of fracture propagation, based on the length of the
fracture, and at the final stage of the simulation, where the real time is specified in seconds. Up
until fracture initiation, local pressure at the borehole increases due to the water injection (Figure
3.16a). The intact rock exhibits fracture initiation 16 s sooner than the fractured rock. The
delayed fracture initiation results in greater energy stored in the matrix around the borehole for
the case of the fractured rock. Therefore the fracture develops more rapidly after initiation. As
the fracture propagates, the pressure at the borehole is directly transferred into the fracture path
(Figure 3.16b). Figure 3.16¢ describes the effect of the pre-existing fracture on the hydraulic
fracturing process. Hydraulic fracturing keeps proceeding through the intact rock matrix,
whereas in the fractured rock, the propagation of downward fracture hitting the pre-existing
fracture is arrested. The flow channels along the discrete fractures are connected to reduce the
pressure gradient that promotes the fracturing process at the crack tip, thus the fracture
development is slowed down. Figure 3.16d shows pressure contours in the shape of the final
fracture path, in which the percolating water flow, from the fracture surface towards surrounding
matrix, diffuses the concentrated pressure.
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Figure 3.16. Pressure contour evolutions for intact and fractured rock formations: a) at the point
of fracture initiation; and b) at the early stage of fracture propagation.
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Figure 3.16. (continued). Pressure contour evolutions for intact and fractured rock formations: c)
at the latter stage of fracture propagation; and d) at the final stage of the simulation.

This simulation example demonstrates the capabilities of the developed modeling approach for
the coupled THM processes in geological systems. The mechanical effect of the excessive
pressure produced by water injection (i.e., induced hydraulic fracturing) and the preferential flow
features through the newly generated fracture path are realistically represented. As seen in the
case of the fractured medium, the pre-existing fracture exerts a considerable influence on the
flow behavior as well as on the mechanical behavior of the system, such that the fracturing
process is disturbed. In the future, parametric studies on the hydro-mechanical effects of fracture
networks can be done for various sizes, shapes, locations, and orientations of the fractures.

3.6 Conclusions

This study uses the RBSN approach to model geomechanical behavior including fracturing. The
model provides a discrete representation of material elasticity and fracture development, and in
that respect, it is considered to be suitable for the DFN approach to investigating fracturing
processes. However, the original RBSN is limited to macroscopically modeling isotropic
materials, or requires additional treatments in partitioning the domain (e.g., layering of
individually isotropic materials) for introducing anisotropic mechanical properties.
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To extend the applicability of the model to general anisotropic geomaterials, we propose a new
modeling scheme. Elastic spring coefficients and strength parameters are systematically
formulated for individual lattice elements based on the principal bedding direction, which
facilitate a straightforward representation of anisotropy. Uniaxial compression tests are simulated
for a transversely anisotropic material, the Opalinus Clay, to demonstrate the validity of the new
modeling scheme. Thereafter, a simulation of fracture damage around the EDZ of the HG-A
microtunnel is conducted. Qualitatively the simulation results closely match the physical
observations, in which nonuniform damage, due to the anisotropic mechanical characteristics,
forms around the excavation wall.

The behavior of strongly coupled THM processes has also been investigated using the TOUGH-
RBSN simulator. We have established an effective linkage between the TOUGH2 code based on
the finite volume method for simulating heat and mass transport within porous rock formations,
and the RBSN method for simulating mechanical responses and fracture initiation and
propagation. One main advantage of linking TOUGH2 and the RBSN is that both models utilize
the same set of nodal points, along with the natural neighboring connections and the volume
rendering definitions, according to the unstructured Voronoi discretization. The capabilities of
the TOUGH-RBSN simulator are shown through simulation of hydraulic fracturing. In the
simulations, two-way coupling of the THM variables produces realistic hydro-mechanical
behavior in the fracturing process.

4. THM Modeling of Underground Heater Experiments

In this section, we present LBNL’s activities related to THM modeling of underground heater
experiments in clay formations, including studies related to the Development of Coupled Models
and their Validation against Experiments (DECOVALEX)-2015 project and the Mont Terri FE
(Full-scale Emplacement) Experiment.

DECOVALEX-2015 is an acronym for the 6™ and current phase of the “Development of
Coupled Models and their Validation against Experiments” project, ongoing from 2012 to 2015.
In DECOVALEX-2015, LBNL participates in Task B, which includes:

Subtask B1—Mont Terri HE-E Experiment: A heating experiment to evaluate sealing and clay-
barrier performance, in a micro-tunnel at the Mont Terri URL in Switzerland; and

Subtask B2—Horonobe Engineered Barrier System (EBS) Experiment: A heating experiment to
study the thermo-hydro-mechanical-chemical (THMC) behavior of the EBS and its interaction
with the mudstone host rock, in a vertical emplacement hole at the Horonobe URL in Japan

In addition to the modeling work in these two DECOVALEX tasks, LBNL participates in the
Mont Terri FE Experiment as one of the participating modeling teams. The FE Experiment is
undertaken as an ultimate test for the performance of geologic disposal in Opalinus Clay, with
focuses on both the EBS components and the host-rock behavior; it will be one of the largest and
longest running heater tests worldwide.

UFD objectives for participating in these international activities are to develop expertise and test
advanced models on coupled processes in clay-based backfill in interaction with clay host rock.
Through participation in modeling these field experiment, the models will be developed and
experience will be gained for a range of different backfill materials (e.g., bentonite pellets and
sand/bentonite mixture), as well as different host rocks (e.g., Opalinus clay and mudstone).
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In the following Subsection 4.1, the modeling approach and the status of model development will
be summarized. Then the modeling work conducted associated with field experiments are
presented in Subsections 4.2 through 4.4. Finally, in Subsection 4.5, the current status and future
plans for THM m modeling are summarized.

4.1 Modeling approach

LBNL uses two independent numerical simulators (TOUGH-FLAC and ROCMAS) for
modeling of coupled THM processes associated with nuclear waste disposal and for modeling of
the aforementioned heater experiments. The TOUGH-FLAC simulator developed at LBNL is the
primary analysis tool, because this simulator has the required capabilities to model a large
variety of problems associated with nuclear waste disposal for various engineering and natural
systems. The ROCMAS code, also developed at LBNL, will in this project be used for
confidence building through code-to-code verification. That is, models of a particular problem
might be built in both TOUGH-FLAC and ROCMAS, and if the simulation results agree, that
provides confidence in the models. Both the TOUGH-FLAC and ROCMAS codes solve THM
coupled problems, but are two different codes with different characteristics. TOUGH-FLAC can
simulate coupled THM processes under multiphase flow conditions through a sequential
coupling of the TOUGH2 multiphase flow simulator with the FLAC3D geomechanical code
(Rutgvist et al.,, 2002; Rutqvist 2011). TOUGH-FLAC has recently been modified for
applications related with to bentonite-backfilled repositories in clay host formations (Rutqvist et
al., 2014). ROCMAS simulates coupled THM processes in unsaturated media, including single-
phase liquid flow and vapor diffusion in a static gas phase (Rutqvist et al., 2001a). The code has
been extensively applied in earlier phases of the DECOVALEX project for THM analysis in
bentonite-rock systems (Rutqvist et al., 2001b, 2005, 2009). In the following, the TOUGH-
FLAC simulator (primary analysis tool) is described in more detail.

The TOUGH-FLAC simulator (Rutqvist 2011), is based on linking the TOUGH2 multiphase
flow and heat transport simulator (Pruess et al., 2011) with the FLAC3D geomechanical
simulator (Itasca 2011). In this approach, TOUGH2 (Pruess et al., 2011) is used for solving
multiphase flow and heat transport equations, whereas FLAC3D (Itasca 2011) is used for solving
geomechanical stress-strain equations. The two codes are sequentially coupled, but a TOUGH-
FLAC simulation runs seamlessly. For analysis of coupled THM problems, the TOUGH2 and
FLAC3D are executed on compatible numerical grids and linked through a coupled thermal-
hydrological-mechanical (THM) model (Figure 4.1) with coupling functions to pass relevant
information between the field equations that are solved in respective code. Depending on the
problem and specific porous media (e.g., fractured rock, unsaturated clay, or hydrate-bearing
sediments), a number of coupling functions have been developed.

In the coupling scheme between TOUGH2 and FLAC3D, the TOUGH2 multiphase pressures,
saturation, and temperature are provided to update temperature, and pore pressure to FLAC3D
(Figure 4.1). After data transfer, FLAC3D internally calculates thermal expansion, swelling, and
effective stress. Conversely, element stress or deformation from FLA3D are supplied to
TOUGH?2 for correcting element porosity, permeability, and capillary pressure for the fluid-flow
simulation in TOUGH2. The corrections of hydraulic properties are based on material-specific
functions.

In a TOUGH-FLAC simulation, the calculation is stepped forward in time with the transient
multiphase fluid flow analysis in TOUGHZ2, and at each time step or at the TOUGH2 Newton
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iteration level, a quasi-static mechanical analysis is conducted with FLAC3D to calculate stress-
induced changes in porosity and intrinsic permeability. In this scheme, the fluid-flow sequence is
solved first under fixed stress, and the resulting pressure and temperature are prescribed in the
mechanical sequence. This corresponds to so-called stress fixed iterations in the sequential
scheme, in which the solution becomes unconditionally stable. The resulting THM analysis may
be explicit sequential, meaning that the porosity and permeability is evaluated only at the
beginning of each time step, or the analysis may be implicit sequential, with permeability and
porosity updated on the Newton iteration level towards the end of the time step using an iterative
process.
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STATE EQUATIONS G = Shear modulus
K = Bulk modulus
l 1 k = Intrinsic permeability
P = Pressure

TOU G H - ~ \ Pc = Capillary pressure

SH = Hydrate saturation
| 7Y HYDRAULIC T = Temperature
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K, ¢, Pc n = Coefficient of friction
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Figure 4.1. Schematic of linking of TOUGH2 and FLAC3D in a coupled TOUGH-FLAC
simulation.
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Figure 4.2. Numerical procedure of a linked TOUGH2 and FLAC3D simulation.

A great advantage with this adopted approach is that both codes are continuously developed and
widely used in both academia and industry. In TOUGH2, a large number of fluid equation-of-
state modules are available, while in FLAC3D, a large number of geomechanical constitutive
models are available. This means that the simulator can be relatively easily extended to new
application areas.

The TOUGH-FLAC simulator has in recent years been extended and applied to issues related to
nuclear waste disposal with bentonite backfilled tunnels (Rutqvist et al., 2011; 2014). This
includes implementation of the Barcelona Basic Model (BBM) (Alonso et al., 1990), for the
mechanical behavior of unsaturated soils and applied for modeling of bentonite backfill behavior
(Rutgvist et al., 2011). The BBM was first developed and presented in the early 1990s as an
extension of the Modified Cam Clay (MCC) model to unsaturated soil conditions (Alonso et al.,
1990). The model can describe many typical features of unsaturated-soil mechanical behavior,
including wetting-induced swelling or collapse strains, depending on the magnitude of applied
stress, as well as the increase in shear strength and apparent preconsolidation stress with suction
(Gens et al., 2006). Figure 4.3 presents the yield surface of the BBM model in g-p-s space. The
shaded surface corresponds to the elastic region at fully water-saturated conditions, which is
equivalent to the modified MCC model. The figure also shows how the yield surface expands at
unsaturated and dryer conditions when suction increases. There is an increase in both the
apparent pre-consolidation pressure along the load collapse (LC) vyield surface and by the
increasing tensile strength, which in turn leads to an increased cohesion and shear strength.
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Figure 4.3. BBM constitutive model showing the yield surface in g-p-s space.

The BBM has been used for modeling of bentonite-buffer behavior in various national nuclear
waste programs in Europe and Japan. For example, the BBM was successfully applied to model
the coupled THM behavior of unsaturated bentonite clay associated with the FEBEX in situ
heater test at the Grimsel Test Site, Switzerland (Gens et al., 2009). The BBM has also been
applied to other types of bentonite-sand mixtures based on MX-80, considered as an option for
an isolating buffer in the Swedish KBS-3 repository concept (Kristensson and Akesson 2008).
As part of the UFD program, the BBM was also used by Rutqvist et al. (2014), for the modeling
of coupled THM processes around a generic repository in a clay host formation.

Recently, as part of the UFD EBS program, the BBM has been extended to a dual structure
model, corresponding to the Barcelona Expansive Model (BExM). In a dual-structure model, the
material consists of two structural levels: a microstructure in which the interactions occur at the
particle level, and a macrostructure that accounts for the overall fabric arrangement of the
material comprising aggregates and macropores (Figure 4.4) (Gens et al., 2006, Sanchez et al.,
2005, Gens and Alonso 1992). A dual-structure model has important features for modeling the
mechanical behavior of a bentonite buffer, such as irreversible strain during suction cycles.
However, most importantly, a dual-structure model provides the necessary link between
chemistry and mechanics, enabling us to develop a coupled THMC model for the analysis of
long-term EBS behavior. This approach enables mechanistic modeling of processes important for
long-term buffer stability, including effects of pore-water salinity on swelling (loss of swelling),
conversion of smectite to nonexpansive mineral forms (loss of swelling), and swelling pressure
versus exchangeable cations. The recent developments, testing and applications of the dual
structure model, are presented in the upcoming FY2014 milestone report entitled “Investigation

133



of coupled THMC process and reactive transport”, as well as in a new scientific article submitted
to a journal (Vilarrasa et al., 2014)
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Figure 4.4. (a) Pore size distribution and (b) schematic representation of the two structural levels
considered in the dual structure model. Clay particles are represented by the gray lines.

4.2 Mont Terri HE-E Experiment (DECOVALEX)

The Mont Terri HE-E Experiment focuses on the THM behavior of bentonite barriers in the early
nonisothermal resaturation stage and their THM interaction with Opalinus Clay (Figure 4.5). The
objective is to better understand the evolution of a disposal system of high level waste in the
early post-closure period, with emphasis on the thermal evolution, buffer resaturation (in situ
determination of the thermal conductivity of bentonite and its dependency on saturation), pore-
water pressure in the near field, and the evolution of swelling pressures in the buffer. Because the
test is conducted in a micro-tunnel (at 1:2 scale), it is considered a validation, not a
demonstration experiment. The heating test involves two types of bentonite buffer materials
(Figure 4.5, left). The heater-buffer interface is heated to a maximum temperature of 135°C and a
temperature of 60-70°C is expected at the buffer-rock interface. A dense instrumentation
network was in place in the host rock surrounding the micro-tunnel from a previous experiment
testing the impact of ventilation on the clay host rock, and has been improved for the purpose of
the HE-E Heater Test (up to 40 piezometers in total); various sensors have also been placed in
the buffer material. The heating phase started in the late summer of 2011 and is being continued
for at least three years.
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Figure 4.5. Schematic setup of HE-E experiment at Mont Terri and photo of micro-tunnel
(Garritte, 2012).

In DECOVALEX-2015 (Task B1), eight international research teams are participating in the
modeling of the HE-E experiment. Task B1, which is running over 3 years, is divided into the
following steps:

e Step la: Opalinus Clay study including HE-D experiment, literature study, processes
understanding and parameter determination.

e Step 1b: Buffer material study including CIEMAT column cells, literature study,
processes understanding and parameter determination.

e Step 2: HE-E predictive modeling using as-built characteristics and true power load.
Modeling is 2D (axisymmetric, plane strain or combination) and 3D.

e Step 3: HE-E interpretative modeling when data are made available.

Step la started in 2012 with the modeling of the previous HE-D experiment for in situ
characterization of THM material parameters for the Opalinus Clay and was completed in
November 2013. The HE-D experiment involved 1 year of heating of the Opalinus Clay without
any bentonite buffer. The modeling of the HE-D experiment and comparison of the TOUGH-
FLAC modeling results to the results of other modeling teams were reported in the FY2013
milestone report entitled “Report on THMC modeling of the near field evolution of a generic
clay repository: Model validation and demonstration” (Liu et al., 2013b). Step 1b, which is a
study of buffer material properties through modeling of laboratory experiments on buffer
material samples, has recently been completed by all the modeling teams in DECOVALEX-
2015, although the final comparison of the results between different teams is still ongoing. In this
report, we present LBNL’s final analysis of the CIEMAT column experiments, which has been
substantially updated from last year. This update includes a more detailed analysis of transient
temperature evolution, the heat loss through the experimental equipment, and more detailed
consideration of the retention properties, including their temperature dependency. This also
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resulted in a much improved agreement between simulated and observed THM responses. We
have also begun Step 2 of Task B1, which is the HE-E predictive analysis, planned to be
completed by October 2014.

4.3 Buffer characterization using CIEMAT column experiments

In this subsection, we present updated modeling of the CIEMAT column experiments (Villar
2012). The modeling of the CIEMAT column experiments are being done as part of
DECOVALEX-2015 Task B1 for characterization of the buffer material associated with the
Mont Terri HE-E experiment. However, the CIEMAT column experiments are also critical for
the modeling of the Mont Terri FE experiment, because one of the bentonite materials studied in
the column experiments will also be used for backfill at the FE experiment. In CIEMAT column
experiments, two buffer materials, granular bentonite (or bentonite pellets) and sand/bentonite
mixture, were tested (Figure 4.6). The design of the column experiments mimicked the HE-E
conditions, with the height of the column equal to the thickness of the buffer filled between the
canister and host rock. A heater was placed at the bottom and a cooler at the top of each column,
so that the column was heated while the top remained at an ambient temperature of ~21.5°C.
During the experiments, temperature and relative humidity were measured at three points along
the axis of the column. The power input was monitored as well. In this study, our objectives are
to model the fluid-flow and heat-transfer processes that occur in the experiment, and to calibrate
the flow and thermal properties of the two buffer materials against the experimental
measurements. In DECOVALEX-2015, only the granular bentonite experiment was required to
be modeled by the research teams, whereas it was optional to model the sand/bentonite
experiment.

The modeling of this experiment in the DECOVALEX-2015 project has revealed substantial heat
loss through the equipment, such that it was decided at the last DECOVALEX-2015 workshop
(in April 2014) that each research team should carefully look at both the heat power and
temperature evolution, to properly consider the heat loss from the equipment. It is particularly
important to quantify the heat loss if using this experimental data to determine the thermal
conductivity of the tested bentonite material. LBNL has conducted model simulations of both
experiments (both granular bentonite and sand/bentonite mixture). However, the main emphasis
was placed on the modeling of the granular bentonite, because this was the main task in
DECOVALEX-2015, and granular bentonite is the buffer material that will be used in the Mont
Terri FE experiment.

43.1 Model setup of column experiment on granular bentonite

In the experiment, bentonite pellets were poured into a Teflon column without extra packing
(Villar, 2012). A heater was placed at the bottom and a cooler at the top of the column (Figure
4.6). Sensors were installed at distances of 10 m, 22 m, and 40 cm from the heater to measure
temperature and relative humidity. The Teflon column was wrapped with a layer of foam, which
was later replaced with rock wool and another insulating material denoted in Villar (2012) as
BT-LV.

After the system was assembled, the relative humidity and temperature were measured without
heating the system. The measured initial relative humidity was uniformly 40% within the
column. It remained unchanged until the start of heating, which was set to be the reference time
(t=0). After the heater was turned on, the surface temperature of the heater reached the target
temperature of 100°C within 33 minutes. By automatically adjusting the power into the heater,
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the surface temperature of the heater remained at 100°C. By 1566 hours, the foam layer was
replaced with a rock wool of 30 mm thickness, covering the entire column length, and a BT-LV
of 25 mm thickness, covering the bottom 5 cm of the column (Figure 4.6). At 3527 hours, an
adjustment of the target temperature was made for the heater, and its surface temperature
increased to 140°C about 17 minutes after the adjustment. A hydration valve was opened by
5015 hours. Water flowed into the column from the top while the surface temperature of the
heater remained at 140°C. During the hydration process, the changes in relative humidity and
temperature along the column and the power input of the heater were monitored.
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Figure 4.6. Schematic of experimental setups of column experiment in sequential steps: (1)
Heating at temperature of 100 °C from 0 to 1566 hours, (2) heating with new insulation layer
from 1566 to 3527 hours, (3) heating at 140 °C from 3527 to 5015 hours, (4) heating with
hydration valve open after 5015 hours.

A 2D radial symmetric mesh of 9x28 elements was created for the modeling of this column
experiment (Figure 4.7). Bentonite is represented in a zone of 4x25 elements (grey zone in
Figure 4.7). The multiple stages of the experiment were simulated sequentially, and the boundary
conditions of each step were adjusted according to the experiment. During the experiment, the
hydration valve was closed, and therefore no water flowed into the column before the start of
heating. Fixed temperature conditions at the heaters were simulated by assigning a large heat
capacity to the heater elements. To simulate the temperature increase at the heater element, e.g.,
from 21.5 to 100°C, and from 100 to 140°C, a heating rate was applied to the heater element,
such that the heating rate equal to the experiment. Hydration was simulated by assigning a
constant absolute pressure of 1.1x10 Pa at the top boundary.
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Figure 4.7. Model mesh and the materials represented in the model at different steps for column
experiment on bentonite pellets. The reference time (t = 0) is the start of heating.

For assigning the initial properties we resorted to literature data of granular MX-80 bentonite or
other similar bentonite materials. For example, properties for granular bentonite was defined by
Nationale Genossenschaft fir die Lagerung radioaktiver Abfalle (NAGRA) for a benchmark
model problem associated with the Mont Terri FE experiment. These properties are listed Table
4.9 and an estimate of the properties. Here we complement these with new data from Villar,
(2012) and Rizzi et al, (2011). The basic physical properties of the granular bentonite are
presented in Table 4.1, including a solid grain density of 2700 kg/m® and a porosity of 0.46
(Villar, 2012). The specific heat of the bentonite is 950 J/kg°C (NAGRA best estimate, Table
4.9). The initial water saturation is 22% and the measured initial relative humidity was 40%
uniformly along the column.

Table 4.1. Properties of bentonite pellets used in the modeling of the column experiment.

Properties Values
Solid grain density 2700 kg/m®
Porosity 0.46
Specific heat 950 J/kgeC
Tortuosity 0.67

Transport of vapor in tight formation is enhanced by diffusion and Klinkenberg effects. Olivella
and Gens (2000) reported that the measured permeabilities of FEBEX and Boom Clay samples to
gas are about 67 orders of magnitude higher than those to liquid. To account for the increased
gas permeability, we considered vapor and air diffusion and the Klinkenberg effect in the model.
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A diffusion coefficient of 2.13x10° m?/s was used for both vapor and air, and a tortuosity factor
of 0.67 was used in the model. A Klinkenberg parameter of 2.5x10* Pa was used.

Gas phase is assumed to be perfectly mobile, and the relative permeability of liquid water is a
power function of the degree of water saturation (NAGRA best estimate, Table 4.9).

ke = s,°
(4.1)

kg =1
(4.2)

Typical values (Table 4.2) were used for the thermal conductivities of the Teflon wall and
insulation layers, as described in Villar (2012).

Table 4.2. Properties of other materials used in the model for column experiment on bentonite
pellets.

Materials Thermal conductivity
Porous disc 3.5 W/meC (wet and dry)

Teflon 0.25 W/m°C (wet and dry)
Foam 0.04 W/m°C (wet and dry)
Wool 0.03 W/m°C (wet and dry)
BT-LV 0.03 W/m°C (wet and dry)

Air 0.032 W/m°C (wet and dry)

4.3.2 Analysis of thermal conductivity of the granular bentonite

The analysis of the thermal conductivity of the granular bentonite was challenging, because the
substantial heat loss from the test equipment affected the experimental results. We first
investigated the possibility of calibrating the thermal conductivity of the granular bentonite using
the temperature profile at steady-state conditions at the end of each heating step. The model for
this analysis considered an insulation layer of 0.45 m in thickness (equals to the sum of Teflon
and wool layers). The temperature was fixed at 140°C at the bottom, 21.5°C at the top, and
21.5°C at the sides. Both thermal conductivities of bentonite (A) and insulation layer (h) were
calibrated against the temperature profile at steady-state conditions.
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Figure 4.8. Schematic of the model for the calibration of thermal conductivity.

The analysis showed that steady-state temperature data alone do not contain enough information
to calibrate the thermal conductivity of the benotonite. Different combinations of bentonite and
insulation thermal conductivities can equally match the temperature profile measured at steady
state (Figure 4.9). A thermal conductivity of 0.4 W/mK for bentonite and 0.032 W/mK for
insulation layer produces the same temperature profile at A=0.2 W/mK and h=0.016 W/mK or at
A=0.75 W/mK and h=0.06 W/mK. A thermal conductivity ratio (A/h) of 12.5 is critical for
matching the steady-state temperature data.
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Figure 4.9. Simulated temperature profiles using different combinations of bentonite and
insulation thermal conductivities and the measured temperature profile.

We then investigated the possibility of analyzing the transient temperature evolution in each step
to calibrate the model for thermal conductivity of the bentonite. We found that when the
temperature of heater is increased, the transient temperature data measured in the bentonite
column contain information needed for the calibration of thermal conductivity of the bentonite
and insulation layer, because the sensitivity of temperature response over thermal conductivities
of the bentonite and insulation layer is time-dependent. When temperature at the heater is
changed, the temperature evolution at the early stage is more sensitive to the thermal
conductivity of the bentonite, while the impact of thermal conductivity of the insulation will
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show up at later. As shown in Figure 4.10, thermal conductivities of 0.4 W/mK for bentonite and
0.04 W/mK for the insulation layer produce a temperature response that matches the transient
temperature data well. Although changing the thermal conductivity of the insulation layer leads
to a misfit in the temperature 2 hours after the start of heating, the match before that remains
essentially the same. A change in thermal conductivity of the bentonite, however, results in a
significant mismatch at the early time (Figure 4.11). Therefore, we conclude that the thermal
conductivity of the granular bentonite in this experiment is 0.4 W/mK.
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Figure 4.10. Sensitivity analysis over the amount of lateral heat loss on transient temperature
data at t=0, where temperature increased from 21.5 to 100 °C at the surface of heater.
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Figure 4.11. Sensitivity analysis over the thermal conductivity of bentonite on transient

temperature data at t=0, where temperature increased from 21.5 to 100 °C at the surface of
heater.

4.3.3 Dependency of thermal conductivity on water saturation

It is well known that thermal conductivity is a function of water saturation in porous soil. In this
experiment, water saturation near the heater decreases with time as more water vaporized. A
decrease in temperature in the first plateau (dashed box in Figure 4.12) was observed in the
experiment. This phenomenon can be explained by the fact that even though the temperature at
the heater surface remained unchanged, a sharper temperature gradient occurred near the heater,
as the thermal conductivity in the region decreased with time. Using a constant thermal

conductivity of 0.4 W/mK, the model failed to produce the decrease in temperature in the first
plateau.
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Figure 4.12. Simulated temperatures using constant thermal conductivity of 0.4 W/mK and
measured temperatures.

The analysis showed that the match in temperature could be improved when the thermal
conductivity varies as a function of water saturation (Figures 4.13 and 4.14). A linear function
was used to describe the dependency of thermal conductivity on water saturation. With thermal
conductivities of 0.28 W/mK under dry conditions and 0.825 W/mK under wet conditions, the
initial thermal conductivity is still 0.4 W/mK (initial water saturation is 0.22). Considering the
dependency of thermal conductivity on water saturation, the model not only reproduced the
declining temperature in the first plateau (Figure 4.13), but also the transient temperature
responses of two increases in temperature of the heater surface (Figure 4.14).
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Figure 4.13. Measured temperatures and simulated temperatures with the thermal conductivity
as a function of water saturation.
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Figure 4.14. Simulated temperatures compared with the transient temperature data at t=0 and
t=3527 h, when the temperature at heater surface was increased from 21.5°C to 100°C, and from
100°C to 140°C, respectively.

The calibration efforts show that the thermal conductivity of granular bentonite in this
experiment is 0.28 W/mK under dry conditions and 0.825 W/mK under wet conditions. With an
initial water saturation of 0.22, the bentonite in column B has an initial thermal conductivity of
0.4 W/mK. The calibrated value is consistent with the measured value by Wieczorek et al.
(2013). These values were then used for the following simulations when calibrating the capillary
pressure curve and analyzing the heat loss.

4.3.4 Calibration of Capillary Pressure Curve

The capillary pressure curve was described using the van Genuchten formula (van Genuchten
1980):

e
(4.3)
« _ (i=sir)
(s1s—s1r)
(4.4)

where the curve fitting parameter, A, is 0.55 (Table 4.3), residual water saturation, s, iS 0,
reciprocal of entry pressure, 1/P,, is 2.7x10® 1/Pa, full saturation is 1.0.

The parameters were obtained by fitting the curve to the initial state (water saturation of 0.22 and
capillary pressure of 1.06x10°8 Pa) and the measurements at ambient temperature (Figure 4.15)
(Rizzi et al. 2011), while matching the evolution in relative humidity in the column experiment
(Figure 4.16). Note that in the column experiment, the relative humidity varies between 25 to
60%, which with the matched retention curve correspond to a saturation ranging from about 10
to 30%. Thus, we are only able to calibrate the dry end of the retention curve and this is also the
range were the assumed retention curve matches the data the best in Figure 4.15.

According to the report by Rizzi et al. (2011), the capillary pressure of the bentonite sample was
significantly lowered at 80°C. This temperature dependency of capillary pressure was taken into
account using a simple square root function:
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Pc(t) = Pc(to)\/ to/t:
(4.5)

where P.(t) is the capillary pressure at temperature, t; P.(t,) is the capillary pressure at
temperature, t,.
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Figure 4.15. Capillary pressure curves in the model and measured capillary pressures at 21.5 and
80 °C (Rizzi et al., 2011) for granular bentonite.

Assuming local thermodynamic equilibrium, we calculated the vapor pressure in the gas phase
using the Kelvin’s relationship, and the relative humidity (Ry) is therefore obtained as follows
(e.g., Rutqvist et al., 2001a):

Pcm%W

ln(RH) = o IRT

(4.6)

where P. is the capillary pressure, p; is the density of liquid water, e.g., 998.2 % at 20°C and

971.8% at 80°C, m,, is the molar mass of water, 18 x 10™3 kg/mol, R is the universal gas
constant, which is 8.314 J/(mol K), and T is the absolute temperature.

Table 4.3. Capillary pressure of granular bentonite used in the model.

Parameters Values
A 0.55
Sir 0

1/P, (1/Pa) 2.7x10°®

Ppayx (P3) 3x10"
Sis 1.0

The simulated relative humidity is in good agreement with the measured relative humidity
(Figure 4.16). After the heater was turned on, the simulated relative humidity increased rapidly at
10 cm. This is partially caused by the upward-flowing vapor from the heated zone beneath the

144



sensor. The other factor that contributes to increased relative humidity is the increased local
temperature. At a higher temperature, the capillary pressure of the granular bentonite tends to be
lower, even though the water saturation is the same. Such a phenomenon was evidenced by the
measured capillary pressure at increased temperature by Rizzi et al. (2011). A lower capillary
pressure, therefore, corresponds to a higher relative humidity. Over time, the relative humidity
decreases at the 10 cm location, as a result of drying that occurred at the 10 cm location caused
by continued heating. A discrepancy between the simulated and measured relative humidity
appears after 3527 h, when insulation was improved. This is because the van Genuchten function
overestimates the increase in capillary pressure at low water saturations, causing the
underestimation of relative humidity at the 10 cm location. The upflow of vapor is evidenced by
the continuous increases in relative humidity at the 22 cm and 40 cm locations. Overall, the
simulated relative humidity is in good agreement with the measured ones at three locations.
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Figure 4.16. Simulated and measured relative humidity and temperature at 10, 22, and 40 cm
from the heater in column experiment B.

4.35 Calibration of Intrinsic Permeability

Intrinsic permeability of bentonite was calibrated against the water-intake data of the hydration
test. The amount of water flowing into the column was measured with time (Villar et al., 2014).
Calibration results show that an intrinsic permeability of 5.5x10* m? produces a water intake
consistent with the experiment (Figure 4.17).
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Figure 4.17. Simulated and measured water intake.

4.3.6 Analysis of Power Entering the Column

Power input was logged in the experiment to be 12 W at the end of heating (Villar et al., 2014).
Our calibrated model shows that the power entering into the column at the end of heating is ~2.4
W, which is about 20% of the power input (Figure 4.18). During the experiment, heat loss

occurred by means of thermal conduction through the lateral insulation layers and the bottom
side of the heater and radiation.
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Figure 4.18. Calculated power entering the column during the heating test.

4.3.7 Model setup of column experiment on sand/bentonite mixture

For modeling of the column experiment with a sand/bentonite mixture, the same modeling
approach was used. The experimental setup was also similar, but the insulation was different. In
this case, the column was initially not wrapped with any insulation layers (Figure 4.19), but
rather with a layer of foam 7 hours after the heater was turned on. The foam layer was later
replaced with wool and BT-LV materials.
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Figure 4.19. Schematic of the experimental setups before and after changing insulation.

| le=7cm—n |
15 mm 15mm

The data acquisition system was turned on right after the system was assembled. Relative
humidity and temperature were monitored for 260 hours without heating the system. The initial
relative humidity is 0.46 uniformly within the column. After 95 hours, the hydration valve was
accidentally opened, and water was flowing into the column until the valve was shut off ~5
minutes later. The measured relative humidity showed a steady increase from 0.46 to 0.52 at 40
cm, and an increase of 0.5% at the other two locations by 260 hours (Villar, 2012).

The heater was turned on at 260 hours and the target temperature was set at 100°C (t=0 in the
simulation and the following experiment). The target temperature was reached after 25 minutes.
The top of the column remained at 22.5°C. A foam layer was wrapped around the column 7
hours after the start of heating. After 1566 hours, the foam layer was replaced with wool of 30
mm thickness covering the entire column length and BT-LV of 25 mm thickness covering the
bottom 8 cm. After 2498 hours, the target temperature of the heater was adjusted to 140°C. The
temperature increased to 140°C 17 minutes after the adjustment was made. The experiment
stopped after 3692 hours.

A 2D radial symmetric mesh was created to simulate the column experiment. The mesh has 9
columns and 28 rows (Figure 4.20). Materials used in the model include sand/bentonite mixture,
porous disc, heater, cooler, Teflon, foam, wool, BT-LV, and air. The sand/bentonite mixture is
represented by 4x25 elements (grey zone in Figure 4.20). Multiple steps were involved to
simulate the experiment. Similar to the experimental procedure, we simulated the hydration
process by assigning a slight overpressure (10* Pa, gauge pressure) to the cooler element. The
duration of the hydration process was 5 min, as reported in the experiment. The calculated state
variables (Pg, Sg, and Pa) of the system were used as the initial condition for the next step. We
then simulated the heating experiment. Increasing temperature at the surface of heater was
simulated by applying time-dependent heating rates to the “heater” element, with the heating
rates being consistent with the experiment. During the experiment, the insulation around the
column was changed. The change of insulation is considered in the model by assigning
corresponding rock properties to the insulation elements.
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Figure 4.20. Model mesh and the materials represented in the model at different steps for
column experiment A. The reference time (t = 0) is the start of heating.

The sand/bentonite mixture properties used in the model are as shown in Table 4.4. The
sand/bentonite mixture has a solid grain density of 2700 kg/m®. Its intrinsic permeability is
1.2x10° m?, which is consistent with the measured permeability by Wieczorek et al. (2013).
The porosity is 0.46. It has a wet thermal conductivity of 0.8 W/m°C and a dry thermal
conductivity of 0.29 W/m°C. Thermal conductivity in between was interpolated linearly as a
function of water saturation. The value of thermal conductivity is close to the measured values
by Wieczorek et al. (2013), where the thermal conductivity of sand/bentonite mixture was
measured to be 0.305 W/ m°C at a water saturation of 2.78%. The specific heat of the
sand/bentonite mixture is 950 J/kg°C. Before the experiment started, the pores of the
sand/bentonite mixture were initially saturated with 11% of water.

Table 4.4. Properties of sand/bentonite mixture used in the model.

Solid grain density 2700 kg/m®
Porosity 0.46
Intrinsic permeability 1.2x10%° m?
Saturated thermal conductivity | 0.8 W/ m°C
Unsaturated thermal 0.29 W/meC
conductivity

Specific heat 950 J/kg°C
Tortuosity 0.67

Similarly to the modeling of the granular bentonite, for the sand/bentonite mixture a diffusion
coefficient of 2.13x10° m?/s was used for both vapor and air, and a tortuosity factor of 0.67 was
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used in the model. A high Klinkenberg parameter of 2.5x10"! Pa was used to simulate high gas
intrinsic permeability.

Transport of vapor in a tight formation is enhanced by diffusion and Klinkenberg effects.
Olivella and Gens (2000) reported that the measured permeabilities of Full-scale Engineered
Barrier Experiment (FEBEX) and Boom Clay samples to gas are about 67 orders of magnitude
higher than those to liquid. To account for the increased gas permeability, we considered vapor
and air diffusion and Klinkenberg effect in the model. A diffusion coefficient of 2.13x10° m?/s
was used for both vapor and air, and a tortuosity factor of 0.67 was used in the model. A
Klinkenberg parameter of 2.5x10"" Pa was used.
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Figure 4.21. Capillary pressure curve used in the model and measured capillary pressures by
Wieczorek and Miehe (2010) for sand/bentonite mixture.

Again, we used the van Genuchten formula (Equations (4.3) and (4.4)) to describe the water-
retention curve (van Genuchten, 1980), where A is the curve fitting parameter, P, is the entry
pressure, and s;; and s;,. are the full and residual water saturations, respectively. The variables A
and P, were adjusted to fit the capillary pressure curve over the capillary pressures measured
with sand/bentonite mixture at varied water saturations (Wieczorek et al., 2013) and the
measured initial state of the sand/bentonite mixture (Figure 4.21). The sand/bentonite mixture in
column has an initial relative humidity of 46% (capillary pressure of 1.06x10° Pa) at a water
saturation of 11% (Figure 4.22). To better represent the capillary pressures at low water
saturations, a cut-off upper limit of 3.5x10° Pa was used for the capillary pressure curve in the
model. Values for the parameters in the van Genuchten model are presented in Table 4.5.
Temperature dependency of capillary pressure was considered using the simple square root
function in Equation (4.5).
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Table 4.5. Capillary pressure of the sand/bentonite mixture.

Parameters Values
A 0.29
Sir 0

1/P, (1/Pa) 2.1x10°

Ppax (P3) 3.5x10°
Sis 1.0

The relative permeability used for liquid water is described as a power function of the degree of
water saturation, and the gas phase was assumed to be perfectly mobile, with a relative
permeability of 1 (Equations (4.1) and (4.2)).

Other materials in the model use values close to typical values of the materials and those
measured by Villar (2012). The porous disc has a high permeability of 1.2x10™? m?. Teflon,
heater, cooler, foam, wool, and BT-LV were assigned with an extremely low permeability
(1.0x10** m?). The thermal conductivities of other materials are shown in Table 4.6. The thermal
conductivity values were close to the measured ones by Villar (2012) and typical thermal
conductivity of the materials. Only slight adjustments were made to better match the temperature
profile.

Table 4.6. Properties of other materials used in the model.

Materials Permeability Thermal conductivity
Porous disc 1.2x10"2 m? 3.5 W/m°C (wet), 0.5 W/m°C (dry)

Teflon 1.0x10%* m? 0.4 W/meC (wet and dry)

Foam 1.0x10%* m? 0.08 W/m°C (wet and dry)

Wool 1.0x10%* m? 0.06 W/m°C (wet and dry)
BT-LV 1.0x10%* m? 0.054 W/meC (wet and dry)

Air 1.0x10%* m? 0.06 W/m°C (wet and dry)

4.3.8 Sand/bentonite mixture simulation results and discussion

The simulated results agree with the experimental measurements well during the hydration
(Figure 4.22). Relative humidity at 40 cm increased from 46% to 52%, during which the

hydration valve was opened, while at other locations it remained unchanged. Temperature for all

sensors remained at 22.5°C, because the heater has yet to be turned on.
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Figure 4.22. Simulated and measured relative humidity (RH) and temperature (T) during
hydration.

After the heater was turned on, the simulated relative humidity increases rapidly at 10 cm (Figure
4.23), due to the increase in temperature and the vapor flowing up. When temperature increases
at the 10 cm location, relative humidity increases as the capillary pressure drops, even if the
water saturation remains unchanged. However, heating also causes the vapor pressure to increase
near the heater, which drives vapor flowing up and contributes to the increased relative humidity
at the 10 cm location during the early stage of heating. Over time, the relative humidity decreases
at the 10 cm location. This is because further heating causes the drying at the 10 cm location
with the vapor flowing further up. This upflow of vapor is evidenced by the continuous increases
in relative humidity at the 22 cm and 40 cm locations. In addition to the upflow of vapor, the
large increase in relative humidity at the 40 cm location is also contributed by the hydration
process. As water flowed into the column before the start of heating, the water saturation at the
40 cm location gradually increases as a result of liquid water flowing downward via gravity and
capillary forces. Overall, the simulated relative humidity at three locations is in a good
agreement with the measured ones.
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Figure 4.23. Simulated and measured relative humidity (RH) and temperature (T) after heater was
turned on.

Simulated temperature profiles agree well with the measured data. As expected, the temperature
at the 10 cm location increases rapidly to ~30°C after the start of heating. It then increases to
41°C when the heater temperature was increased to 140°C. Further increase to 50°C occurs as
insulation was improved. The temperature at the 40 cm location only increases slightly, due to
the heat loss along the column, suggesting that the increase in relative humidity at this location is
primarily caused by the transport of vapor and liquid water.

4.3.9 Concluding remarks on CIEMAT column experiments

We have conducted very detailed model simulations of CIEMAT column experiments for the
characterization of buffer properties used in the Mont Terri in situ heating experiments. The
simulation of the CIEMAT turned out to be more cumbersome than expected, because of a
substantial heat loss from the equipment that has to be considered in order to characterize the
thermal properties of the buffer material. We learned that by looking at the transient temperature
and moisture responses in addition to steady-state profiles, we could obtain a unique solution for
back-calculating the thermal and hydraulic properties of the buffer material. Calibration against
transient temperature data showed that the thermal conductivity of the granular bentonite is 0.4
W/mK at a water saturation of 22%, which is in agreement with other independent measurements
on this type of bentonite. Moreover, we found that a gradual decrease in temperature during the
first month could be used for validating the dependency of thermal conductivity on water
saturation. The capillary-pressure curves for the buffer materials were adjusted to fit the
measured data and initial state of the bentonite in the experiments. Temperature dependency of
capillary pressure was considered using a square root function. By accounting for the enhanced
permeability of gas and temperature dependency of the capillary pressure, the model can
reasonably reproduce the evolution of relative humidity along the column in the experiments.
Intrinsic permeability was calibrated against the water intake data when available. The calibrated
model for the granular bentonite experiment showed that the heat flow entering the column was
~2.4 W, about 20% of the total power input.
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4.4 Horonobe EBS Experiment (DECOVALEX)

This task focuses on coupled THMC modeling of a planned full-scale EBS experiment
conducted by the Japan Atomic Energy Agency (JAEA) at the Horonobe URL, Hokkaido, Japan
(Figure 4.24). The EBS experiment will be carried out at a depth of 350 m in a very porous and
soft, siliceous mudstone with the following basic properties:

Porosity 35-60%

Permeability 10%° — 10 m?

UCS (Strength) 5-25 MPa

Young’s Modulus 1-4 GPa

Thermal Conductivity 1.34-1.53 W/mK

Figure 4.25 show the experimental layout with a vertical heater emplacement installed in a test
pit at the bottom of an experimental drift. The experimental drift will be backfilled after the
installation of the heater and bentonite buffer into the test pit. Backfill and buffer materials will
be based on the Japanese Kunigel V1 bentonite. The experimental area will then be isolated by a
concrete plug.

Lo :;;i Ventilation shaft
e WA S
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B at 140 m in depth

Sl Connection drift
| at 250 m in depth

Y Experimental drift
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at 500 m in depth

* This layout mi
depending on the results of
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Figure 4.24. Layout of the Horonobe URL in Hokkaido, Japan.
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Figure 4.25. General description of the EBS experiment at the Horonobe URL Project in Japan.

Sensors will be installed in buffer, backfill, and rock to monitor temperature, stress, strain, pore
pressure, humidity, displacement, pH, resistivity, electric potential, and seismic velocity. The
detailed layout is not yet fixed and may be changed, depending on the initial modeling results.

The DECOVALEX Task B2 related to the Horonobe EBS experiment is divided into the
following steps;

e Step 1 (1D benchmark test with comparison of numerical models)
e Step 2 (Prediction analysis and proposal of the sensors layout)
e Step 3 (Calibration analysis)

The 1D benchmark test (Step 1) was defined with exact properties and boundary conditions
given by the JAEA. The benchmark test was conducted for the teams to familiarize themselves
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with the problem and for precise comparison of computer codes before going into the more
complex full-scale case. Thereafter, in Step 2, a model of the real experimental design should be
constructed and a first predictive analysis should be performed for several years from the start of
the heating. The results will then be used to guide the installation of sensors, which began in
April 2014. The heating is planned to start in November 2014, and in April 2015, JAEA will
provide the monitored data for the first six months of heating to the research teams. The research
teams will calibrate their models against this first 6 months of field data and then carry out
coupled numerical analysis for long-term predictions (100-1,000 years) using the test conditions
of the EBS experiment.

JAEA provides reports from the investigations at the Horonobe URL for input parameters related
to the mudstone host rock and buffer material properties for the Kunigel V1 bentonite from the
previous H12 project, whereas properties for the backfill are being investigated along with this
project.

Task B2 started in May 2013 with Step 1, which has been completed. In the next section, we
present the final LBNL results and comparison to the simulation results of other research teams.
Step 2 has begun and should be completed before the next DECOVALEX workshop, to be held
in November 2014. In this report, we present the model setup and preliminary model prediction
for this case.

441 Final 1D Benchmark Modeling and Comparison to Other Models

The initial modeling of the 1D benchmark modeling associated with the Horonobe EBS
experiment was presented in the FY2013 milestone report entitled “THM and Reactive Transport
Model Development and Evaluation: International Activities” (Rutqvist et al., 2013b). The
results are to be presented at DECOVALEX-2015 workshops and compared with the results of
other modeling teams. Here, we present the final results of this benchmark, as well as a
comparison to the final results of other modeling teams. We used TOUGH-FLAC for modeling
of this benchmark and comparison to the other modeling teams. We also used the ROCMAS
code, which was beneficial for understanding input parameters given by the JAEA related to the
diffusion properties of the bentonite. The material properties used for the overpack, buffer and
rock used in the LBNL simulation are listed in Table 4.7.
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Table 4.7. Material parameters for TOUGH-FLAC.

Overpack Buffer Rock
Solids density (kg/m®) 10,000. 2680. 2454,
Porosity 0.403 0.403 0.4482
Permeability (m?) 5x 10 4x10% 1.33x 10"
Thermal conductivity (saturated) (W/m°C) | 20 1.986 1.231
Specific heat (solids) (J/kg°C) 10,000 341 626
Thermal conductivity (desaturated) 20 0.444 0.579
(W/m°C)

8.47x10%° |847x10%° |8.47x10"°
Klinkenberg parameter (Pa)
Water relative permeability parameter A, 1.3 1.3 NA
(Equation (4.7))
Water relative permeability residual 0 0 NA
saturation, S, (Equation (4.7))
Water relative permeability maximum 1 1 NA
saturation, Sy, (Equation (4.7))
Water relative permeability parameter m, NA NA 0.503
(Equation (4.8))
Water relative permeability residual NA NA 0
saturation, S, (Equation (4.8))
Water relative permeability maximum NA NA 1
saturation, Sy, (Equation (4.8))
Capillary pressure parameter, o (m™) 8x 107 8x10° 9.928 x 10°®
(Equation (4.11))
Capillary pressure parameter, m, (Equation | 0.375 0.375 0.503
(4.11))
Capillary pressure residual saturation, S, 0 0 0
(Equation (4.11))
Capillary pressure maximum saturation, S; | 1 1 1
(Equation (4.11))
Vapor diffusion coefficients (m?/s) 3.5x10° 3.5x10° 3.5x10°
Klinkenberg parameter (Equation (4.12)) | - 2.5 x 10" -
Young’s modulus E, (MPa) 200.000 37 1820.0
Poisson’s ratio, v (-) 0.3 0.3 0.21
Linear thermal expansion coefficient (C*) | 1 x 10°® 1x10° 1.33x10°
Moisture swelling coefficient, Bqy 0 0.0108 0

(Equation (7.24))
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The water relative permeability in the buffer (and overpack) is a power-law relationship
given by

Krw (Sw) = (SW_ST)A

Sm—Sr
(4.7)
The water relative permeability in the rock is given by the van Genuchten relationship:
— Sw—Sr 1/2 Sw—Sr 1/m m?
i (Sw) = (sm—sr) ll B {1 B (sm—sr) } l
(4.8)
In the buffer (and overpack), the gas relative permeability is represented by the Corey model,
2 2
Sw—Sr Sw—Sr
Krg(Suw) = {1 -(%) }{1 - (%)
(4.9)
In the rock, the gas relative permeability is:
krg(Sw) =1- krw(sw)
(4.10)
Capillary pressure in the buffer (and overpack) and rock is given by the van Genuchten
relationship:
_ _1/m 1-m
v =) -
(4.11)

Variations in thermal conductivity and specific heat with water saturation are assumed to be
linear between the defined end points. The vapor diffusion coefficient is constant; there is no
temperature dependence.

For the multiphase flow simulation using TOUGH2 we found that gas permeability has an
important effect. Indeed, laboratory data on bentonite and clay rocks have shown that the
intrinsic permeability for air is up to six orders of magnitude higher than the intrinsic
permeability for water flow (Olivella and Gens, 2000). A high value of gas permeability was also
inferred by Xu et al. (unpublished) from modeling of a salt-imbibition experiment using a
mixture of the Kunigel V1 bentonite. In order to match the saturation profile observed in the
experiment, the gas permeability had to be increased to five-orders-of-magnitude larger than that
of liquid. In TOUGHZ2, this was accomplished by specifying a large Klinkenberg parameter,
which is used to account for the increase in gas-phase permeability at low pressures:

K, =K,{L+b/P)
(4.12)

Xu et al. (unpublished) inverted the Klinkenberg parameter to 2.5x10™ Pa™. Using this
parameter, the intrinsic permeability for air will be about 5 orders of magnitude higher than the
intrinsic permeability for water.

157



In Figure 4.26, results are presented with and without high gas permeability. If the intrinsic
permeability for the gas phase is similar to that of the liquid, the gas pressure will increase, and
this will suppress the vapor diffusion. In such a case, no drying occurs near the heat source, and
the evolution of saturation is completely different for that with high gas permeability.
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Figure 4.26. Simulation results with and without high gas permeability: (a) saturation and (b)
pressure evolution.

The selection of the diffusivity affecting the diffusive flux according to Equation (4.13) (Rutqvist
et al. 2001a) has a pronounced impact on the simulation results. In the task definition, a constant
thermal diffusivity is given as Dt = 1.5x10™** m?/sK (see Rutquist et al. 2001a for explanation of
thermal diffusivity). This is a parameter input to the THAMES code used by the JAEA. In
TOUGH?2, the basic diffusion coefficient should be given as an input, but it is not
straightforward to know what basic diffusion coefficient would correspond to Dy = 1.5x10*
m?/sK. In this case, the basic diffusion coefficient was estimated using the ROCMAS code, in
which either the basic diffusion coefficient or the thermal diffusivity can be given as an input. By
model calibration using ROCMAS, it was found that a good value for the basic diffusion
coefficient would be Dy, ~ 3.5x10° m?/s.

i =—p, D,ofS, IVXE
(4.13)

Finally, a linear elastic swelling model was used to model the evolution of swelling stress, and
the model input parameters can be determined analytically to achieve a desired maximum
swelling stress of 0.5 MPa. In such a case, the bentonite is assumed to behave elastically, with a
volumetric swelling and a swelling stress that depends on the changes in water saturation, AS,
according to:

158



Ao, =3KAe,, = K4S B,
(4.14)

where Ao, is the induced swelling stress (an effective stress), K is the bulk modulus, and Sy is
a moisture swelling coefficient. For an average bulk modulus of 30.83 MPa, the appropriate
moisture swelling coefficient can be calculated using Equation (4.14) as:

Ao 0.5-10°

= W — =0.0108 4.15
3K4S, 3-30.83-10°-(1.0-0.5) (4-19)

P

Thus a moisture swelling coefficient of S, = 0.0108 was applied in this case.

In Figure 4.27, results are presented for the thermal hydrological behavior using TOUGH2 and
ROCMAS. In both simulations, a basic diffusion coefficient of 3.5x10° m?/s was used. The
results are almost identical, although it appears that the water infiltration from the rock is slightly
faster in the TOUGH2 simulation.

TEMPERATURE (°C)
SATURATION (-)
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Figure 4.27. (a) Temperature and (b) saturation evolution for simulations using TOUGH2 and
ROCMAS.

Figure 4.28 shows the x-stress evolution in the buffer. The simulation results are shown for two
simulations, with and without consideration of thermal expansion. The results show that over the
800 days, thermal stresses dominate. This is actually caused by thermal expansion of the rock,
which in this 1D model expands inwards towards the bentonite buffer. The buffer is therefore
compressed and compressive Stress increases.
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Figure 4.28. Buffer stress evolution with/without thermal expansion.

In DECOVALEX-2015, five research teams are participating in the modeling of the Horonobe
EBS experiment with the models listed in Table 4.8. Some of the models listed in Table 4.10
have been extensively applied in previous DEOCOVALEX project phases, whereas some are
new and being developed. Figures 4.29 to 4.33 show comparisons of the simulation results
regarding temperature, saturation, and stress. A very good agreement between different models is
achieved for temperature and saturation, whereas the results of stress show some differences.
Heat conduction dominates the temperature evolution, though the buffer saturation can have a
significant impact on thermal conductivity. There is good agreement in the wetting of the
bentonite from the surrounding rock, whereas there is some difference in the saturation evolution
near the heat source. At the point next to the heater, a slight drying occurs in the results of DOE,
BGR and JAEA, whereas no drying occurs in the results of CAS and KAERI. This is most
probably related to the modeling of diffusion of vapor in the gas phase, which was not
considered by CAS and KAERI. The calculated stress evolution in the buffer is very similar for
DOE, KAERI, and JAEA, whereas BGR and CAS obtained somewhat lower stress. However,
considering all the complex THM processes that affect the stress evolution, the agreement
between the different teams is acceptable.
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Table 4.8. Research teams and numerical simulators applied in this study.

Research Team Numerical | Brief Description of Numerical Simulator
Simulator
DOE TOUGH- | TOUGH-FLAC is a simulator for analysis of coupled
FLAC THM processes under multiphase fluid flow conditions
U.S. Department of being developed at the LBNL (Rutqvist et al., 2002). The
Energy’s Research simulator is based on linking of the existing computer
Team: Lawrence codes TOUGH?2 and FLAC3D, and has been extended for
Berkeley National modeling of coupled THM and THMC processes
Laboratory (LBNL) associated with nuclear waste disposal with backfilled
emplacement tunnels in clay formations (Rutqgvist et al.,
2014).

ROCMAS | ROCMAS is a finite element program for analysis of
coupled THM processes in porous and fractured rock
developed at LBNL (Rutqvist et al., 2001a). It can model
unsaturated media with single-phase liquid flow and vapor
diffusion in a static gas phase The code has been
extensively applied in earlier phases of the DECOVALEX
project for THM analysis in bentonite-rock systems
(Rutqvist et al., 2001b; 2005).

BGR GeoSys/ GeoSys/Rockflow is based on object-oriented

. Rockflow | programming (Kolditz et al., 2003). It was first applied in

ggg\?veizzgzgaclrt\;?tren und previous _DECOVALEX phases fc_)r analysis of thermal-

Rohstoffe’s Rescarch hydrological and thermal-mechanical processes and has

Team: University of been extended to THM_ (Wang et al._, 2906). For the present

Taibingen study, an unsaturated single-phase liquid flow and vapor
diffusion is considered.

CAS EPCA3D | The EPCA code (Elasto-Plastic Cellular Automata) uses
the concept of cellular automata inspired by the self-

Chinese Academy of organizing theory in biology. This code has been

Sciences’ Research successfully used to simulate the failure process of

Team heterogeneous rocks with and without consideration of
hydro-mechanical coupling (Feng et al., 2006; Pan et al.,
2008).

JAEA THAMES | THAMES is a finite element program for analyzing

. coupled THM processes in porous and fractured rock
f:pan A’tomlc Energy developed at the Kyoto University (Ohnishi and
gency’s Research i

Team, including Kobayashi, 1996_). The cc_Jde has been_ext_ended to

Hazama Cooperation unsaturated media with single-phase liquid flow and vapor
diffusion in a static gas phase (Chijimatsu et al., 2005).

KAERI FLAC/ Simulation tools being developed along with the

Korean Atomic Energy FLAC3D/ [_)ECOVALEX-2015 project based on FLAC and FLAC3D

Research Institute Tough2 linked with TOUGH2.
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Figure 4.29. Comparison of the analytical results on distribution of temperature.
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Figure 4.30. Comparison of the analytical results on variation of temperature at the output point
(X=1.13m).
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Figure 4.31. Comparison of the analytical results on degree of saturation in the buffer after 100
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Figure 4.32. Comparison of the analytical results on variation of degree of saturation at the
output point (X=0.41m).
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Figure 4.33. Comparison of the analytical results on vartiation of stress at the output point
(X=1.13m).

4.4.2 Initial model prediction of the full scale Horonobe EBS experiment

We have recently developed a 3D model and made an initial prediction of the THM responses at
the Horonobe EBS experiment. The model is half symmetric, including half of the tunnel and
half of the deposition hole (Figure 4.34). It contains all relevant materials, including mudstone
rock, buffer, backfill, a sand layer at the rock/buffer interface, concrete lining and plug. In this
model prediction, we use the properties of the buffer and rock developed associated with the 1D
benchmark calculation (Table 4.11). However, additional properties are needed for the backfill,
sand layers, concrete lining and plug. At the moment, material properties for the backfill, which
consists of bentonite mixed with sand and rocks, has not been completely characterized and
provided to the DECOVALEX research teams.

The only parameters we currently have for the backfill is a dry density of 1300 kg/m?, a porosity
of 0.5, and an initial degree of liquid saturation of 0.7. Our approach is to use backfill properties
determined in the Swedish nuclear waste program for a backfill consisting of a mixture of
bentonite and crushed rock with a weight ratio of 30/70. The 30/70 backfill material was used in
Rutqvist and Tsang (2008) for modeling of proposed Swedish nuclear waste disposal sites. Here
we consider the 30/70 bentonite properties for estimating the properties of the backfill material to
be used in the Horonobe EBS experiment. In general, the backfill will be emplaced at lower dry
density having a higher porosity than the compacted bentonite buffer material. Therefore, we
expect smaller stiffness (Young’s modulus) and swelling stress, a higher intrinsic permeability,
and a lower capillary pressure. The greatest difference is expected for the intrinsic permeability
and water-retention curve. For estimating the intrinsic permeability, we used an empirical
relation between dry density and intrinsic permeability provided by JAEA. According to this
relation, for a backfill dry density of 1300 kg/m?, the intrinsic permeability would be 0.64x10™
m?. We used the water-retention curve from the abovementioned 30/70 backfill material
(Rutqgvist and Tsang, 2008).

In addition, we have to assign properties for the concrete plug, concrete lining, and the sand layer
at the rock-buffer interface. For the concrete material, we assigned typical properties including a
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permeability of 1x10™° m?, Young’s modulus of 23 GPa. For simplicity, we assumed a water-
retention curve equivalent to that of the mudstone rock. For the sand layer, because of its
expected high porosity and permeability, we used the same properties as for the surrounding
mudstone rock.

Concrete Lining

Plug
Backfill

Bentonite

Heater

Sand layer

Figure 4.34. TOUGH-FLAC 3D numerical grid of the Horonobe EBS experiment.

We simulated the experiment in 3 steps:
1) Excavations are open for 3 months.

2) Excavations are filled with backfill and the heater, buffer and plug are all installed
for 6 months.

3) Then heating starts.

In this preliminary study, we simulated heating for about 2 years. The results of temperature and
saturation evolution for points located in the buffer and near-field rock are shown in Figures 4.36
and 4.37. When keeping the heater temperature constant at 100°C, the simulation shows that the
temperature at the buffer-rock interface (P3, P4 in Figure 4.35) increases to about 60°C after 2
years. The liquid saturation in the buffer increases slowly by water infiltration from the
surrounding rock (Figure 4.36). However, after 2 years, the liquid saturation at the inner parts of
the buffer has not changed significantly (P1 in Figure 4.36). The calculated results in Figures
4.36 and 4.37 are sensible and show that we are able to use this full 3D TOUGH-FLAC model of
the Horonobe EBS experiment for making a model prediction of the THM responses during the
heating. Our next step will be to make a careful prediction of all the required output considering
new material-property data for the backfill and concrete that will be distributed to the research
teams by JAEA. The results will be presented at the next DECOVALEX-2015 workshop in
November 2014 and then compared to initial monitoring results.
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Figure 4.35. TOUGH-FLAC simulation results of temperature in the buffer and rock.
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Figure 4.36. TOUGH-FLAC simulation results of liquid saturation in the buffer and rock.
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4.5 FE Experiment at the Mont Terri Site

In this section, we present the FE Experiment and the current status of the modeling efforts,
which are currently focused on the prediction of the temperature evolution as part of the
experimental field test design. Moreover, we are actively working on defining the material
properties for the granular bentonite and bentonite blocks that will be emplaced into the
experimental tunnel. This includes the characterization of the bentonite in the CIEMAT column
experiment, which was presented in Section 4.3 above.

As mentioned, the Mont Terri FE Experiment will be one of the largest and longest-duration
heater tests worldwide, with focus on both the EBS components and the host-rock behavior. The
FE experiment will be conducted in a side tunnel at Mont Terri, excavated along the claystone
bedding planes for this purpose, extending 50 m in length and about 2.8 m in diameter (Figure
4.37). Heating from emplaced waste will be simulated by three heat-producing canisters of 1500
W maximum power. The temperature is expected to exceed 100°C, with a target temperature125
to 135°C at the inner parts of the buffer. A sophisticated monitoring program is planned,
including dense pre-instrumentation of the site for in situ characterization, dense instrumentation
of the bentonite buffer and host rock, and extensive geophysical monitoring (seismic and electric
tomography).

The experiment will provide data useful for the validation of THM coupling effects regarding the
processes in the host rock, while correctly accounting for (and examining) the conditions in the
emplacement tunnel (temperature, saturation, and swelling pressure). Due to the 1:1 scale of the
experiment, it will be possible to achieve realistic temperature, saturation, and stress gradients. It
will also be possible to test backfilling technology with granular bentonite, as well as lining
technology with shotcrete, anchors, and steel rips. Processes examined in the test cover many
aspects of repository evolution, such as EDZ creation and desaturation of the EDZ during tunnel
excavation and operation (including ventilation for about one year), as well as reconsolidation of
the EDZ, resaturation, thermal stresses, and thermal pore-pressure increase after backfilling and
heating (heating and monitoring period > 10 years).
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Figure 4.37. Plan view of experiment setup and borehole layout.

In 2011, a niche in front of the FE tunnel was constructed followed by a first phase of
instrumentation of the rock mass surrounding the tunnel, using boreholes from the niche. The FE
tunnel was then excavated by road-header in 2012; this was followed by another phase of
instrumentation. The tunnel is currently open for a 1-year ventilation period. This will be
followed by the emplacement of the heaters, bentonite buffer, and a concrete plug, after which
the heating is expected to start at the end of 2014. The heating is then expected to go on for at
least 15 years, with continuous monitoring of THM processes in both the bentonite buffer and
surrounding rock.

DOE is one of the experimental partners for the FE heater experiment, and LBNL is one of the
modeling teams. In addition to LBNL, there are currently six other modeling teams involved in
the Mont Terri FE experiment from Germany (2 teams), U.K., Spain, Switzerland, and Canada.

The plans for the THM modeling program are discussed and updated at regular meetings and
include three types of computations:

1) Scoping computations
2) Benchmarking
3) Predictive computations

The scoping computations include brainstorming on potential ongoing processes, evaluating their
significance and parameter range, comparing simulation results and input parameters derived by
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each team, and lessons learned (parameter range, importance, expected response). The
benchmarking uses well-defined geometry problems with exact parameter values given to the
teams, focusing on process modeling with precise comparison of codes. In the predictive
calculations, likely parameters values and the as-built information of the experiment will be
frozen.

The modeling will be used to predict the behavior of the system, and this should be reported
prior to heating start (in 2014). Currently, each modeling team develops their conceptual models
and material properties using available literature (papers and reports) on lab experiments and
previous Mont Terri in situ tests, etc. Moreover, this is complemented with a restricted
benchmark test for code comparison, in which properties and model geometry are set by
NAGRA. In the FY2013 UFD milestone report entitled “Report on International Collaboration
Involving the FE Heater and HG-A Tests at Mont Terri” (Houseworth et al., 2013), we presented
results on the scoping calculations and the benchmarking which was completed in April 2014.
We also made a first full THM 3D simulation of the FE heater test, including the BBM model for
calculating the mechanical responses. These were scoping and preliminary predictions with the
material properties available at the time, though in some cases including a different kind of
bentonite.

In this report, we focus on the current task of predicting the temperature evolution and peak
temperature, since this will be important for the design of the heat load of the experiment. Thus,
in the following, we present the current LBNL model of the Mont Terri FE experiment,
including numerical grid and thermal and hydraulic material properties. Finally, we present some
simulation results related to the thermal evolution for different heat power schemes. This
includes a staged heating during the first few months of the experiment, perhaps using only one
of the three heaters. The staged heating schedule will be conducted to be able to make an early
model calibration of the in situ thermal properties that can then be used to make a more reliable
prediction of the peak temperature, once the full thermal power is applied. This will be done to
assure that the temperature will not be so high that damage would happen to the monitoring
system.

4.6 3D Model setup of the Mont Terri FE Experiment

For the modeling of the FE experiment, we have developed a conceptual model and modeling
approach based on experience from previous design scoping calculations conducted by teams
contracted by NAGRA, to help with the experimental design:

1) Poyry (Engineering and Consulting): Modeling for excavation design using FLAC3D
with ubiquitous joint model (anisotropic plasticity with different shear strength along
bedding planes). This modeling approach was used to analyze the ground support design
(Nater, 2012).

2) CINEMAT and UPC of Spain conducted scoping calculations for thermal and monitoring
design using the CODE-Bright FEM code, and they used the BBM for modeling
bentonite mechanical behavior (Garitte and Gens 2012).

3) The Interra Swiss Branch performed 3D TOUGH2 model simulations with anisotropic
properties and inclined mesh. Their modeling was limited to thermal-hydrological
processes (no mechanics) and done for thermal and monitoring design (Ewing and
Senger, 2011).
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LBNL’s modeling approach contains important components from these three models. The host
rock is modeled using TOUGH-FLAC with anisotropic properties considering bedding planes of
the Opalinus Clay. The bedding planes across the FE tunnel are inclined, as can be seen in Figure
4.38. To accurately model anisotropic thermal and hydrological behavior, we created an inclined
TOUGH2 mesh. Anisotropic mechanical material behavior is simulated using the FLAC3D
ubiquitous joint model, with initial properties of those derived from the excavation design
analysis by the PGyry team (Nater 2012). In the ubiquitous joint model weak planes are assumed
along the bedding planes of the Opalinus Clay in which the shear strength properties are different
along bedding versus across bedding. The mechanical used for the Opalinus Clay were presented
in Houseworth et al. (2013), but are not used in this study of peak temperature. For the bentonite,
we started with the BBM model as applied by the CINEMAT and UPC (Garitte and Gens, 2012),
and derived specific input material parameters for the MX-80 bentonite pellets that will be used
as emplaced bentonite buffer around the heaters. With this modeling approach, we are able to
simulate THM processes in both the bentonite and host rock, as well as their interactions.

Figure 4.38. View of FE tunnel face from the FE niche showing beddings dipping 45° (Vietor,
2012).

Figure 4.39 presents the 3D TOUGH-FLAC numerical grid of the FE experiment. This model
grid includes all vital material components for the modeling of the FE experiment, including
layered Opalinus Clay host rock, excavation disturbed zone, tunnel, 3 heaters, bentonite buffer,
concrete liner, and concrete plug. The initial conditions for the model simulation are 2 MPa in
pore-fluid pressure and 15°C in temperature for the host rock. The 2 MPa of pore pressure is not
under hydrostatic conditions, and the process is affected by the existing tunnel system at the site.
In our simulations, we first run a simulation with an open tunnel at atmospheric pressure for 1
year, creating a pressure drop and hydraulic gradient around the tunnel. Thereafter, we assume
instantaneous emplacement of the heater and buffer, and start our heating simulation.
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Figure 4.39. TOUGH-FLAC 3D numerical grid of the FE experiment.

The thermal and hydraulic material properties for modeling the FE experiment are given in Table
4.9. These include properties defined by NAGRA and used for the 1-D benchmarking exercise
and reported in FY2013 milestone report “Report on International Collaboration Involving the
FE Heater and HG-A Tests at Mont Terri” (Houseworth et al., 2013), and is considered the
current best estimate of the properties.
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Table 4.9. Parameters for the Opalinus and Bentonite clay used in the modeling of the FE

experiment.
Opalinus Concrete
Properties Parameters Symbol %Ia Bentonite (shotcrete Unit
y and plug)
H H 3 3 3 3
Physical Grain de.n3|ty Py 2.7x10 2.7x10 2.7x10 kg/m
Porosity ) 0.15 0.46 0.15 -
Intrinsic K | 50x10% | 20x10% | 35x10% | M?
permeability
Liquid relative
permeability A - 5 - -
(Eq. 4.16)
Liquid relative
permeability m 0.52 - 0.52 -
(Eq. 4.17)
Hydraulic
Capillary curve 7 7 7
(Eq. 4.18) Po 1.09x10 1.00x10 1.09x10 Pa
Capillary curve i
(Eq. 4.18) m 0.29 0.4 0.29
Capillary curve
(Eq. 4.18) Sis 1.0 1.0 1.0 -
Capillary curve
(Eq. 4.18) Sir 0.01 0.0 0.01
Thermal
conductivity Asat 1.7 1.0 1.7 W/m/K
(wet)
Thermal Thermal
conductivity Adry 1.06 0.3 1.06 W/m/K
(dry)
Gra”;]zgfc'f'c C 800 950 800 Jkg/K

The water relative permeability in the buffer is a power-law relationship given by

ki (5,) = (225

Sm—Sr

(4.16)

The water relative permeability in the concrete and rock is given by the van Genuchten

relationship,
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ey (Sy) = (%)1/2 [1 _ {1 _ (%)m}mr

(4.17)
Capillary pressure in the buffer, concrete, and rock are given by the van Genuchten relationship:
1((Sy—5\"1/m 1-m
P(Sw) = Z{(sm—sr) N 1}
(4.18)
The relative permeability to gas for the buffer is set to a constant value of 1. The relative
permeability to gas in the shotcrete and rock is
krg(Sw) = 1=k (Sw).
(4.19)

Variations in thermal conductivity and specific heat with water saturation are assumed to be
linear between the defined end points. The vapor- and air-diffusion coefficients are a function of
temperature and gas saturation defined by:

wo_ Pgo(273.15+T)"
Dg’ = 84D Pg(273.15)"
(4.20)

The problem was solved using TOUGH2 with the EOS4 equation of state module. We simulated
high intrinsic gas permeability in the bentonite through the Klinkenberg parameter according to:

K, =K, ({L+b/P)
(4.21)

where K, is intrinsic permeability for gas flow, K, is intrinsic permeability of water flow, b is

the Klinkenberg parameter, and P is pressure. In this case, we assigned a high value of the
Klinkenberg parameter of 2.5x10™ Pa™, which means that the intrinsic permeability for gas flow
would be about 6 orders of magnitude higher than the intrinsic permeability for water flow.

The simulation of the heating is conducted with the initial saturation in the bentonite equal to
20% in the bentonite. Although the bentonite pellets when emplaced will be very dry, with a
saturation of a few percent, experience and monitoring in the Mont Terri HE-E experiment
shows that moisture is quickly taken up by the pellets from the surrounding humid air. This
means that an initial saturation of 20% is realistic. In our modeling, we assign an initial capillary
pressure, which corresponds to an initial saturation of 20% (Figure 4.40).
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Figure 4.40. Capillary curves for Bentonite and Opalinus clays.

4.1 Model Prediction of Temperature and Saturation Evolution for Heat Power
Design

Figure 4.41 shows our prediction of temperature and saturation evolution, assuming the full 1500
W power in each heater. In this case, the peak temperature at the buffer is as high as 160°C, i.e.,
considerably higher than the targeted 125 to 135°C. In the experiment, the temperature should
not exceed 150°C, because this could be damaging for some of the monitoring sensors. The high
peak temperature at the canister surface is caused by the combined effects of low thermal
conductivity of the buffer and the rock, as well as the high diffusion coefficient that keeps the
buffer dry around the heater. We consider these modeling results to be an initial predictive
modeling, as there are still uncertainties related to the thermal conductivity and diffusion
coefficient to be applied for this type of bentonite material.
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Figure 4.41. Model prediction of (a) temperature and (b) liquid saturation for full power of 1500
W at each heater.
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Figure 4.42 presents the results considering a staged heat power schedule the first few months. In
this case, we assume that all 3 heaters are turned on and set at a constant power of 500 w for 30
days and then set to 1000 w for another 30 days. We then assume that full power of 1500 W is
applied after 60 days. The simulation results in Figure 4.42 show that during the first 30 days,
almost no drying occurs in the buffer. This means that a model calibration on this initial step can
give a value of the initial thermal conductivity of the bentonite at 20% saturation (Figure 4.43c).
During the next few months, there are some changes in saturation in the buffer, with some
wetting from the rock and some drying near the heater. After turning on the full power at 60
days, the temperature increases and, finally at 1000 days, it has reached over 150°C at the heater
surfaces. At this stage, the buffer has been substantially dried near the heater, and this drying has
a significant impact on the peak temperature.

Figure 4.43 presents the results considering a staged heating only in the heater that is emplaced
first, i.e., the one placed farthest into the tunnel. Included in Figure 4.43 are the temperature and
saturation evolution at all three heaters, although heating is turned on only at one heater. By
comparing Figures 4.43 and 4.42, we can conclude that during the first 100 days, the temperature
and saturation evolution is identical at heaters that are turned on (solid lines). That is, the
temperature and saturation evolution at one heater is not affected by the heating, temperature,
saturation at the other two heaters. Figure 4.44 also shows the difference in temperature and
saturation evolution between heaters that are turned on or off. At heaters that are turned off, there
is no drying near the heater (red dashed line) and there is some slow infiltration from the rock,
causing some slow increase in saturation (blue dashed line). The results indicate that for the
heating design it is possible to first turn on only one heater with the staged heating test to
calibrate the THM models. It might be possible to turn on the heater emplaced first and make this
initial heating test before the entire test tunnel is completely backfilled.
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Figure 4.42. Model prediction of (a, b) temperature and (c, d) liquid saturation for staged power
in 3 heaters.
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4.8 Status of THM Modeling of Heater Experiments and Plans

UFD and LBNL greatly benefit from participating in these international activities for developing
expertise and testing advanced models for coupled THM processes. LBNL is leveraging on
previous experience and existing models (TOUGH-FLAC and ROCMAS) that are extended to
meet technical requirements for being able to predict the long-term THM and THMC evolution
of a multibarrier nuclear waste repository system, involving backfilled emplacement tunnels in
argillite host formations. FY2014 accomplishments include:

e Completed implementation of constitutive models for the coupled geomechanical
behavior of bentonite-based buffer material, including most recently the advanced dual-
structure model.

e Verification and testing of the implemented geomechanical constitutive models for

bentonite-based buffer material by modeling laboratory experiments and long-term
behavior of a generic repository.
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e Validation of TOUGH-FLAC and characterization of THM properties for two types of
bentonite-based buffer materials through modeling of CIEMAT laboratory column
experiments.

e Development of full-scale 3D TOUGH-FLAC models of the Horonobe EBS experiment
and Mont Terri FE experiment and initial model predictions of temperature and saturation
evolutions.

e Benchmarking associated with the Horonobe EBS experiment achieving good agreement
with the results of other international modeling teams, providing code-to-code
verification of TOUGH-FLAC.

e Published one journal paper (Rutgvist et al., 2014) on THM modeling of nuclear waste
disposal in argillite and submitted one journal paper on the use of the dual-structure
model for modeling long-term behavior of a nuclear waste repository (Vilarrasa et al.,
2014).

The implemented constitutive models have been verified and tested by modeling laboratory
experiments and generic repository, but the dual-structure model has not yet been applied in the
modeling of the large-scale field experiments. Although a number of features in the dual-
structure model are important for evaluating the long-term performance of a buffer-rock system,
there is still a lack of experimental data and experience to apply such a model. It is only LBNL’s
TOUGH-FLAC simulator and the Code-bright simulator at University of Catalonia (UPC) in
Barcelona that have the full capabilities of such a dual-structure model in a THM simulator. In
this context, participation as a modeling team in the FE Experiment will be particularly
beneficial, as one of the other modeling teams participating is the UPC, who are planning to
apply the dual-structure model in their modeling of the experiment. We note that UPC is one of
the world leaders in unsaturated soil mechanics and the original developer of the dual-structure
constitutive model for expansive clay that we have implemented into TOUGH-FLAC. Thus,
participating in the Mont Terri FE experiment provides an important opportunity for
collaboration and model comparison and comparison to field data using this advanced
constitutive model. Likewise, the participation in the DECOVALEX-2015 provides the
opportunity to gain experience and test our models for a range of different backfill materials
(e.g., bentonite pellets and sand/bentonite mixture), as well as different host rocks (Opalinus
Clay and mudstone).

Our work in the remaining months of FY2014 and beginning of FY2015 will be focused on the
model predictions to be performed for the three in situ heater experiments; the Mont Terri HE-E
experiment, the Horonobe EBS experiment, and the Mont Terri FE experiment. We have already
developed full 3D models and made preliminary predictions for the Horonobe EBS Experiment
and the Mont Terri FE experiment. Next, we will develop the 3D mesh for the Mont Terri HE-E
experiment, with the prediction to be presented at the next DECOVALEX-2015 workshop in
November 2014. By participating as a DECOVALEX research team for modeling the Mont Terri
HE-E experiment, we will be able to compare the results with experimental data already at the
November workshop— this will be an important model validation test and provide experience on
modeling a buffer consisting of granular bentonite, which is also the buffer material that will be
used at the Mont Terri FE experiment. Our work for FY2015 will then be very much focused on
validation of our models against these field experiments, as well as characterization of
parameters for BBM and dual-structure constitutive models from laboratory data that are now
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becoming available in the various projects. In summary, proposed work for FY2015 related to
these international activities include,

e Full-scale 3D model predictions for the three in situ heater experiments; the Mont Terri
HE-E experiment, the Horonobe EBS experiment, and the Mont Terri FE experiment,
and compare with data and with the results of other international modeling teams in the
DECOVALEX and Mont Terri projects

e Collaborate with the UPC (Barcelona) modeling team in application of the BBM and
dual-structure models to the Mont Terri FE experiment.

e Validation of models against these field experiments as well as characterization of
parameters for BBM and dual-structure constitutive models from laboratory data that are
now becoming available in the various projects.

e Review of THM properties of bentonite-based buffer and backfill materials in these field
experiments (and in nuclear waste isolation in general) and identify critical parameters
and experimental data needs.

e Participated and presenedt simulation results at DECOVALEX and Mont Terri

workshops.

Finally, we note that by participating in these international activities we are making significant
progress toward achieving UFD goals to fill data needs and confirm advanced modeling
approaches (by 2015), and to have a robust modeling and experimental basis for evaluation of
multiple disposal system options (by 2020).

5. Investigation of the Impacts of High Temperature Limits with THMC
modeling

51 Introduction

Radioactive waste from spent fuel emanates a significant amount of thermal energy, due to decay
processes, which cause temperature increases in the surrounding environment, particularly in the
early stages of waste emplacement. The temperature to which the EBS and natural rock can be
exposed is one of the most important design variables for a geological repository, because it
determines waste package spacing, distance between disposal galleries, and therefore the overall
size (and cost) of a repository for a given amount of heat-emanating waste (Horseman and
McEwen, 1996). This is especially important for a clay repository, because argillaceous rocks
have relatively small heat conductivity. A thermal limit of about 100°C is imposed unanimously
in all disposal concepts throughout the world, despite their differences in design concepts (Hicks
et al., 2009). Chemical alteration and the subsequent changes in mechanical properties are among
the determining factors. A high temperature could result in chemical alteration of buffer and
backfill materials (bentonite) within the EBS through illitization and cementation, which
compromise the function of these EBS components by reducing their plasticity and capability to
swell when wetting (Pusch and Karnland, 1996; Pusch et al., 2010; Wersin et al., 2007). The
swelling capability of clay minerals within the bentonite is important for sealing gaps between
bentonite blocks, between bentonite and other EBS components, and between the EBS and the
surrounding host rock. Chemical alteration may also occur in the near-field host rock, which
could reduce the clay capability for self-sealing within the excavation damaged zone (EDZ). As
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a result of the low permeability of clay rock, a high temperature may induce significant pore-
pressure buildup (through pore-water expansion and vaporization) in the near field, which could
generate adverse mechanical deformation (such as fracturing), damaging the integrity of the host
rock (Horseman and McEwen, 1996).

Regarding the concern of chemical alteration and the associated mechanical changes, Wersin et
al. (2007), after reviewing a number of data sets, concluded that the criterion of 100°C for the
maximum temperature within the bentonite buffer is overly conservative. Their conclusion was
based on their findings that no significant changes in bentonite hydraulic properties occur at
temperatures of at least 120°C under wet conditions and that bentonite is chemically stable to
much higher temperatures under dry conditions. The impact of a high temperature on bentonite
and clay host rock behavior, and the consequences on repository performance, are largely open
questions for a clay repository system. While various studies shed light on certain aspects of this
question, there is a lack of studies that integrate the relevant THMC processes and consider the
interaction between the EBS and the host rock.

Since FY13, in UFDC, LBNL has used coupled THMC modeling to evaluate the chemical
alteration and mechanical changes in EBS bentonite and the natural system (NS) clay formation
under various scenarios, attempting to provide necessary information for decisions on
temperature limits. In the FY13 report (Liu et al., 2013b), after an extensive review of the THMC
alteration of EBS and clay formation (argillite) under various temperature conditions, fully
coupled THMC simulations were developed for a nuclear waste repository in a clay formation
with a bentonite-backfilled EBS. Two scenarios were simulated for comparison: a case in which
the temperature in the bentonite near the waste canister can reach about 200°C, and a case in
which the temperature in the bentonite near the waste canister peaks at about 100°C. In these
simulations, it was assumed that the EBS bentonite was Kunigel-V1 bentonite (Ochs et al., 2004)
and that the host rock properties were representative of Opalinus Clay (Bossart, 2011; Lauber et
al., 2000). Simulations showed that the decrease in smectite volume fraction in bentonite ranges
from 0.004 to a maximum of 0.085, or up to about 27% of the initial volume fraction of smectite
for the 200°C scenario, and decrease in smectite volume fraction leads to a reduction in swelling
stress around 16-27%, subject to a great deal of variation in terms of the decrease in smectite
volume fraction and swelling pressure under different chemical conditions. In FY14, we first
continued to analyze the sensitivity of calculated swelling pressure for Kunigel-V1 bentonite to
critical parameters. Second, we replace Kunigel-V1 bentonite with FEBEX bentonite in the
THMC model to evaluate potential chemical change in FEBEX bentonite and its effect on the
swelling pressure. Kunigel-VI bentonite (Ochs et al., 2004) has low smectite content and
relatively low swelling capacity, whereas FEBEX bentonite (ENRESA, 2000) has a high fraction
of smectite and high swelling capacity. Modeling results showed that FEBEX bentonite
undergoes less degree of illitization and smaller swelling pressure reduction that is very minimal
comparing with the swelling capacity of FEBEX bentonite.
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5.2 Modeling Study
5.2.1 Model Development

Because the model used in this report is the same as that of last year (Liu et al., 2013b), we only
briefly describe each element of the THMC model here, referring the reader to Liu et al. (2013b)
for details.

5211 Simulator

Numerical simulations are conducted with TOUGHREACT-FLAC, which sequentially couples
the multiphase fluid flow and reactive transport simulator, TOUGHREACT (Xu et al., 2011),
with the finite-difference geomechanical code FLAC3D (Itasca, 2009). The coupling of
TOUGHREACT and FLAC was initially developed in Zheng et al. (2011) to provide the
necessary numerical framework for modeling fully coupled THMC processes. It was equipped
with a linear elastic swelling model (Zheng et al., 2012; Rutqvist et al., 2013c) to account for
swelling as a result of changes in saturation and pore-water composition and the abundance of
swelling clay (Liu et al., 2013b).

5.2.1.2 Modeling scenario

The model is applied to a hypothetical bentonite-backfilled nuclear waste repository in clay rock,
a repository example that involves a horizontal nuclear waste emplacement tunnel at 500 m
depth (Figure 5.1) (Rutqvist et al., 2013c). The Z-axis is set as vertical in the model, while the
horizontal Y- and X-axes are aligned parallel and perpendicular to the emplacement tunnel,
respectively (Figure 5.1). An initial stress field is subjected to the self-weight of the rock mass.
Zero normal displacements are prescribed on the lateral boundaries of the model. Vertical
displacements are prevented at the bottom. The model simulation was conducted in a
nonisothermal mode with a time-dependent heat power input (Rutqgvist et al., 2013c), adopted
from the heat load developed within the U.S. DOE’s Used Fuel Disposition campaign as a
generic disposal system environment for Pressurized Water Reactor (PWR) used nuclear fuel.
This heat load is then scaled in the 2D model to represent a certain line load, which depends on
the assumed spacing between individual waste packages along an emplacement tunnel. Initially,
the EBS bentonite has a water saturation of 65% and the clay formation is fully saturated. From
time zero, the EBS bentonite simultaneously undergoes resaturation, heating, chemical alteration,
and stress changes.
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Figure 5.1. Domain for the test example of a bentonite back-filled horizontal emplacement drift
at 500 m (Rutqvist et al., 2013c).

5.2.13 Mechanical Model

To consider the swelling due to both moisture and chemical concentration changes, we include
the stress due to changes in chemical concentration and abundance of swelling clay:

do—s = 3K183wdsl - Ahdc + AScdms (5.1)

where K is the bulk modulus and S, is a moisture swelling coefficient. In this report, S,,is

0.048, which is calibrated for the swelling pressure of 1 MPa (Bérgesson et al., 2001) the
swelling pressure measured for Kunigel-V1 bentonite (which was used in current models as the
EBS material) under the condition that bentonite is saturated with dilute solution (e.g., deionized

water), and K is 20 MPa (Rutqvist et al., 2011). A, is a constant that linearly relates chemical
concentration (C) variation and the corresponding stress change. A, is typically calculated from

swelling pressures measured using different solutions (e.g. deionized water versus 1 M NaCl
solution) than are used to saturate the bentonite. Lared] et al. (2010) proposed the following
expression for Ay:
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_ (5.312InC —23.596) 7.252x107*
A = \/6 - C?2 (5.2)

A,. is a constant that relates the change in mass fraction of swelling clay, m, to change in

stress. An empirical value is derived from measured swelling pressure for bentonite materials of
different smectite mass fraction (Liu et al., 2013b), which is 2.5x10° Pa™.

5214 Chemical Model

In these generic cases, it is assumed that the host-rock properties are representative of Opalinus
Clay (Bossart, 2011; Lauber et al., 2000), and two cases for the EBS backfill, one composed of
Kunigel-V1 bentonite (Ochs et al., 2004) and the other FEBEX bentonite (ENRESA, 2000). The
mineral composition of the bentonite and clay formation is listed in Table 5.1. The pore-water
composition of the Kunigel-V1 bentonite (Sonnenthal et al., 2008), FEBEX bentonite (Fernandez
et al., 2001) and the clay formation (Fernandez et al., 2007) are listed in Table 5.2. Table 5.3 lists
the thermal and hydrodynamic parameters used in the model. The majority of these parameters
for the EBS bentonite are based on the properties of Kunigel-V1 bentonite (Sonnenthal et al.,
2008), and those for the NS clay formation are from Thury (2002). Permeability for the clay
formation is from Soler (2001), and that for the bentonite is from Japan Nuclear Cycle
Development Institute (JNC) (2000).

FEBEX and Kunigel-VI bentonite also have distinct hydrological and thermal parameters, with
the most relevant ones being thermal conductivity and permeability. However, in this report, we
keep them the same thermal conductivity and permeability, which are actually fairly similar for
both bentonite — thermal conductivity for saturated Kunigel-VI bentonite is 1.5W/m°C (see
Table 5.2)—and for FEBEX bentonite is 1.3 W/m°C (Empresa Nacional de Residuos
Radioactivos SA (ENRESA), 2000). Permeability for Kunigel-VI bentonite is 2E-21 m? and that
for FEBEX ranges from 3.75E-21 to 1E-21 m? (ENRESA, 2000; Zheng et al., 2011; Chen et al.,
2009). Moreover, by keeping thermal conductivity and permeability the same, we can isolate the
effect of variation in chemical and CM coupling parameters on stress changes.
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Table 5.1. Mineral volume fraction (dimensionless, ratio of the volume for a mineral to the total
volume of medium) of the Kunigel-V1bentonite (Ochs et al., 2004), FEBEX bentonite
(ENRESA, 2000; Fernandez et al., 2004; Ramirez et al., 2002) and Opalinus Clay (Bossart 2011;
Lauber et al., 2000).

. EBS Bentonite: Kunigel-| EBS Bentonite: FEBEX |Clay formation: Opalinus
Mineral V1 Clay
Calcite 0.016 0.0065 0.093

Dolomite 0.018 0.0 0.050
Ilite 0.000 0.0 0.273
Kaolinite 0.000 0.0 0.186
Smectite 0.314 0.6 0.035
Chlorite 0.000 0.0 0.076
Quartz 0.228 0.026 0.111
K-Feldspar 0.029 0.0065 0.015
Siderite 0.000 0.0 0.020
Ankerite 0.000 0.0 0.045

Table 5.2. Pore-water composition of Kunigel-V1bentonite (Sonnenthal et al., 2008), FEBEX
bentonite (Fernandez et al., 2001) and Opalinus Clay (Fernandez et al., 2007).

EBS Bentonite: EBS Bentonite: Clay formation:
Kunigel-V1 FEBEX Opalinus Clay
pH 8.40 7.72 7.40
Cl 1.50E-05 1.60E-01 3.32E-01
S0,” 1.10E-04 3.20E-02 1.86E-02
HCO3 3.49E-03 4.1E-04 5.18E-03
Ca*? 1.37E-04 2.2E-02 2.26E-02
Mg*? 1.77E-05 2.3E-02 2.09E-02
Na* 3.60E-03 1.3E-01 2.76E-01
K* 6.14E-05 1.7E-03 2.16E-03
Fe*? 2.06E-08 2.06E-08 3.46E-06
SiO(aq) 3.38E-04 1.1E-04 1.10E-04
AIO, 1.91E-09 1.91E-09 3.89E-08
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Table 5.3. Thermal and hydrodynamic parameters.

Parameter Clay formation : EBS
Opalinus Clay Bentonite
Grain density [kg/m?] 2700 2700
Porosity ¢ 0.162 0.33
Saturated permeability [m?] 2.0x10%° 2.0x10
Relative permeability, ki m=0.6,S,=001 | K;=§°
Van Genuchten « [1/Pa] 6.8x10”" 3.3x10®
Van Genuchten m 0.6 0.3
Compressibility, s [1/Pa] 3.2x10° 5.0x10®
Thermal expansion coeff., [1/°C] 1.0x107 1.5x10™
Dry specific heat, [J/kg °C] 860 800
Thermal conductivity [W/m °C] 1.48%/1.7% 1.1/15
dry/wet
Tortuosity for vapor phase ¢%s,10"° ¢%s,10"°
Bulk modulus, (GPa) 4.17 0.02
Shear modulus, (GPa) 1.92 0.0067

from http://www.mont-terri.ch/internet/mont-terri/en/home/geology/key_characteristics.html

The Kinetic rates and surface areas for the minerals considered in current model are taken mostly
from Xu et al. (2006). However, the illitization rate (the rate of illite precipitation and smectite
dissolution) was calibrated (Liu et al., 2013) based on the measured illite percentage in an
illite/smectite (I/S) mixed layer from Kinnekulle bentonite, Sweden (Pusch and Madsen, 1995).
The thermodynamic data are from the data0.dat.YMPv4.0, a EQ3/6 (Wolery, 1993) database.

522 Model Results
5221

The model results for the base case, expressed as the evolution of temperature, pore pressure,
water saturation, concentration, and stress, were discussed in detail in Liu et al. (2013b). In this
report, the evolution of stress in EBS bentonite is further analyzed to study the contributions of
different processes to total stress. We first briefly discuss the change in temperature, water
saturation, and the volume fraction of smectite, because their changes essentially determine the
evolution of stress. Then we discuss the changes in stress.

52211 THC Evolution

The evolution of heat release from decaying waste is shown in Figure 5.1. The heat release rates
have been adjusted to make two cases for comparison: a “high T” case, in which the temperature
near the canister can reach 200°C; and a “low T” case, in which the temperature near the canister
peaks at about 100°C. In this paper, the temporal evolution at four monitoring points (see Figure
5.1 for their positions) is used to present thermal, hydrological, chemical, and mechanical results:
point A is inside the bentonite near the canister, point B is inside the bentonite and near the EBS-
NS interface, point C is inside the clay formation and near the EBS-NS interface, and point D is
inside the clay formation at a distance from canister of 10 m. The temperature evolution at the
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four monitoring points A, B, C, and D is shown in Figure 5.3. Pore pressure increases as a result
of resaturation and heating. The “high T” case exhibit much higher pore pressure than the “low
T,” with a difference of about 5 MPa after 1000 years (Figure 5.5). The clay formation near the
EBS-NS interface goes through desaturation (Figure 5.4), which interestingly lasts much longer
for the “low T” case than the “high T” case. The higher temperature leads to a higher pore
pressure (Figure 5.5) in the EBS bentonite, which reduces desaturation in the clay formation
because higher pore pressure in the EBS bentonite lowers the hydraulic pressure gradient and
therefore the flow of water towards the EBS bentonite.
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Figure 5.2. Temperature evolution at points A, B, C, and D.
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Figure 5.3. The temporal evolution of water saturation at points A, B, C, and D.
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Figure 5.4. The temporal evolution of pore pressure at points A, B, C, and D.

Ilitization is modeled as the dissolution of smectite and precipitation of illite. The overall
reaction can be written as:

Smectite + 0.52H" + 0.63A10, + 0.6K" = illite + 0.26H,0 + 0.08Mg** + 0.33Na"

+ 0.5Si0,(aq)

(5.3)

Based on the database used in the model, this reaction yields a volume change of -4.9 ml/mol.
Note that H,O is not considered in the reaction.

Many factors can affect the chemical reactions, such as the initial water-mineral disequilibrium
in bentonite (since the water used for making bentonite blocks is not necessarily in equilibrium
with the mineral phase in bentonite, and it takes time to reach that equilibrium), as well as the
thermal and hydrological disturbances in response to emplacement.

Results from the base case confirm that the clay host rock undergoes a small degree of illitization
similar to the process widely observed in geological systems (e.g., Wersin et al., 2007; Pusch and
Madsen 1995), as illustrated by the smectite dissolution at point C and D in Figure 5.5 and illite
precipitation at point C and D in Figure 5.6. The volume fraction of smectite decreases by only
about 0.002 (or 6% of the initial amount) in 1000 years. When the temperature is higher (“high
T” case), illitization at point D in the clay rock is clearly accelerated, resulting in a decrease of
0.015 (or 43% of the initial amount) in the smectite volume fraction after 1,000 years. At point
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C, located near the EBS-NS interface, more hydrological and chemical interactions take place
between the bentonite and the clay formation. Subsequently, more smectite dissolves and more
illite precipitates. For the “high T” case, the smectite volume fraction decreases by 0.035, a
100% loss of smectite.

Ilitization also occurs in the EBS bentonite, as shown by the smectite and illite volume fraction
changes at points A and B in Figures 5.5 and 5.6. In addition to temperature effects, illitization is
affected by the initial disequilibrium between the pore-water solution and the mineral phase.
Initially, the pore water in the bentonite buffer is oversaturated with respect to illite and
undersaturated with respect to smectite. In addition, the pore water in the clay formation contains
a much higher concentration of K and Al, and thus provides a source of Al and K for the EBS
bentonite alteration through diffusion and advection. Note that the increase in Al and K
concentrations in bentonite is caused not only by diffusion and advection, but also by the
dissolution of other minerals, such as K-feldspar and quartz. The pore water in the clay
formation also has a higher concentration of Mg and Na, which inhibits illitization. But it seems
that the factors in favor of illitization outpace those against illitization. At the end of 1,000 years,
the smectite volume fraction in the bentonite decreases by 0.035 (or 11%) for the “high T” case
and 0.006 (or 2%) for the “low T” case, which corresponds to an illite volume fraction increase
of similar magnitude. Clearly, the “high T” case demonstrates stronger illitization than the “low
T” case. In “high T” case, at point A near the canister, bentonite undergoes desaturation in short
term, the evaporation of pore water therefore results in the precipitation of smectite. The smectite
start to dissolve (Figure 5.5) and illite starts to precipitate (Figure 5.6) after about 20-30 years.
After that, the dissolution of smectite and precipitation of illite proceed rapidly.
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Figure 5.5. The temporal evolution of smectite volume fraction at points A, B, C, and D.
Volume fraction change shown in the Y-axis is equal to the volume fraction of smectite at a
given time minus the initial volume fraction (see Table 5.1), so negative value means dissolution.
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Figure 5.6. The temporal evolution of illite volume fraction at points A, B, C, and D. Volume
fraction change shown in the Y-axis is equal to the volume fraction of smectite at a given time
minus the initial volume fraction (see Table 5.1), so positive value means precipitation.

5.2.21.2 Stress Evolution

In this section, we estimate how the chemical changes observed above may affect the mechanical
behavior of the EBS bentonite related to the evolution of swelling and total stress. We limit our
analysis to the effects of ion concentration and illitization on swelling, and do not include other
potential effects of chemical changes on mechanics, such as changes in mechanical properties
due to cementation.

Figures 5.7 and 5.8 show the stress changes at points A and B for both “low T” and “high T”
cases. Several processes combine to drive the stress in bentonite up to around 5.1 MPa for the
“low T and 11.5 MPa for the “high T” case after 1,000 years, including the increase in pore
pressure due to hydration and thermal pressurization (a processes caused by the difference in
thermal expansion of the fluid and solid host rock), bentonite swelling, and thermal expansion. In
comparison with the “low T” case, clearly the stronger thermal pressurization in the “high T”
case leads to much higher stress in the bentonite. For both the “high T and “low T” case, the
total stress within the buffer has the major contribution from pore pressure, with minor
contributions from swelling and thermal stress.

The constitutive relationship described by Equation (5.1) provides an opportunity to evaluate the
effect of chemical changes on swelling stress. The mechanical results presented in this section
are based on the chemical results in the previous section. In order to isolate the contributions of
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ion concentration changes versus smectite changes to swelling stress changes, we present three
sets of calculated swelling stress. In the first set, denoted in Figures 5.9 and 5.10 as
“S=f(S1,C,Sc)”, the swelling stress is calculated according to Equation (5.1) as a function of
liquid saturation changes (Sl), ion concentration (C) changes, and smectite (Sc) changes. In the
second set, denoted as “S=f(S1,C)”, the contribution from smectite changes in Equation (5.1) is
disregarded, and the swelling stress is only a function of liquid saturation and ion concentration.
In the third set, denoted as “S=f{(Sl)”, all chemical effects are neglected, and the swelling stress is
only a function of liquid saturation changes.

At early time (< 20 years), the fact that results for “S=f(S1,C,Sc)” and “S=f(S1,C)” cases are
indistinguishable (Figures 5.9 and 5.10) indicates that smectite changes have not yet contributed
to the stress change, because the volume fraction of smectite shows significant changes only
after about 20 years (see Figure 5.5). lon concentration changes start to affect stress at early
times (< 20 years) and maintain such effect afterwards. Initially, bentonite near the canister
undergoes desaturation and therefore negative swelling stress (see Figure 5.9 for changes at point
A). At point A, for the “low T” case, at the end of the 1,000-year simulation period, the ion
concentration increase leads to a drop in swelling stress of about 0.14 MPa, and the dissolution
of smectite reduces the swelling stress a little further, by about 0.003 MPa. For the “high T”
case, after 1000 years, ion concentration changes cause about a 0.1 MPa decrease in swelling
stress, and the loss of smectite due to dissolution results in about a 0.05 MPa reduction in
swelling stress at the end of the 1000-year simulation (see Figure 5.9). In general, the chemical
changes in bentonite have a fairly moderate effect on swelling stress, about 14% swelling stress
reduction due to chemical change for the “low T” case and 15% swelling stress reduction for the
“high T” case at point A (Figure 5.9). The stress changes near the EBS-NS (point B) interface
behave similarly to those near the canister, except the stress starts to increase earlier; the stress
after 1000 years is similar as well. The chemical changes in bentonite lead to about 15% swelling
stress reduction for the “low T” case and 18% swelling stress reduction for the “high T” case
(see Figure 5.10). In terms of the total stress, the decrease in swelling stress accounts for about a
1.4-1.7% reduction in the total stress.
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Figure 5.7. Simulation results of mean total stress, pore pressure, and thermal stress at point A
for the “low T” and “high T” scenario, respectively.
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