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SUMMARY

This document is a summary of the R&D activities associated with the Engineered Barrier
Systems Work Package. Multiple facets of Engineered Barrier Systems (EBS) research were
examined in the course of FY 18 activities. This report is focused on delvering an update on the
status and progress of modelling tools and experimental methods, both of which are essential to
understanding and predicting long-term repository performance as part of the safety case.

Specifically, the work described herein aims to improve understanding of EBS component
evolution and interactions. Utlimately, the EBS Work Package is working towards producing
process models for distinct processes that can either be incorporated into performance
assessment (PA), or provide critical information for implementing better contraints on barrier
performance. The main objective of this work is that the models being developed and refined
will either be implemented directly into the Genreric Disposal System Analysis platform
(GDSA), or can otherwise be indirectly linked to the performance assessment by providing
improved bounding conditions. In either the case, the expectation is that validated modelling
tools will be developed that provide critical input to the safety case.

This report covers a range of topics — modelling topics include: thermal-hydrologic-mechnical-
chemical coupling (THMC) in buffer materials, comparisons of modelling approaches to
optimize computational efficiency, thermal analysis for EBS/repository design, benchmarking of
thermal analysis tools, and a preliminary study of buffer re-saturation processess. Experimental
work reported, includes: chemical evolution and sorption behavior of clay-based buffer materials
and high-pressure, high temperature studies of EBS material interactions.

The work leverages international collaborations to ensure that the DOE program is active and
abreast of the latest advances in nuclear waste disposal. This includes participation in the
HotBENT Field Test, aimed at understanding near-field effects on EBS materials at temperatures
above 100 °C, and the analysis of data and characterization of samples from the FEBEX Field
Test. Both the FEBEX and HotBENT Field Tests utilize/utilized the Grimsel Test Site in
Switzerland, which is situated in a granite host rock. These tests offer the opportunity to
understand near field evolution of bentonite buffer at in situ conditions for either a relatively
long timescale (18 years for FEBEX) or temperature above 100 °C (HotBENT).

Overall, this report provides in depth descriptions of tools and capabilities to investigate near-
field performance of EBS materials (esp. bentonite buffer), as well as tools for drift-scale thermal
and thermal-hydrologic analysis critical to EBS and repository design. For a more detailed
description of work contained herein, please see Section 10 (“Conclusions”) of this document.
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SPENT FUEL AND WASTE SCIENCE AND
TECHNOLOGY/ENGINEERED BARRIER SYSTEM R&D

1. INTRODUCTION
1.1 Context

This report describes Research and Development (R&D) Activities in the Spent Fuel Waste Science and
Technology Camapaign, specifically related to the Engineered Barrier System (EBS) R&D Work
Package. This work package is focused on design and performance prediction of the EBS, and in FY 18
includes activities from Sandia National Laboratories, Lawrence Berkley National Laboratories, and Los
Alamos National Laboratories.

The FY 18 research in EBS R&D is focused on understanding EBS component evolution and interactions
within the EBS, as well as interactions between the host media and the EBS. Specifically, EBS R&D is
working towards producing process models for distinct processes that can either be incorporated into
performance assessment (PA), or provide critical information for implementing better contraints on
barrier performance. The main objective of this work is that the models being developed and refined will
either be implemented directly into the Genreric Disposal System Analysis platform (GDSA), or can
otherwise be indirectly linked to the performance assessment by providing improved bounding
conditions.

1.2 Purpose and Scope

The purpose of this report is to provide a summary of the FY 18 activities performed as part of the EBS
R&D work package.

This report covers a range of topics — modelling topics include: thermal-hydrologic-mechnical-chemical
coupling (THMC) in buffer materials, comparisons of modelling approaches to optimize computational
efficiency, thermal analysis for EBS/repository design, benchmarking of thermal analysis tools, and a
preliminary study of buffer re-saturation processess. Experimental work reported, includes: chemical
evolution and sorption behavior of clay-based buffer materials and high-pressure, high temperature
studies of EBS material interactions.

The work leverages international collaborations to ensure that the DOE program is active and abreast of
the latest advances in nuclear waste disposal. This includes participation in the HotBENT Field Test,
aimed at understanding near-field effects on EBS materials at temperatures above 100 °C, and the analysis
of data and characterization of samples from the FEBEX Field Test. Both the FEBEX and HotBENT
Field Tests utilize/utilized the Grimsel Test Site in Switzerland, which is situated in a granite host rock.
These tests offer the opportunity to understand near field evolution of bentonite buffer at in situ
conditions for either a relatively long timescale (18 years for FEBEX) or temperature above 100 °C
(HotBENT).
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2. THMC MODELING INVESTIGATION OF THE IMPACT OF HIGH
TEMPERATURE LIMITS IN CLAY-BASED BUFFER MATERIAL

2.1 Introduction
211 Background

There is growing interest in the international EBS community to investigate the feasibility of raising the
limit of the waste package surface temperature above 100 °C, and in doing so, ascertain what the overall
effect will be on the performance assessment. For EBS designs in granite and argillite, which place a
significant reliance on bentonite buffer and/or backfill, rainsing the termal limit above 100 °C could have
significant impact on repository operations (esp. surface storage time), the repository design concept,
and/or site selection. A higher temperature limit could, in theory, allow waste packages to be in placed
after a shorter surface storage time-period, which may impact operational workflows. A higher thermal
limit would also allow waste packages and drift to be spaced more closely, thus decreasing the overall
size of the repository footprint. A smaller footprint, in turn, may impact the site selection process, as
disposal formation thickness and especially areal extent are critical parameters in site slection.

21.2 Overview

This chapter is aimed at the results of simulations using a coupled thermal, hydrological, chemical, and
mechanical (THMC) model to evaluate mechanical changes induced by the chemical alteration in EBS
(Engineering Barrier System) bentonite and the NS (Natural System) clay formation under various
scenarios, which are needed to provide the information for decision-making on temperature limits. Two
scenarios were simulated: (1) the maximum temperature in the bentonite near the waste canister was
about 200 °C, and (2) the temperature in the bentonite near waste canister peaks was about 100°C. The
comparison of the results of simulations of these two scenarios is used to evaluate the impact of
temperature on the HMC-coupled processes in bentonite.

The coupling between chemical and mechanical processes is the key part of THMC model that allow one
to evaluate the direct impact of chemical changes on the mechanical behavior. In previous THMC model
simulations (e.g., Zheng et al., 2015), the coupling between chemical and mechanical processes was
carried out via an extended linear swelling model, which was simple and its key parameters were
relatively easy to calibrate. However, such model does not accurately describe the transient state of
swelling, neglects the history of mechanical change, and is unable to account for the impact of cation
exchange on the swelling. In FY17, the THMC models were improved based on the double structure
Barcelona Expansive Model (BExM) (Sanchez et al., 2005) to link the mechanical process with
chemistry, and to incorporate simultaneously the effects of exchangeable cations, ionic strength of pore
solution and the abundance of swelling clay on the swelling stress of bentonite. In FY 18, we recalibrated
the parameters of BExM for FEBEX bentonite to account for the effects of chemical reactions and to
align with the reference state of in-situ bentonite. In this chapter of the report, we first summarize the
modeling scenarios and Chemo-Mechanical (C-M) coupling included in the BExM. Then, we discuss the
results of coupled THMC model simulations using BExM and the chemical effect on stress.

2.2 Model Development

Because the modeling approach used in this report is similar to that presented in previous reports
(Liu et al., 2013; Zheng et al., 2014; Zheng et al., 2015; Zheng et al., 2016; Zheng et al., 2017),
we briefly describe each element of the THMC model, focusing on the updates made in FY18.
Additional details on the THMC model are presented in Liu et al. (2013).
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2.21 Simulator

A review of numerical simulators that could be used to conduct coupled THMC model simulations was
given in Zheng et al., (2016). The problem of numerically simulating THMC processes is very
challenging. The numerical simulations in this study have been conducted with TOUGHREACT-
FLAC3D, 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 FLAC3D was initially developed and described in Zheng et al.
(2012). Recently, the model was improved by using the dual structural BExM, and will be discussed in
more details below in this report.

2.2.2 Modeling Scenarios

The model scenario used in this report is the same as that in Liu et al. (2013) and Zheng et al. (2014). The
model is being applied to a hypothetical bentonite-backfilled nuclear waste repository in clay rock, a
repository example involving a horizontal nuclear waste emplacement tunnel at a 500m depth Figure 2-1
(Rutqvist et al., 2014). The model is a pseudo 2D model with the Y-axis aligned parallel to the 1 m thick
tunnel. The Z-axis is vertical, and the horizontal X-axis is aligned perpendicular to the emplacement
tunnel Figure 2-1. Note that while the canister is modeled as a heat source with mechanical properties of
steel, the THC changes in the canister and their interactions with EBS bentonite are not considered in this
model for the sake of simplicity. Additionally, neglecting canister-buffer simplicity allows for
construction of a base-case buffer response, to isolate those phenmemnon that will be independent of
buffer-canister interactions.

An initial stress field was imposed by the self-weight of the rock mass. Zero normal displacements are
prescribed on the lateral boundaries of the model. Zero stress is applied to the top, and vertical
displacements were prevented at the bottom. Liquid pressure is applied at the open boundary at top and
bottom, and the model domain is initially in a hydrostatic state. The initial temperature at the top is about
11 °C, with a thermal gradient of 27 °C/km, the initial temperature at the bottom is 38 °C. The model
simulation was conducted in a nonisothermal mode with a time-dependent heat power input (Rutqvist et
al., 2014). The power curve in Figure 2-1 was adopted from representative heating data from the U.S.
DOE's Used Fuel Disposition campaign for Pressurized Water Reactor (PWR) used fuel. This heat load is
then scaled in the 2D model to represent an equivalent line load, which depends on the assumed spacing
between individual waste packages along an emplacement tunnel. The heat load for the “low T” case
corresponds to an initial thermal power of 3144 W (total power, equal to about 220 W/m along the length
of the heater) for a 4-PWR-element waste package after aging for 60 years, a 50-m spacing between
emplacement tunnels, and 3-m spacing between the 5-m long packages. The input power was estimated to
increase the temperature to 100 °C at peak inside bentonite buffer. The heat load for the “high T case
represents similar waste package and spacing, except with only 20 years of aging, and will induce 200 °C
at peak in the buffer. Initially, the EBS bentonite has a water saturation of 65% and the clay formation is
fully saturated. From time zero, the EBS bentonite undergoes simultaneously re-saturation, heating,
chemical alteration, and stress changes.
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Figure 2-1. Schematic of the domain for the test example of a bentonite back-filled horizontal
emplacement drift at 500 m (Rutqvist ef al., 2014). Modeling monitoring points: A-inside the
bentonite near the canister, B—inside the bentonite and near the EBS-NS interface, C-inside the
clay rock formation and near the EBS-NS interface, D—inside the clay rock formation at a distance
of 10 m from the canister. Power curves in simulations: “high T” —200 °C peak temperature in the
buffer; “low T” — 100 °C peak temperature in the buffer.

2.2.3 THC Model

Similar to previous models for generic cases, the host rock properties are assumed to be representative of
Opalinus Clay (Bossart, 2011; Lauber et al., 2000), and the EBS backfill is assumed to represent the
FEBEX bentonite (ENRESA, 2000). The model considers non-isothermal two-phase (air and water) flow,
with each individual phase flux described by a multiphase version of Darcy’s Law. For the vapor flow in
the air phase, in addition to Darcy flow, mass transport can also occur by diffusion and dispersion
according to Fick’s law. The model considers both conductive (described by Fourier's law) and
convective heat flux. The basic mass and energy balance equations, as well as the equations for fluxes, are
given in Pruess et al. (1999). Thermal and hydrological properties are summarized in Table 2-1.

To establish a chemical model, one needs to know aqueous and mineralogical composition of each
medium, chemical reactions considered in the model, and the thermodynamic data for each reactions. The
model considers aqueous complexation, minerals dissolution/precipitation, cation exchange, and surface
complexation. Details of these reaction and parameters needed to define these reactions are given in
Zheng et al. (2016). In this report, we list the mineralogical (Table 2-2) and aqueous composition (Table
2-3).
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Table 2-1. Thermal and hydrodynamic parameters.

Parameters Clay formation— EBS Bentonite—
Opalinus Clay FEBEX
Grain density [kg/m3] 2700 2700
Porosity ¢ 0.162 0.33
Saturated permeability 2.0x107 2.0x10™"
[m’]
Relative permeability, &, m=20.6,S,=0.01 K, = s
(model parameters) (model)
Van Genuchten , [1/Pa] | 6.8x10” 3.3x10™
Van Genuchten m 0.6 0.3
Compressibility, p [1/Pa] | 3.2x10” 5.0x10™
Thermal expansion coeff., | 1.0x107 1.5x10™
[1/°C]
Dry specific heat, [J/kg- 860 800
OC]
Thermal conductivity 1.48/1.7 1.1/1.5

[W/m-°C] dry/wet

Tortuosity for vapor phase

¢1/3Sg10/3 (model)

¢l/3ng/3 (model)

Bulk modulus, (GPa)

4.17

0.02

Shear modulus, (GPa)

1.92

0.0067

Source: from https://www.mont-terri.ch/en/geology%?20/properties-and-characteristic-values.html
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Table 2-2. Mineral volume fraction (dimensionless, ratio of the volume for a mineral to the total
volume of medium) of FEBEX bentonite (ENRESA, 2000; Fernandez et al., 2004; Ramirez et al.,

2002) and Opalinus Clay (Bossart 2011; Lauber et al., 2000).

EBS Bentonite— Clay formation—

Mineral FEBEX Opalinus Clay
Calcite 0.0065 0.093
Dolomite 0.0 0.050
lite 0.0 0.273
Kaolinite 0.0 0.186
Smectite 0.6 0.035
Chlorite 0.0 0.076
Quartz 0.026 0.111
K-Feldspar 0.0065 0.015
Siderite 0.0 0.020
Ankerite 0.0 0.045
Pyrite 0.01 0.000
Greenrust 0.000 0.000
Magnetite 0.000 0.000
Hematite 0.000 0.000
Goethite 0.000 0.000
Fe(oh)3(s) 0.000 0.000
Fe(oh)2 0.000 0.000
Vermiculites 0.000 0.000
Berthierine(Fe ) 0.000 0.000
Berthierine(Fe ") 0.000 0.000
Saponite(Fe, Ca) 0.000 0.000
Saponite(Fe,K) 0.000 0.000
Saponite(Fe, Na) 0.000 0.000
Saponite(Fe, Mg) 0.000 0.000

Table 2-3. Pore-water composition (mol/kg water, except pH) of FEBEX bentonite (Ferniandez et

al., 2001) and Opalinus Clay (Fernandez et al., 2007).

EBS Bentonite—FEBEX (Clay formation—Opalinus Clay|
H 7.72 7.40

Cl 1.60E-01 3.32E-01
SO,™ 3.20E-02 1.86E-02
HCO;5 4.1E-04 5.18E-03
Ca™ 2.2E-02 2.26E-02
Mg " 2.3E-02 2.09E-02
Na 1.3E-01 2.76E-01
K" 1.7E-03 2.16E-03
Fe' 2.06E-08 3.46E-06
Si0,(aq) 1.1E-04 1.10E-04
AlOy 1.91E-09 3.89E-08
0,(aq) 2.57e-4 1.2E-51
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2.2.4 Mechanical Model
2.2.4.1 Double Structure Model

In previous modeling works (e.g., Zheng et al., 2015; 2016), extended linear swelling model was used to
describe the mechanical behavior of bentonite. In this section, we primarily used a dual structure model,
Barcelona Expansive Model (BExM).

For unsaturated soils, usually only the macrostructure is considered in a constitutive model, such as the
Barcelona Basic Model (BBM). The microstructure is incorporated to extend the BBM to a dual structure
model, such as BExM, which enables simulating the behavior of expansive soils, such as the dependency
of swelling strains and swelling pressures on the initial stress state and on the stress path, strain
accumulation upon suction cycles and secondary swelling. Thus, in the dual structure model, the total
volume (V), the total void ratio (e), and porosity (¢) of the material are divided into a micro-structural
part and a macro-structural part. The micro-structure is assumed to swell to invade the macro-porosity,
depending on the mechanical confinement and a load level. This is analogous to the process of
permeability changes resulting from soil swelling, because fluid flow takes place mostly through the
macro-porosity, which is not proportional to the total strain and deformation of the expansive soil.
Equations to describe the mechanical behavior of micro-structural and macro-structural domains and their
interaction are not expressed here for the sake of simplicity.

We developed a one-way coupling approach, in which chemical changes affect mechanical behaviors of
bentonite through the evolution of volume fraction of smectite, exchangeable cation concentrations, and
ionic strength (via osmotic suction). In this report, these effects are incorporated into the model using a

dual-structure model (BExM). The mathematical formulations for C-M coupling are summarized below.

The original BExM predicts the micro-strains induced by the effective stress for the whole micro-
structure, ignoring the effects of the evolution of volume fraction of smectite. When the material is
hydrated, instead of the whole micro-structure, only the parts of the smectite within the micro-structure,
interacting with the invaded water, swell. Here, we introduce the volume fraction of smectite, f;, in the
micro-structure in BExM for C-M coupling. The swelling capacity of the material should decrease with
the reduction of the volume fraction of smectite. Thus, the micro-structural volumetric strains are
assumed to depend on the change in the microstructural effective stress as follows:

5 49
Km

2-1

e —
degy, =

where p = p + s,,,, P is the effective mean stress, p is the net mean stress, which is the total mean stress &
minus gas pressure pg, and sp, is the microstructural suction. The total suction, s, contains two
components: matric suction, s, and osmotic suction, s,, and s, = s + s,. The effect of ionic strength of
the pore water on microstructural strain is transferred via the osmotic suction, and is computed as:

RT
s, =—10"®—Ina,, 2-2
Vv

where 1}, is the molar volume of water (in m’/mol), R is the ideal gas constant, T is temperature (in K),
a,, is the activity of water, and a,, is calculated in TOUGHREACT (Xu et al., 2011) as follows:

1
oM el

where @ is the osmotic coefficient of the solution, and m”* is the sum of the molalities of all species in
solution.

Ina, = — 2-3

In Equation 2-1, K, is calculated as:
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ea’ml3
Bm

where a,, is the material parameter. The effect of exchangeable cations is linked to mechanics through
the dependence of 3, on exchangeable cation concentration given by (Gens, 2010):

B = Z Bl 25

- 2-4

Gens (2010) and Guimaraes et al. (2013) proposed that 8., is proportional to the ionic hydrated radius and
inversely proportional to its valence. Based on this hypothesis, we will calibrate the values of S, for
different cations against laboratory experiments.

2.2.4.2 Calibration of Parameters of BExM for FEBEX Bentonite

A coupled THMC model, using the BExM to link chemistry with mechanics, was first tested in FY16.
The parameters of the mechanical model were taken from published literature, and the parameters for the
C-M coupling, such as f;, were taken directly from the chemical model. When the C-M coupling was
incorporated into the BExM, the entire set of parameters should be calibrated, so that the BExM can
accurately describe the reference state of bentonite. In FY'17, we have calibrated the parameters of the
BExM based on the swelling pressure experiments to make sure the model results are aligned with the
reference state, and the model is able to reasonably predict the material swelling pressure. However, we
only accounted for a chemical effect of the smectite volume fraction. In FY 18, we incorporated additional
experimental laboratory data obtained from testing the FEBEX bentonite, which allowed for inclusion of
more realistic chemical effects, including the exchangeable cation concentration and ionic strength.

We launched a series of simulations on the swelling pressure test to investigate the swelling capacity of
bentonite and to calibrate the parameters of the BExM for FEBEX bentonite against experiments
conducted by Castellanos ef al. (2008). These swelling pressure tests were operated under constant
volume conditions. All samples were subjected to an initial suction of 98 MPa and a low vertical stress.
During a wetting process, samples were saturated by different salinity solutions, the time variation of the
swelling pressure was recorded, and the suction was reduced to 0 MPa. The numerical model was used to
mimic the HMC process, based on the results of measurements of the swelling pressure, including
simulations of infiltration of the solutions of different salinity into the partially saturated FEBEX
bentonite, the geochemical and mechanical evolution of bentonite, and apparently the MC coupling. The
hydrological and chemical parameters of FEBEX bentonite were presented in Section 2.2.3.

In this calibration, our current model was used to investigate three chemical effects (the effects of
exchangeable cations, ionic strength of pore solution and the abundance of swelling clay). Four solutions
were utilized to saturate the bentonite samples, namely: distilled water (representing the 0 mol NaCl), 0.1
mol NaCl, 2.5 mol NaCl, and 5.5 mol NaCl. The initial smectite volume fraction was determined by the
laboratory measurement, and its change over time and space was based on the simulation results. The
osmotic suction in the simulation was obtained from the chemical model. The only parameters to be
calibrated are the values of each mineral’s f%,. Using simulations on swelling pressure experiments,
parameters of BExM were calibrated and the optimal parameters are listed in Table 2-4. The detailed
definition of all parameters can be found in Lloret et al. (2003) and Sanchez et al. (2005). The void ratios
€micro and e qcro Were recalculated based on the experimental data reported by Lloret ef al. (2003).
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Table 2-4. Parameters of BExM for FEBEX bentonite.

Parameters defining the Barcelona basic model for macrostructural behavior

Kk = 0.030 ks = 0.006 A(0) = 0.08 p. = 0.5 MPa r =090 { =1MPa" po = 6.5 MPa
a, =0.5 @y = 1x1075°C pNa = 2574 pX =0.257 /37":1’9 =3346 PBi*=2.574
Parameters defining the law for microstructural behavior
ay = 2.1x1072 MPa™ x=1
Interaction functions
fii =1+ 0.9 tanh [20 (? - 0.25)] fii = 0.8 — 1.1 tanh [20 (? - 0.25)]
o 0

Initial conditions
emacro = 021 epicro = 0.48 fs =0.5428 S, =0.777 MPa B, = 2.676x107° MPa™

The simulation results of swelling pressure test results are displayed in Figure 2-2.
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o
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Figure 2-2. Simulation results of swelling pressure with different salinity solutions: a) Distilled
water; b) 0.1 mol NaCl; c) 2.5 mol NaCl; d) 5.5 mol NaCl.

During hydration, swelling induces the stress increase in bentonite. The experiment indicated the swelling
pressure of FEBEX bentonite saturated with distilled water (0 mol NaCl) was around 4.5 MPa Figure 2-2
a). When the concentration of NaCl increased, the swelling pressure decreased to about 2.5 MPa. Our
simulation results provide a good agreement with the pattern of the swelling pressure decrease with
respect to salinity changes. The magnitude of the swelling pressure is well captured for solutions with
distilled water, 0.1 mol NaCl and 5.5 mol NaCl. The only exception is the simulation with 2.5 mol NaCl,
in which our model predicted the pressure of being about 0.7 MPa higher than that in the experiment.
Because the BExM requires that the initial stress should be non-zero compressive, our simulations started
with the small compressive stress. Moreover, our model predicted a slow growth of the swelling pressure
for around 100 minute, but later the stress accumulation became stiffer than experimental measurements.

Castellanos et al. (2008) conducted laboratory tests and measured vertical swelling strains of bentonite
under the constant vertical stress, when samples were saturated with CaCl, solutions. However, they did
not provide details of experimental records on swelling strain changes with time, but only the final
swelling strain results Figure 2-3. Their experiments indicate that the solutions with same concentrations
of CaCl, and NaCl induce almost equal swelling strains. From these observations, we assume that the
swelling pressure causued by CaCl, is practically the same as that caused by the NaCl solution.
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Figure 2-3. Final swelling strains of the FEBEX bentonite compacted at dry density of 1.65 g/cm3
due to wetting with different solutions under the different vertical stresses (Castellanos et al., 2006).

Using the parameters listed in Table 2-3, we launched simulations of swelling pressure tests with different
salinity CaCl, solutions, and the simulation results, given in terms of final swelling pressure, are
presented in Figure 2-4. This figure also provides a comparison of numerical predictions and
experimental observations for the NaCl solutions. The figure illustrates that the final swelling pressure
due to the CaCl, saturation is lower when the CaCl, concentration increases, which is the same as in
experiments. However, the swelling pressure induced by CaCl, is lower than that induced by the NaCl

solution.

—A— NaCl - exp.
—6— NaCl - num.
4.5 —o— CaCl, - num.

Stress, MPa

0o 1 2 3 4 5 6
Concentration, Mol

Figure 2-4. Simulation results of final swelling pressure achieved using different NaCl and CaCl,
solutions, and experimental results with NaCl solutions.

Thus, based on the results of simulations of swelling pressure experiments, the BExM parameters were
calibrated against laboratory experiments, incorporating the corresponding chemical reactions. Swelling
pressure dependence on different salinity solutions was calibrated to account for the effects of smectite
volume fraction, exchangeable cation concentration and ionic strength. The simulation results plotted in
Figure 2-2 and Figure 2-4 indicate that our model with calibrated parameters can be used to predict, with
reasonable accurately, the swelling pressure. Such parameters will be utilized in generic cases to study the
long-term behavior of FEBEX bentonite as a buffer in the nuclear waste disposal.
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2.3 Model Results

In this multiple years’ effort of studying bentonite alteration using coupled THMC model, the simulator
was upgraded, more constitutive relationships were tested and more scenarios were analyzed. While the
previous model mostly employed an extended linear elastic model for mechanical behavior, models in this
report are using the BExM for simulations of the mechanical behavior. In the past year, the BExM was
recalibrated against experiments in which with chemical reactions were studied. In this section, we present
new model results with newly calibrated parameters from FY 18 effort.

231 THMC Results of “High T” Cases with The Dual-Structure Model

As described in Section 2.2.4, the chemical-mechanical coupling was studied based on simulations using
the dual-structure model. It allowed us to evaluate how the chemical changes may affect the mechanical
behavior of the EBS bentonite in terms of the effective/net and total stress. The effects considered in the
model are caused by the three factors: volume fraction of smectite, exchangeable cation concentration,
and osmotic suction.

To illustrate the effects of chemical reactions on stress change, we simulated a series of generic repository
cases. We firstly present high temperature (“high T”) cases. The results of low temperature (“low T”)
cases show behavior similar to the “high T” cases, and will be illustrated later. Five types of simulations
were conducted to account for the effect of each chemical component shown in Table 2-5. The first is the
reference case, marked THM,” which is conducted without C-M coupling, and in which the mechanical
behavior of bentonite depends only on the TH processes. Since the coupling is one-way, i.e. the
mechanical behavior does not affect the fluid, thermal transport or chemical reactions. The evolution of
temperature, liquid saturation and pore pressure is the same for THM case and other cases computed with
C-M couplings, which helps distinguish the chemical effect on stress, when comparing other cases with
the reference one. The second case only accounts for the effect of a volume fraction of smectite through
C-M coupling, so it is referred as THMC(f;). Similarly, the simulation referred as THMC(f,,,) only takes
into account the effect of exchangeable cations, and the simulation referred as THMC(s,) only takes into
account the effect of the ionic strength via osmotic suction. The simulation considering the effect of all
three chemical components is marked as THMC (f, B> So)-

Table 2-5. Summary of simulation cases with different C-M couplings.

Cases . . C€-M coupling —
smectite volume fraction exchangeable cations ionic strength
THM - - -
THMC(fy) Yes - -
THMC(B) - Yes -
THMC( s,) - - Yes
THMC (f5, Bms So) Yes Yes Yes

2.3.1.1 Effects of Volume Fraction of Smectite

According to explanation given in the previous section, the THMC(f;) case is used to simulate the THMC
processes with C-M coupling based only the smectite volume fraction. Figure 2-5 shows the evolution of
the volume fraction of smectite at Points A and B. The current model predicts the dissolution of smectite,
which leads to the decrease in the volume fraction of smectite. Figure 2-5 displays the smectite volume
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fraction with time, indicating that f; decreases from 54.3% to 52% at Point A, while it decreases from
54.3% to 44.5% at Point B (the layout of the Points in shown in Figure 2-1).

0.55 ; :
0.54 i

2053

e

(@31
[N}
T

0.51 |

QE) 0.47 -

= —— Point A
g 0.46 - ---- Point B

0.45 -

O'%%()Ol 0.01 0.1 1 10 100 1000 10000 100000
Time, year
Figure 2-5. Simulation results of the evolution of the volume fraction of smectite at Points A and B
with FEBEX bentonite for the “high T” scenario.

The calculated temporal changes of stresses for THMC(f;) and THM case at Points A and B are plotted in
Figure 2-6 and Figure 2-7, respectively. Since smectite is the mineral phase in bentonite to induce
swelling due to hydration, the swelling capacity of bentonite tends to decrease as the smectite volume
fraction decreases. However, the reduction of total mean stress at Points A and B is negligible when
compared THMC(f;) case with THM case (Figure 2-6 and Figure 2-7). At Point A, the smectite volume
fraction change is small—only from 54.3% to 52%. The small stress change at Point B can be explained
by the fact that the swelling due to smectite is overshadowed by the thermal pressurization and hydraulic
pressurization, which may balance the stress reduction. Therefore, the stress change due to dissolution of
smectite is not significant in the current model.
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Figure 2-6. Simulation results of mean total stress at Point A with FEBEX bentonite for the
THMC(f ;) and THM scenarios in “high T” case, respectively.
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Figure 2-7. Simulation results of mean total stress at Point B with FEBEX bentonite for the

THMC(f,) and THM scenarios in “high T” case, respectively.

2.3.1.2 Effects of Exchangeable Cation Concentration

The THMC(B,,) case was designed to simulate the THMC processes with C-M coupling based only on
the effect of the exchangeable cation concentration, which is represented in the model by S,,. Figure 2-8
shows the temporal evolution of 8, at Points A and B. In the current model, 3, depends on the
concentration of the exchangeable cations Na, K, Ca and Mg. In FY 17, simulations using other published
BL, values, taken from the work by Sanchez et al. (2005), showed that the chemical reactions induce the
enrichment of exchangeable sodium in the interlayer, which, in turn, caused the increase ,,. In FY18, we
launched simulations with calibrated B}, and corrected porosity for the FEBEX bentonite. The current
model predicts the initial decrease of f,,, shown in Figure 2-8, with 3, decreasing from 2.665x107? to
2.48x107? at Point A for approximately 30 years, while it decreases from 2.665x107 to 2.55x1077 at
Point B for about 3 years and then slightly evolves until it reaches the steady state starting from 100
years. Starting from 100 years, the values of 3, increase to 2.58x10~° for both Points A and B . With
the initial drop of 3;,,, stresses at Points A and B are reduced, then stresses increase since [, increases.
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Figure 2-8. Simulation results of the evolution of ,,, at Points A and B with FEBEX bentonite for
the “high T” scenario.

The calculated stresses for THMC(f,,,) and THM cases at Points A and B are plotted in Figure 2-9 and
Figure 2-10, respectively. The initial drop of 8, tends to decrease the swelling capacity of bentonite. At
Point A, the total mean stress in THMC(f3,,,) case is slightly lower than the total mean stress in THM
case, but the difference is quite small. Around 4000 years, as f3,, rises the stress in THMC(f,,) case
grows to reach the stress as in the THM case. The similar behavior is not clear at Point B. The difference
in stress between THMC(f,,,) and THM cases is negligible, which may be due to the high confining stress
from host rock in the repository. The difference in stress at Points A and B can be explained by the fact
that Point B is located near the boundary between EBS and host rock, so the large modulus of host rock
and high magnitude of stress inside the rock suppress the swelling of bentonite. Therefore, the stress
change due to alteration of exchangeable cation cannot manifest in current model.
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Figure 2-9. Simulation results of mean total stress at Point A with FEBEX bentonite for the

—— THMC(B
— THMC(Bm)

Point A

001 001 01

10 100 1000 10000 100000

Time, year

THMC(B,,) and THM scenarios in “high T” case, respectively.

16

14

12

10

Mean stress, MPa
(0¢]

Figure 2-10. Simulation results of mean total stress at Point B with FEBEX bentonite for the

0.001 001 0.1

. THMC(Bn)

Pomt B

---- THM

/ L

1

10 100 1000
Time, year

10000 100000

THMC(B,,) and THM scenarios in “high T” case, respectively.



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
16 September 24, 2018

2.3.1.3 Effects of lonic Strength

The THMC(s, ) case computes the THMC processes with the effect of ionic strength via osmotic suction.
Figure 2-11 shows the evolution of osmotic suction at Points A and B. For Point A, the osmotic suction
increases to two peaks about 2.8 MPa at around 3 years and 80 years, then starts to decrease until the end
of simulation. At Point B, the peak magnitude 2.75 MPa is reached at around 100 years. The osmotic
suction reduces to 1.75 MPa at both points by the end of the simulation. The increase in osmotic suction
tends to suppress the swelling of bentonite whereas the reduction of osmotic suction makes bentonite
swell more.
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Figure 2-11. Simulation results of osmotic suction evolutions at Points A and B with FEBEX
bentonite for the “high T” scenario.

The calculated temporal variations of stresses for THMC(s,) and THM cases at Points A and B are
plotted in Figure 2-12 and Figure 2-13 respectively. The osmotic suction causes the stress at Points A and
B both to decrease compared to the THM case. The total mean stress at Point A in the THMC(s,)) case is
about 1 MPa lower than that in the THM case at around 100 years. After that, the osmotic suction
decreases continuously, so the stress difference between THMC(s, ) and THM cases is reduced. The
similar behavior is also observed at Point B (Figure 2-13). The total mean stress at Point B in the
THMC(s,) case is about 0.6 MPa lower than that in the THM case at around 100 years, and the stress in
THMC(s,) is almost the same as the stress in the THM case after 4000 years. It is clear that the increase
in osmotic suction leads to the decrease in stress due to the suppression of swelling by osmotic pressure,
and vice versa.
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Figure 2-12. Simulation results of mean total stress at Point A with FEBEX bentonite for the
THMC(s,) and THM scenarios in “high T” case, respectively.
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Figure 2-13. Simulation results of mean total stress at Point B with FEBEX bentonite for the
THMC(s,) and THM scenarios in “high T” case, respectively.

2.3.1.4 Combined Effects of Chemical Reactions

The THMC(f;, fm, So) case takes into account the alteration of mechanical behavior by the three
chemical factors: the change in the volume fraction of smectite, change in exchangeable cations, and ionic
strength contribution. These simulations are used to assess whether and how the combined effect of
chemical changes enhance or suppress the stress.

Figure 2-14 and Figure 2-15 show the temporal evolution of the mean total stress at Points A and B for
the THMC(fs, Bm, So) and THM cases, caused by the combined effect of chemical changes on stress. At
Point A, the peak stress in bentonite is 14.2 MPa for the THMC(f;, B, So) case, and 15.2 MPa for the
THM case, and both are at around 100 years. Then, the total stress decreases until 30,000 years, and then
the stress increases again to reach the hydrostatic status. The difference in stress between the THM and
THMC?” cases is 1 MPa at around 100 years, and decreases to 0.5 MPa in the long term. Apparently,
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chemical changes in bentonite lead to the lower total stress at Point A, indicating that the swelling
capacity of the bentonite is reduced. At Point B, the behavior is similar, with the peak stress in bentonite
of 15 MPa for the THMC(f;, B, So) case and 15.5 MPa for the THM case at around 100 years. The final
stress at Point B in the THMC(f;, S, So) case is 0.1 MPa less than that in the THM case.

The dual-structure model cannot be easily used for simulations of the swelling stress, because the micro-
swelling strain is calculated directly in the framework of the model. Moreover, the non-linear plasticity
induced from both micro- and macro-structures increases the difficulty to distinguish the swelling stress
from the total stress. In addition to the total mean stress, &, we present the mean effective/net stress, noted
as & (mean net stress for unsaturated bentonite, and mean effective stress for fully saturated bentonite) in
Figure 2-14 and Figure 2-15 to illustrate the accumulation of stress in the solid skeleton of bentonite. The
difference between mean stress & and effective/net stress 6 (G stands for mean effective stress p after
bentonite is fully saturated or mean net stress p when bentonite is unsaturated) is the pore pressure. The
condition for the simulation is unsaturated bentonite. During unsaturated phase, & is net stress and it goes
up to the peak stress at around 20 years until the bentonite becomes fully saturated, and then & become
effective stress for the saturated phase. At Point A, mean effective/net stresses peak at about 6.3 MPa in
THMC(fs, Bm, So) case, and 7.4 MPa in the THM case at around 20 years, then decreasing to 4.5 MPa
and 5 MPa, respectively. For the THMC(fs, By, So) case, the stress is always lower than that for the THM
case. Similar stress behavior is at Point B, where the mean effective/net stress reaches the highest value
of 6.2 MPa in THMC(f;, B, So) case, and 5.5 MPa in the THM case. Then, after the bentonite is fully
saturated, the effective/net stress at Point B decreases to 5.2 MPa in the THMC(f;, Bm, So) case ,and 5.3
MPa in the THM case.
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Figure 2-14. Simulation results of mean effective/net stress, & , and total mean stress, @, at Point A
with FEBEX bentonite for the THMC(f s,f8:,,S,) and THM scenarios in “high T” case, respectively.
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Figure 2-15. Simulation results of stress evolutions at Point B with FEBEX bentonite for the
THMC(f s,8:m,So) and THM scenarios in “high T” case, respectively.

Figure 2-16 shows the total stress evolution at Point A for the “high T” cases with different C-M coupling
schemes. Overall, the chemical effect leads to the lower stress. The stress calculated without any C-M
coupling (THM) almost the same as in the THMC(f;) scenario used to evaluate the effect of the volume
fraction of smectite, indicating that changes in volume fraction of smectite have only minimal effect on
stress. In FY17, the stress computed with only exchanged cation concentration (THMC(,,,)) was higher
than the THM case, which revealed that exchanged cations increased the stress. However, in FY 18, with
the calibrated B, the stress computed with only exchanged cation concentration (THMC(8,,)) is slightly
lower than that in the THM case, which reveals that exchanged cations decreased the stress. Overall, the
difference between results of simulations for the THM, THMC(f;) and THMC(,,,) scenarios is
negligible. The water infiltration from the host rock leads to an increase of ionic strength of pore water in
the bentonite barrier, which, in turn, causes the increase in osmotic suction. As a result, the swelling
capacity of bentonite decreases, which is manifested by the reduction of the total stress for the case of
THMC(s,).” Eventually, the reduction effect of ionic strength via osmotic suction on stress outplays the
increase effect of exchanged cations on stress, and consequently chemical changes result in lower stress
overall. The combined effect of chemical factors leads to the lower stress compared to the THM model,
which can be explained by the dominating impact of osmotic suction, whereas the effects induced by f;
and S, are smaller. The stress evolutions for all cases at Point B are plotted in Figure 2-17, showing the
similar curves. The results of simulations of the THMC(f,:,,S,) case are close to those for the
THMC(s,) case at Point B. The combined chemical effect at Points A and B is practically the same,
showing the lower stress than that for the THM scenario.
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Simulation results of mean total stress at Point A with FEBEX bentonite in “high T”

case. Different C-M couplings are considered and computed.
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Figure 2-17. Simulation results of mean total stress at Point B with FEBEX bentonite in “high T”
case. Different C-M couplings are considered and computed.

2.3.2

THMC Results of “Low T” Cases with the Dual-Structure Model

In this section, we present the results of simulations for the low temperature (“low T”) cases. The same as
the “high T” case, five different simulations were conducted to account for the effect of each chemical
component. The results of “low T” cases show the behavior is similar to that for the “high T” cases. The
changes of smectite volume fraction, exchangeable cation concentration and ionic strength follow the
same trends as for “high T” cases, but with smaller magnitude evolution. Since the applied temperature is
lower, chemical changes at Point A almost have the same magnitude as those at Point B. For the sake of
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simplicity, we do not illustrate the simulation results case by case, but present all effects together
compared with THM case without any C-M coupling.

2.3.2.1 Combined Effects of Chemical Reactions

Figure 2-18 and Figure 2-19 show the evolution of the mean total stress at Points A and B for THMC(/;,
Bm, So) and THM cases, and clearly demonstrate the effect of chemical changes on the stress for the “low
T” case. At Point A, the peak stress in bentonite is 8.5 MPa for the THMC(f, By, S, ) case and 9.5 MPa
for the THM case, both at around 100 years. Then the total stresses decrease until 30,000 years, after
which the stresses increase again to reach the hydrostatic status. The difference in stresses between THM
and THMC” cases is 1 MPa at around 100 years, and decrease to 0.7 MPa in the long term. The same as
for the “high T” case, chemical changes in bentonite lead to lower total stresses at Point A, and the
swelling capacity of the bentonite is reduced. At Point B, the behavior is similar. The peak stress in
bentonite at Point B is 9 MPa for the THMC(fs, S, So) case, and 10 MPa for the THM case at around
100 years. The final stress at Point B in the THMC(f;, S, So) case is 0.8 MPa less than that in the THM
case.

Figure 2-18 and Figure 2-19 also illustrate the accumulation of stress in the solid skeleton of bentonite in
term of mean effective/net stress, &, which is the mean stress & minus the pore pressure. At the beginning
of the simulation, bentonite is unsaturated. During the unsaturated phase, & is net stress, which increases
to reach the peak stress at around 20 years until the bentonite becomes fully saturated, and then &
becomes the effective stress for the saturated phase. At Point A, the mean effective/net stresses peaks at
about 6.2 MPa in the THMC(f;, Bm» So) case, and at 7 MPa in THM case at around 20 years, then the
stresses decrease to 5.3 MPa and 6.2 MPa, respectively. The THMC(f;, B, So) case always has lower
stress than the THM case. Point B is characterized by the similar behavior, and the mean effective/net
stresses reach the highest values of 6.4 MPa in the THMC(f;, B, So) case and 7.2 MPa in the THM case.
Then, when the bentonite is fully saturated, the effective/net stress at Point B decreases to 5.7 MPa in the
THMC(fs, Bm., So) case and 6.5 MPa in the THM case.
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Figure 2-18. Simulation results of mean effective/net stress, & , and total mean stress, @, at Point A
with FEBEX bentonite for the THMC(f s,f8:,S,) and THM scenarios in “low T” case, respectively.
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Figure 2-19. Simulation results of stress evolutions at Point B with FEBEX bentonite for the
THMC(f s,8:m,So) and THM scenarios in “low T” case, respectively.

Figure 2-20 shows the total stress evolution at Point A for “low T” cases with different C-M coupling
schemes. Overall, the chemical effect lowers the stress. The same conclusion can be drawn for the “high
T” case regarding simulations of changes in the volume fraction of smectite, which have only minimal
effect on the stress. Overall, exchanged cations have a negative effect on the stress. As a result of osmotic
suction changes, the swelling capacity of bentonite decreases, which is revealed by the reduction of the
total stress for the case of THMC(s, ). The negative effect of ionic strength via osmotic suction on the
stress outplays the positive effect of exchanged cations on stress, and, consequently, the combined
chemical effect leads to a lower stress overall. The overall chemical effects lead to the lower stress
compared to that of the THM model, since the dominating effect of the osmotic suction. The stress
evolutions for all cases at Point B are plotted in Figure 2-21, in which similar observations were obtained.
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Figure 2-20. Simulation results of mean total stress at Point A with FEBEX bentonite in “low T”
case. Different C-M couplings are considered and computed.
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Figure 2-21. Simulation results of mean total stress at Point B with FEBEX bentonite in “low T”
case. Different C-M couplings are considered and computed.

2.3.3 Comparison Between THMC Results of “Low T” and “High T” Cases

Figure 2-22 and Figure 2-23 show the mean total stress changes at Points A and B for both “low T” and
“high T” cases. At the beginning of the simulation, stresses in “high T” cases are higher than the stresses
in “low T” cases, due to the temperature increase and pore pressure build-up from the heat expected to
emanate from the disposed waste. Since a higher bentonite pore pressure is developed in “high T” cases,
the mean total stress is higher than that for “low T”, the corresponding peak stress is higher for the “high
T” cases, too. However, before the bentonite is fully saturated, the high stress induces a micro-structure
that penetrates into the macro-structure, causing the strength degradation of the macro-structure. As a
result, when the system finally reaches a hydrostatic equilibrium, the final stress in the “high T” cases is
lower than that in the corresponding “low T” cases, as demonstrated in Figure 2-22 and Figure 2-23.
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Figure 2-22. Simulation results of mean total stress at Point A with FEBEX bentonite for the “low
T” and “high T” scenarios, respectively.
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Figure 2-23. Simulation results of mean total stress at Point B with FEBEX bentonite for the “low
T” and “high T” scenarios, respectively.

The macro-structural modulus is another way to indicate the stress reduction in “high T” cases. Subjected
to hydration, bentonite swells, inducing the stress increase in bentonite. Figure 2-24 shows that at the
beginning, the “high T” cases display the larger macro-structural stiffness than the “low T” cases, which
can be explained by the presence of high energy generated from the heater. When approaching 20 years,
both “high T” and “low T” cases reach the peak of macro bulk moduli, and after 20 years the macro-
structural moduli in “high T” cases drop much more than the “low T” cases. Since the high stress induces
a micro-structure that penetrates into macro-structure, it causes the strength degradation of macro-
structure. In “high T” cases, the invasion by micro-structure is more than the “low T cases, inducing
more “collapse” in macro-structure. Because of that, the stiffness reduces more than the ones in “low T”
cases.
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Figure 2-24. Simulation results of macro-structural bulk moduli at Points A and B with FEBEX
bentonite for the “low T” and “high T” scenarios, respectively.
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Summary and Future Work
Summary of Current Modeling Work

Investigations of the thermal limit of a clay repository are very important for the design of a nuclear waste
repository. A reliable evaluation of the impact of a long-term geochemical on mechanical behavior, using
a coupled THMC model, is critical for studying whether a clay repository can sustain high (>100 °C)
temperature. To increase the model reliability, we first implemented a more mechanistic constitutive
relationship for C-M coupling, the BExM, then calibrated the key parameters based on the results of the
laboratory test, which were used for a large scale generic model. In FY 18, we simulated a series of
swelling pressure tests, in which partially saturated FEBEX bentonite was saturated with various salinity
solutions. By using simulations to reproduce the measured swelling pressure, we were able to calibrate
the parameters related to the C-M coupling, which affect the smectite volume fraction, and exchangeable
cations and the effect of the ionic strength on the stress were taken into account. Eventually, the THMC
model, with calibrated C-M coupling parameters, was used to perform simulations for the generic case of
nuclear waste disposal. The following conclusions have been drawn from the modeling results:

24.2

Dissolution of smectite leads to the decrease in the volume fraction of smectite, which, in turn,
decreases the stress. The new model predicts the reduction of exchangeable sodium in the
interlayer, which is different from what was found in FY17. The change in exchangeable cations
also causes the decrease in stress. Infiltration of higher salinity water from the surrounding clay
formation to the EBS bentonite leads to the increase in osmotic suction and subsequently lowers
the stress. The combination of these three effects as a whole reduces both the total stress and the
effective/net stress in the bentonite buffer in the “high T” cases. The difference between the
computed stress in bentonite with C-M coupling (THMC”) and without C-M coupling (THM)
ranges within 1 MPa.

The THMC model, using BExM, showed less influence of the chemical effect on the stress
compared to the previous THMC model with the extended linear swelling model (Zheng et al.,
2015). The primary reason is that a previous extended linear swelling model computed the swelling
pressure as a linear state function of material’s saturation, which predicted a higher stress
accumulation than the elasto-plastical model, such as BExM. The BExM model generates more
plastical strain to resist the increased swelling stress, and the stress is redistributed in the material.
The other reasons are: the mechanical-chemical coupling via BExM and the dissolution of smectite
were factored in directly into the model via the volume fraction of smectite by means of modifying
the bulk modulus for micro-structure, and the bulk modulus is a function of stress and changed
significantly in the model. Moreover, the bulk modulus changes by smectite dissolution were
overshadowed by the stress change.

Future Work

The developed coupled THMC model has greatly improved our understanding of the coupled processes
contributing to chemical and mechanical alteration in the EBS bentonite and NS argillite formations,
which helped answer questions regarding the thermal limit of EBS bentonite in the clay repository.
Nevertheless, the simulator for conducting modeling of coupled THMC processes causing the alteration
of bentonite and clay formations needs to be further improved. In the remaining time of FY 18 and in
FY19 we are planning:

To investigate chemical controls on montmorillonite structure and swelling pressure. After
implementing C-M in TOUGHREACT-FLAC via BExM, we are going to evaluate how the
chemical change controls the montmorillonite structure and swelling pressure. We are planning to
investigate how exchangeable cations affect swelling of montmorillonite, to improve an empirical
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relationship describing this process, and to implement it in our simulator. Research will be
conducted to calibrate model parameters. We also propose to conduct complementary experimental
and simulation studies to evaluate the swelling clay structure as a function of the solution
composition, and to derive an improved constitutional model to describe variations of the swelling
pressure in compacted clay barriers.

To derive a reduced order model that can be integrated into the performance assessment model
GDSA. The importance of bentonite alteration and its impact on mechanical behavior needs to be
integrated to PA model to assess its relevance to the safety of a repository. Specifically, we will
first implement the bentonite swelling models, such as linear swelling, state surface, BBM, and
BExM into a parallel THMC simulator TREACTMECH, and will then derive a reduced order
model based on the large number of THMC simulations.

We will also conduct other exploratory modeling studies, including the following activities:

Numerical verification of the applicability of BExM with C-M coupling based on laboratory and
field tests with bentonite other than FEBEX bentonite, and simulations of in-situ experiments.
Model for Kunigel-V1 bentonite, which was used in the previous modeling study (e.g., Zheng et
al., 2015) will be improved and the robustness of x C-M coupling via BExM will be tested.
Comparing BExM simulations with computations by other available constitutive models to
investigate the material behavior under the same environmental conditions and to better understand
a possibility of using BExM for other materials.
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3. COUPLED THMC MODELING OF THE EVOLUTION OF
BENTONITE IN FEBEX-DP

3.1 Introduction

The design of clay and crystalline radioactive waste repository typically involves investigations of a
multi-barrier system. In addition to the investigations of a natural barrier system (NBS), i.e. the host rock
and its surrounding subsurface environment, a multi-barrier system is also expected to include an
engineered barrier system (EBS). The EBS represents the man-made, engineered materials placed within
a repository, including the waste form, waste canisters, buffer materials, backfill, and seals.

The most common buffer material for EBS is compacted bentonite, which features low permeability and
high retardation of radionuclide transport. The safety functions of EBS bentonite should include limiting
transport in the near field, damping the shear movement of the host rock, preventing the sinking of
canisters (if emplaced in the center of the tunnel), limiting pressure on the canister and rock, and reducing
the effect of microbial activity. To assess whether EBS bentonite can maintain these desirable features,
when undergoing heating from the waste package and hydration from the host rock, we need a thorough
understanding of the thermal, hydrological, mechanical, and chemical evolution of bentonite under
disposal conditions. While numerous laboratory experiments, field tests, and numerical models have been
conducted to improve the understanding of individual processes or coupled THC/THM processes, there is
a lack of studies on coupled THMC processes due to the challenges of conducting experiments and
developing models that could be used to evaluate the THMC processes. Recently in the Spend Fuel and
Waste Science and Technology (SFWST) program, coupled THMC models have been developed for a
generic disposal system in clayey host rock with EBS bentonite (Liu et al., 2013; Zheng et al., 2014;
Zheng et al., 2015b). However, model validation was difficult for lack of THMC data from long-term,
large-scale experiments. The FEBEX (Full-scale Engineered Barrier EXperiment) in situ test (ENRESA,
2000), which has been operated for 18 years, provides a unique opportunity for validating coupled THMC
models.

The FEBEX-DP project is comprised of extensive THMC and biological characterization of bentonite, and
includes the development of numerical models. In the FEBEX in situ test, two heaters surrounded by
bentonite blocks about 0.7 m thick were emplaced in a tunnel excavated in granite. The heaters were
switched on in 1997. In 2002, Heater #1 was dismantled; in 2015, the Heater #2 was dismantled.
LBNL/DOE joined the FEBEX-DP project in FY15. The ultimate goal of the project is to use the THMC
data from FEBEX-DP to validate THMC models, and therefore to enhance our understanding of coupled
THMC processes. From 2015 to 2017, extensive THMC characterization of bentonite samples, collected
during the dismantling of the Heater #2, were carried out by partners of FEBEX-DP. lon concentrations in
the pore-water of bentonite were obtained via an indirect method, aqueous extract. The results of this
analysis were used to initially constrain the chemical model. In FY 18, we first used the geochemical model
to accurately infer the ion concentrations in pore-water for one of the bentonite sampling sections. After
that, we critically analyzed the project reports (e.g. Villar et al., 2017) to deduce available geochemical data
other than ion concentrations in pore-water of bentonite. Finally, extensive calibration was conducted to
determine the factual combination of parameter values and reactions, attempting to explain the available
geochemical data, as well as the THM data with the THMC model. In this Section of the report, a discussion
of investigations on the chemical evolution of bentonite barrier is presented based on the experimental data
and results of numerical modeling.
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3.2 A Brief Description of FEBEX Experiments
3.21 Test Description

FEBEX (Full-scale Engineered Barrier Experiment in crystalline host rock) is a research and
demonstration project that was initiated by ENRESA (Spain). Its objective was to demonstrate the
feasibility of constructing an engineered barrier system and to study the behavior of components in the
near-field for a high-level radioactive waste (HLW) repository in crystalline rock. Specifically, the project
aimed to demonstrate the feasibility of fabricating and assembling the EBS and developing methodologies
and models for the evaluation of the thermo-hydro-mechanical (THM) and thermo-hydro-chemical (THC)
behavior of the near-field (ENRESA, 2000). These objectives are to be achieved through the combination
of in situ and mock-up tests, numerous small-scale laboratory tests, and THC/THM modeling.

The centerpiece of the FEBEX experiments is, of course, the in sifu test conducted at the Grimsel
Underground Laboratory, Switzerland. The test consists of five basic components: the drift, the heating
system, the bentonite barrier, the instrumentation, and the monitoring and control system (Figure 4-2).
The drift is 70.4 m long and 2.28 m in diameter. The test area, which was sealed with a concrete plug, is
located at the last 17.4 m of the drift where heaters, bentonite and instrumentation were installed. The
main elements of the heating system are two heaters (#1 and #2), 1 m apart, which simulate full-sized
canisters. Heaters were placed inside a cylindrical steel liner. Each heater is made of carbon steel,
measures 4.54 m in length and 0.9 m in diameter, and has a wall thickness of 0.1 m. Heaters were
operated at a constant power output of 1200 W/heater during the first 20 days and 2000 W/heater for the
following 33 days. Afterwards, the heaters were switched to a constant-temperature control mode to
maintain a maximum temperature of 100 °C at the steel liner/bentonite interface.

The bentonite barrier is made of blocks of highly compacted bentonite, arranged in vertical sections
normal to the axis of the tunnel. There were gaps between blocks, but the volume of gaps has not been
reliably estimated. Although the dismantling of bentonite barrier revealed that all gaps were sealed, these
gaps might affect the initial hydration of bentonite, but such an effect is difficult to incorporate into
models. The average values of the initial dry density and the water content of compacted bentonite blocks
are 1.7 g/cm’ and 14.4%, respectively.

The in situ test began on February 27, 1997. Heater #1 was switched off in February 2002 and dismantled
from May to September in 2002. The buffer and all components were removed up to a distance of 2
meters from Heater #2 to minimize disturbance of the non-dismantled area. A dummy steel cylinder with
a length of 1 m was inserted in the void remained in the center of the buffer (Figure 3-2). The description
of the partial dismantling operation is given by Barcena et al. (2003). A comprehensive post-mortem
bentonite sampling and analysis program was performed on the solid and liquid phases to evaluate the
physical and chemical changes induced by the combined effect of heating and hydration and to test THM
and THC model predictions (ENRESA 2006a; b).
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Figure 3-1. The initial configuration of the FEBEX in situ test at the Grimsel underground
laboratory (Switzerland) (ENRESA, 2000).
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Figure 3-2. In situ test configuration following dismantling of Heater #1 (Huertas et al., 2005)
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After the dismantling of Heater #1, the tunnel was plugged with shotcrete (Figure 3-2), and Heater #2 was
kept working under normal conditions to maintain a constant 100 °C at the steel liner/bentonite interface.
In 2014, considering that changes in the state of bentonite buffer were very slow and it was unlikely for
bentonite to fully reach saturation in the project lifetime, the decision was made to turn off and dismantle
Heater #2. The objective of the second dismantling operation, carried out throughout 2015, was to
dismantle all the remaining parts of the in situ test, including Heater #2. This operation included carrying
out a complete sampling of the bentonite, rock, relevant interfaces, sensors, metallic components and
tracers to allow the analysis of the barriers' condition after ~18 years of heating and natural hydration. On
April 24, 2015, Heater #2 was switched off. After a short cool-off time period, dismantling was carried
out from the shotcrete towards the bentonite section by sections (see Figure 3-3) and samples were taken
for THMC and microbiological characterization. Details about the dismantling of Heater #2 are given in
Garcia-Sineriz et al. (2016). THM characterization revealed that the bentonite away from the heater is
fully saturated, but the bentonite at the vicinity of Heater #2 has not been fully saturated yet.
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Figure 3-3. Section layout during the dismantling operation of Heater #2 (Detzner and Kober, 2015)

The long-term FEBEX in situ test generated comprehensive datasets of THMC data, which provide a
unique opportunity to validate coupled THMC models and strengthen our understanding of coupled
processes in bentonite. In addition, experiments at different scales with the same type of bentonite are also
very useful to evaluate the key parameters obtained at different scales, and to study the scaling effect
based on modeling of THMC processes. Up to present, several THM/THC models have been developed
to interpret the FEBEX experiments, including the THM model for the mock-up test (Sanchez et al.,
2005; 2012a) and in situ test (Sanchez et al., 2012b), and THC models for the small scale heating and
hydration experiment (Zheng et al., 2010), mock-up test (Zheng and Samper, 2008), and in situ tests
(Samper et al., 2008a; Zheng et al., 2011; Zheng et al., 2015b).
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3.2.2 Available THM Data

In the FEBEX in situ test, some data were collected real time by the sensors installed in the bentonite
block, such as temperature, relative humidity and stress, and some of them were measured in the
laboratory, using the bentonite samples, that were taken after dismantling of test sections, including water
content and dry density. The dismantling of Heater #1 in 2002 and Heater #2 in 2015 (Table 3-1) provides
two snapshots of measured water content and dry density, which are very valuable for understanding the
temporal evolution of these key data, as shown later in the report. Details of these data will be presented
when model results are discussed in Section 3.4.

Table 3-1. Timeline of FEBEX in situ test.

Time
Event Date Days Years
Commencement of heating 2/27/1997 0 0.0
Shutdown of Heater #1 2/2/2002 1827 5.0
Sampling after Heater #1 was dismantled 5/2/2002 1930 53
Shutdown of Heater #2 4/24/2015 6630 18.2
Sampling after Heater #2 was dismantled 7/3/2015 6700 18.3

3.2.3 Chemical Data for Bentonite
3.2.3.1 lon Concentrations in Pore Water

Bentonite samples were taken after dismantling of Heater #1 in 2002 and Heater #2 in 2015, and ion
concentrations in pore water of bentonite were measured. They provided data on spatial distribution of ion
concentrations at two time points, which are very valuable to constrain the chemical model and
understand the geochemical evolution of bentonite in the test. The chemical results from the THMC
model are primarily tested against data of ion concentrations.

The bentonite samples collected after the final dismantling were preserved and pore water concentration
were measured by two methods: squeezing and aqueous extract tests (AET).

The squeezing process involved the expulsion of interstitial fluid from the saturated argillaceous material
being compressed (Entwisle and Reeder, 1993). In these squeezing experiments, the volume of water
extracted depends on the following factors: the water content of the rock sample, the rock properties (e.g.,
dry density, the relative contents of easily-squeezed clays and of stiffer materials like quartz and calcite),
and the experimental conditions, such as, the pressure applied, the duration time of squeezing, and size of
the squeezing cell (Fernandez et al., 2003). Fernandez et al. (2017) conducted squeezing tests for three
samples at section 36, three at section 47 and five at section 59 (see Figure 3-3 for the locations of
sections). Because our model only represents the “hot” sections (sections around the middle of heater), we
will only use the data from section 47, which is shown in Table 3-2. Sample BB-47-7 was taken from
outer rings of bentonite, with a radial distance from the tunnel axis of 1.02 m, sample BB-47-8 is from the
middle ring with a radial distance of 0.79 m and sample BB-47-9 is from the inner rings (near the heater)
with a radial distance of 0.56 m.
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Table 3-2. Chemical composition of the pore water collected from the BB-47-7, BB-47-8 and BB-47-
9 bentonite blocks at different pressures (Fernandez et al., 2017).

Sample BB-47-7 BB-47-8 BB-47-8 BB-47-9 BB-47-9
Pressure MPa 20 30 40 70 85
Extracted water g 11.2 1S 4.0 0.58 2.58
Sensoric Parameter Lab

Color / Turbidity No No No No No
Physical-Chemical Parameter Lab

pH value (20 °C) Lab. (Glove box / lab) | pH 79 7.8 7.6 6.8 7.8
Redox potential Eh (SHE) mV n.d. n.d. n.d. n.d. n.d.
Spec. electr. conductivity (25 °C) Lab. | Cond. uS/em

Alkalinity (pH 4.3) Lab. Alk.4.3 mmol/L 4.63 2.58 2.53 <5 2.59
Main Ions

Sodium Na™ mg/L 710 2300 1500 4161 3210
Potassium K- mg/L 9.2 24 13 23 23
Calecium Ca? mg/L 32 380 210 1700 2000
Magnesium Mg** mg/L 20 260 150 1400 1000
Chloride CI mg/L 481 1600 976 12000 10700
Sulfate SO mg/L 779 4300 2900 2300 1400
Nitrate NO5 mg/L 1.9 15 8.3 124 114
Nitrite NOy mg/L <d.l <d.l <d.l <0.2 <2
Phosfate PO mg/L <1 <1 <1 <0.1 <2
Bromide Br mg/L 1:1 25 0.74 12.7 11.9
Fluoride F mg/L <d.L <d.L <d.lL <1 <2
Thiosulfate $,05™ mg/L <0.5 <1 <1 <0.5 20
Trace Compounds

Aluminium Al mg/L <0.1 <03 <03 <29 <0.3
Silicon Si mg/L 23 22 24 15 14
Iron Fe (IVII) | mg/L <0.1 <03 <0.3 <29 <0.3
Strontium Sr mg/L 0.59 6.7 4.0 29 30
Copper Cu mg/L 0.15 14 0.3 <2.9 0.5
Boron B mg/L 1.5 1.8 1.3 <29 14
Manganese Mn mg/L 0.15 0.70 0.3 5.6 4.6
Nickel Ni mg/L 0.09 041 <0.3 <29 0.6
Lead Pb mg/L 0.18 <03 <0.3 <29 <0.3
Zinc Zn mg/L 0.08 0.59 <03 <29 <0.3
Organic Parameter

Total organic carbon TOC mg/L 38 -- 83 n.d. n.d.
Acetate CH;-COO | mg/L <0.1 86 45 142 141
Formiate HCOO mg/L 0.36 25 12 13 13
Oxalate (COOY* | mgL - - - 177 23

AET is a method to quantify the total content of soluble salts of a clay sample. An /:R AET consists on
adding to a mass M, of powdered clay sample a mass of distilled water equal to R times M;. Clay sample
and water are stirred during a period of time of usually 2 days during which equilibration of water and
clay sample is allowed. Chemical analyses are performed on supernatant solution after phase separation
by centrifugation (Sacchi et al., 2001). In addition to dilution, several chemical reactions take place
during pore-water extraction from clay samples, which change the concentrations of dissolved species in
a complex nonlinear manner. This makes it difficult to derive the chemical composition of the original
(before aqueous extraction) clay pore-water from aqueous extract data (Bradbury and Baeyens, 2003;
Sacchi et al. 2001). The inference of dissolved concentration for reactive species requires geochemical
modeling based on mineralogical data (Bradbury and Baeyens, 2003; Zheng et al., 2008).
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For the sample collected at the final dismantling of the FEBEX in situ test, Fernandez et al. (2017)
conducted 1:4 AET for 154 samples, and among them, 36 were for section 47 and 36 for section 53. The
procedure of AET is shown in Figure 3-4. Clearly the concentrations of ions (C,q in Figure 3-4) measured
in AET do not represent the pore water concentration. In addition to dilution, chemical reactions also
occur, which requires geochemical modeling to reconstitute the concentration of ions in the original pore
water concentrations (C,,) that corresponds to a sample with original water content (6;). We therefore
developed a geochemical model to reverse the procedure of AET. In this model, a water+bentonite system
with known water content (6)) and concentration (C,,) undergoes an “evaporation” and eventually reaches
the water content of 6; (the water content of bentonite sample before conducting AET) and C,,,. values
are obtained and are compared with model results from THMC models in Section 3.4.

Bentonite sample  pjstiljed water
measured 0,

+ ‘evaporating
40 mL water
A 4
Separation by - -
- centrifugation S
‘ O 6
Mixing for ; .
2 days Chemical analysis .
| of supernatent Known C,, === calibratea

Used to validate THMC model ‘

C,, for 6= 400%

Figure 3-4. The aqueous extract test (AET) procedure (left) used for measuring pore water
concentration for samples collected at the final dismantling of FEBEX in situ test, and the
geochemical model (right) that reverses the AET procedure to calibrate the ion concentration for
the original pore water.

3.2.3.2 Geochemical Data of the Solid Matrix

In FEBEX-DP, mineralogical and geochemical characterization were conducted by four groups for
samples in Section S36 (near the shotcrete), S42, S45, S48, S50 and S53 (BGR, Federal Institute for
Geosciences and Natural Resources,Germany), S47 and S53 (CIEMAT, Centro de Investigaciones
Energéticas, Medioambientales y Tecnoldgicas, Spain), S45 (UAM, Univesidad Autonoma De Madrid,
Spain), S46 and S47 (ETH, Swiss Federal Institute of Technology Zurich) and S36 (SURAO, Radioactive
Waste Repository Authority, Czech Republic). Among them, S42-S53 surrounds the heater and is located
in the “Hot” section. Characterization results are documented in Villar et al. (2017) and a summary is
given below:

Smectite phases and the illite/smectite mixed layers in ground bulk materials were analyzed by CIEMAT,
UAM and ETH using X-ray diffraction (XRD). The smectite content ranges from 82-96% (Figure 3-5),
depending on sample and laboratory, and is the same as the reference bentonite (92+4%). The smectite
phases were made up of a RO smectite-illite mixed-layer (RO meaning that the layering was disordered),
with 5-23% of illite layers, although most samples had between 5 and 13%. Given the large variation of
illite fraction in the illite/smectite mixed layer between samples, it is impossible to delineate if there is
any increase or decrease in illite mass fraction compared with the reference bentonite. The crystal
thickness of the smectite particles ranged between 7.65 and 10.31 nm, the number of TOT layers in the
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quasi-crystals being 5-6. This is in agreement with previous analyses of the reference FEBEX bentonite
(Fernandez et al. 2004; ENRESA 2006). This would indicate that no structural changes took place in the
montmorillonite during the experiment.
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Figure 3-5. Smectite content in samples from different sections around the heater determined by X-
ray diffraction by different laboratories. The dashed line indicates the content in the reference
sample as determined by CIEMAT (Villar et al., 2017).

One important characteristic of clay minerals is the layer charge, which is the result of ionic substitutions
in the structure of clay minerals is balanced by the exchangeable cations in the interlayer space. It not
only determines cation retention and specific adsorption of water and organic polar molecules (Lagaly &
Mermut 2001), but also plays an important role over the course of illitization. Although illite and smectite
are both 2:1 structure clay minerals, smectite swells but illite does not. One of the reasons is that illite has
higher layer charge than smectite. Change in the layer charge of smectite could be a good precursor of
illitization. CIEMAT, UAM and ETH determined the MLC by means of the simplified method of
alkylammonium cations established by Olis et al. (1990). Because the layer charge may be different for
each layer, both in terms of charge location (tetrahedral or octahedral) and charge magnitude, and the
mean layer charges (MLC) which represent only the statistical average of the charge classes in the layers
(Olis et al. 1990) were measured. For the reference bentonite, CIEMAT and UAM found a value of 0.37
MLC/hfu (hfu=half unit cell). For the retrieved samples, MLC are between 0.36 and 0.38 MLC/hfu,
which shows (1) the smectite particles prior and after the FEBEX in situ test can be classified as low
charge smectites and (2) there is no change in layer charge in bentonite prior and after the FEBEX in situ
test.

CIEMAT analyzed the material of less than 2 um fraction for samples from sections S36, S47, S53 and 59
and determined the structural formulae for the smectite in three samples along a radius in sections S36,
S47 and S53 and in five samples along a radius in section S59. The structural formulae are given in Table
3-3. No significant changes were observed among the different retrieved samples and the reference
bentonite. All smectites showed substantial substitution in the octahedral sheet (85-95%), whereas the
substitution of the tetrahedral charge was much lower (between 5 to 15%). In the octahedral sheet,
magnesium substituted mainly for aluminum, the amount of iron being low. All the samples displayed an
octahedral filling below 2.05 mol/fu, matching the dioctahedral character of the smectite. Furthermore,
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since the layer charge was <0.42 MLC/hfu and the percentage of tetrahedral charge <15%, the smectites
can be classified as Wyoming-type montmorillonites (Villar et al., 2017).

Table 3-3. Structural formulae calculated by CIEMAT from the chemical analyses of the <2 pm of
the Ba-homoionized samples(Villar et al., 2017).

a

Sample Structural formula

FEBEX ref" (Si3 04A10.06)"™ (Al 35Fe* 0 2:Mgo 49Tio 01)"" O10(OH)» X 38

Average retrieved (16) | (Sizssz001AL 04z001)" (Al 3520 01F€” 02020 00Mo.482001 Tio.01)"" O10(OH)2 Xo 37

*not homoionised

Table 3-4. Structural formulae calculated by UAM from the analyses of the <2 pm of the samples
Ca-homoionized performed by EDX.

Sample Structural formula

FEBEX ref (Siz 04Alg 05)™ (Al 41Fe™ " 0sMgo 50)"" O10(OH),Cag 24Ko 04

Average retrieved (11) | (Si3 96:002A10 042002)" (Al 41200F€” " 0.092001M05020.02)" - O10(OH)2Cg 2520.02Ko 042001

The only noticeable change that might suggest that illitization processes are occurring, is the increase of
calcium atoms and decrease of irreversibly fixed potassium towards the heater relative the reference
bentonite, obtained by UAM.
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Figure 3-6. Calcium and potassium atoms in the structural formula of the Ca-homoionized
montmorillonite as determined by UAM.

Minerals in the ground bulk materials other than illite/smectite were also quantified by XRD. Scanning
Electron Microscopy (SEM) was also used by CIEMAT to define the microstructural morphology of clay
minerals, possible alteration products and accessory minerals for samples from Sections S36, S47, S53
and S59. Regarding minerals other than illite/smectite, we have the following findings:

— Minerals appearing systematically in all the samples were K-feldspars, quartz, cristobalite, calcite
and plagioclase, all of them in proportions lower than 5%. SEM found that smectite, quartz and K-
feldpar are major ones, with trace amounts of carbonates, sulphates, zircon, monazite, biotite,
muscovite, ilmenite and apatite are found, just as in reference bentonite.



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
September 24, 2018

— The total inorganic carbon (TIC) percentage in the bulk material (>2 pm fractions) would
correspond to an average calcite content about 0.9%, which agrees with the value obtained for the
reference bentonite based on XRD analysis (Kaufhold et al., 2016). The total carbon content for
the three analyses of the <2 pum size fraction was 0.14%, which is only slightly above the value for
the reference bentonite. Most of the carbon measured was inorganic, and the content of organic
carbon was always below 0.06% in the analyses by ETH and below 0.10% in the analyses by BGR.

— Albite was found near the heater.

— In a few samples, dolomite and iron-sulfide was found in the fraction< 2 pm, and there is no clear
pattern. The sulphur content was very low (lower than 0.06%), and in many of the samples analyzed
by CIEMAT even below the detection limit. However, CIEMAT found also a significant overall
sulphur increase in the bulk material (>2 pm) in the samples retrieved with respect to the reference
bentonite, although this was not found by BGR.

— Microorganisms and organic matter (deduced from the carbon content) were found in samples from
the external and middle rings in sections S36, S47, and S59, i.e., in the wettest part of the barrier.
Colonies of microorganisms had systematically been found in the wettest samples from the thermo-
hydraulic tests.

— In section S36, just at the contact with the shotcrete plug, portlandite and ettringite were found,
along with increases of K and Mg in the structure and changes in the Al/Si ratio in the tetrahedral
sheets.

— The spatial distribution of the elements in the bulk solid phase did not follow any particular trend
for most elements. Nevertheless, the content of magnesium increased from the granite towards the
axis of the gallery, both in the sections around the heater and in the cool sections (Figure 3-6).

— The calcium and sodium contents increased from the internal part of the barrier towards the gallery
wall (Figure 3-7 and 3-8). In the case of calcium this increase was particularly clear in the cool
sections analyzed by CIEMAT (S36 and S59). It is important to note that these trends were not
found in the analyses of the less than 2 pm fractions, which would indicate that they do not respond
to changes in the smectite, but in other secondary minerals.
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Figure 3-7. Magnesium content in bulk samples from different sections analyzed by BGR and
CIEMAT (the horizontal dashed lines indicate the reference values).
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Figure 3-8. Calcium content in bulk samples from different sections analyzed by BGR and
CIEMAT (the horizontal dashed lines indicate the reference values).
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Figure 3-9. Sodium content in bulk samples from different sections analyzed by BGR and CIEMAT
(the horizontal dashed lines indicate the reference values).

Regarding cation exchange capacity (CEC), the first impression is that data vary a great deal depending
on the measuring method. Second, there is no clear spatial trend no matter what method had been
employed. The biggest problem with CEC is probably that soluble cations were not separated from the
exchangeable cations. We therefore do not use CEC data to constrain our model in this report.

3.24 Chemical Analysis of the Granitic Pore Water

Groundwater geochemistry was measured over the course of the FEBEX in situ test to study the solute
transport from bentonite to granite. Two boreholes for hydrogeochemical investigation (FU-1, FU-2) were
drilled at the end of 2005 in the FEBEX drift (Figure 3-11) in order to carry out in-situ studies of the
geochemical processes related to the migration of solutes in crystalline rocks (Pérez-Estaun et al., 2006).
FU-1 (17.8 m long) is parallel to the axis of the drift and relatively close to the bentonite interface (20 cm)
and intersects some hydraulically active structures. FU-2 is 17.6 m long and presents a vertical deviation
2° in relation to the axis of the gallery and 1° parallel to the gallery. It lies approximately 60 cm away
from the bentonite interface (Pérez-Estaun et al., 2006). The FU-1 and FU-2 boreholes were separated
into several intervals. A total of 157 water samples were collected from FU-1 and FU-2 from 2006 to
2016. The samples were preserved and analysed for major and trace elements whereas pH, temperature,
and specific electrical conductivity (EC) were measured inside the flow cell through electrodes connected
to a multi-parametric probe. Data for sample collected from interval FU1-3 (Figure 3-11) and FU2-2
(Figure 3-12) are relevant to the models in this report. Because most ions in pore-water in bentonite have
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higher concentrations than those of the pore-water of granite, diffusion from bentonite to granite is
expected to increase the ion concentrations in granite.
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Figure 3-10. Schematic situation of parallel boreholes (FU-1, FU-2 and FU-3) and radial boreholes,
plain view.
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Figure 3-11. Chemical composition evolution of the packed-off interval FU1-3 in the borehole FU-1.
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Figure 3-12. Chemical composition evolution of the packed-off interval FU2-2 in the borehole FU-2.

3.3 Model Development

Since FY15, the model interpretation of the FEBEX in situ test started from a simple TH model and
gradually increased the level of complexity until a coupled THMC model was developed in FY 17 that can
match all of the THM data and the concentration profile of chloride at 5.3 years. In FY'18, the model
effort focuses on the interpretation of the concentration profiles at 18.3 years obtained from the
dismantling of Heater #2 in 2015. The updates of the model are largely about the chemical model whereas
the THM model remains similar with some adjustments of mechanical models and parameters. The model
setup is therefore similar to the previous model in Zheng et al. (2016, 2017). In this section, we briefly
present the model setup: more details about the model development can be found in Zheng et al. (2016;
2017).

3.31 Simulator

The numerical simulations in Zheng et al. (2016, 2017) were conducted with TOUGHREACT-FLAC3D,
which sequentially couples the multiphase fluid flow and reactive transport simulator, TOUGHREACT
V2 (Xu et al., 2011), with the finite-difference geomechanical code FLAC3D (Itasca, 2009). The coupling
of TOUGHREACT and FLAC was initially developed by Zheng et al. (2012) 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., 2013) to account for swelling as a result of changes in
saturation and pore-water composition and the abundance of swelling clay (Liu et al., 2013; Zheng et al.,
2014). A recent addition to the code is the capability of simulating Non-Darcian flow (Zheng et al. 2015b)
and thermal osmosis. In FY 18, the code has been through a major upgrade — TOUGHREACT V2 (Xu et
al., 2011) was replaced with TOUGHREACT V3.0-OMP (Xu et al., 2014). In comparison with
TOUGHREACT V2 (Xu et al., 2011), TOUGHREACT V3.0-OMP (Xu et al., 2014) has the several
major improvements (see http://esdl.Ibl.gov/research/projects/tough/software/toughreact.html), one of the
them is the OpenMP parallelization of chemical routines on multi-core shared memory computers, which
significantly decreases the computation time.
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3.3.2 Modeling Setup

Because the hydration of bentonite is fairly symmetrical, we use an axi-symmetrical mesh (Figure 3-4) to
save computation time so that we can focus on the key coupling processes. However, such a model can
only be used to interpret and predict the THMC behavior in the “hot sections,” i.e., sections of bentonite
block surrounding the heater including sections 41-54 (or more typically section 49) shown in Figure 3-4.

X
Z
1 t
T 0.125m
heater ’
[ e bentonite —s«—— granite ————
0 0.45m 1.135m 50m

Figure 3-13. Mesh used for the model, not to the scale.

The model considers two material zones: one for the bentonite and the other for the granite. The first two
nodes (1 and 2) are located on the external wall of the heater (» = 0.45-0.46 m). Bentonite is located
within 0.45 m <7 < 1.135 m. The remaining domain up to 50 m is used to simulate the granite. The
simulation time starts on February 27, 1997 and ends on July 1, 2015, a total of 6,698 days (18.3 years).

The initial temperature is uniform and equal to 12 °C. A constant temperature of 100 °C is prescribed at
the heater/bentonite interface (» = 0.45 m) while temperature is assumed to remain constant at its initial
value of 12 °C at the external boundary (r = 50 m) because the thermal perturbation induced by the
heaters over the time frame of the experiment does not extend to this boundary.

The bentonite has initially a gravimetric water content of 14%, which corresponds to a saturation degree
of 55% and a suction of 1.11x10° kPa. The boundary conditions for flow include: 1) no flow at 7 = 0.45 m
and 2) a prescribed liquid pressure of 7 bars at 7 = 50 m.

3.3.3 The TH Model

The model considers non-isothermal two phase (air and water) flow, with each individual phase fluxes
given by a multiphase version of Darcy’s Law. For the vapor flow in the air phase, in addition to Darcy
flow, mass transport can also occur by diffusion and dispersion according to Fick’s law. Thermal
behavior is relatively well understood because it is less affected by coupled processes in comparison with
hydrological and chemical processes and the relevant parameters can be reliably measured. In current
model, both conductive (Fourier's law) and convective heat flux are considered in the model and thermal
conductivity is the key parameter.
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Because over the span of water saturation that FEBEX bentonite went through (from an initial degree of
water saturation 55-59% to 100%), the thermal conductivity/water saturation relationship can sufficiently
be represented by a linear relationship; we use a linear relationship implemented in TOUGH?2 (Pruess et
al., 1999):

th = Kwet + Sl(Kwet 'Kdry) 3'1

where K., is the thermal conductivity under fully saturated conditions, K, is the thermal conductivity
under dry conditions, and S, is the liquid saturation degree. K,,., and K, are given in Table 3-2.

The key parameters affecting the hydration of bentonite are permeability of granite, relative permeability
and retention curves of bentonite, the vapor diffusion coefficient and permeability of bentonite. In Zheng
et al. (2015b), the most plausible values for these parameters were discussed and illustrated based on the
results of the sensitivity analysis.

Granite is fractured media and should ideally be represented by fractures and matrix. Just as previous
models for in situ tests (Samper et al., 2008a; Sanchez et al., 2012b), the current model also assumes
granite is a homogeneous porous medium, which requires us to use an equivalent permeability. Based on
the total water flow from tunnel wall at the entire length of test zone (17.4 m, see Figure 3-1) (ENRESA,
2000), the permeability of fractured granite is around 5x10™ to 8x10"® m*. ENRESA (2000) also reports
that the most frequent permeability is 1x10™"® but deems it is more representative of rock matrix. Zheng et
al. (2011) used 8x10™"* m*, Kuhlman and Gaus (2014) estimated permeability of 6.8x 10" m%, and
Sanchez et al. (2012b) used a small value of 8.18x10™' m”. Based on the published values, it seems that a
permeability value between 7x10 " to 8x10™"* m* is plausible. Based on the evaluation in Zheng et al.
(2015b), a permeability of 2x10™"® m? is used (Table 3-5).

The capillary pressure is calculated by van Genuchten function (retention curve) as:

1 ([ aTlm N

Pcap :_;([S ]> _lj 3-2
where P, is the capillary pressure (Pa), S = (S,-S,)/1-S,,) and S, is the water saturation, S;, is the
residual water saturation. S, is 0.1 for bentonite and 0.01 for granite. The values of « and m are given in
Table 3-5. The retention curve has been fairly well studied for FEBEX bentonite. For example, ENRESA
(2000) presented the retention curve for both the drying and wetting path and van Genuchten function
(van Genuchten, 1980) for both were derived with an m ranging from 0.3 to 0.6. Kuhlman and Gaus
(2014) estimated an m of 0.3 and Zheng et al. (2011) and Sanchez et al. (2012b) use an m of 0.18, which
is slightly lower.
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Table 3-5. Thermal and hydrodynamic parameters.

Parameter Granite Bentonite
Grain density [kg/m’] 2700 2780
Porosity ¢ 0.01 0.41
Saturated permeability [m’] 2.0x10" 2.15x10™"
Relative permeability k=S ky=8§°
function, &,
Van Genuchten 1/« [1/Pa] 4.76x10™ 1.1x10°
Van Genuchten m 0.7 0.45
Compressibility, s [1/Pa] 3.2x10” 5.0x10°®
Thermal expansion coeff. 1.0x107 1.5x10™
[1/°C]
Dry specific heat [J/kg- °C] 793 1091
Thermal conductivity 3.2/3.3 0.47/1.15
[W/m-°C] dry/wet
Effective vapor diffusion 1.03x10™ 1.03x10™
coefficient (m?/s)

**Note: in the relative permeability function, S is water saturation

The effective permeability of bentonite has been under scrutiny by modelers (e.g. Zheng et al., 2011) due
to its critical role in determining the hydration of bentonite. It is the product of intrinsic permeability (k)
(or saturated permeability, absolute permeability) and relative permeability (k,). Relative permeability
using k,=S;’ (where S, is water saturation degree) has been consistently used by different models (Zheng et
al., 2011; Sanchez et al., 2012b; Kuhlman and Gaus, 2014) and we use the same function here. The
plausible saturated permeability for FEBEX bentonite in the initial state could range from 1x10™' to
9x10™' m? based on various sources (Zheng et al., 2011; Sanchez et al., 2012b; Kuhlman and Gaus, 2014;
Chen et al., 2009) and we use 2.15x10' m” in the model. However, as demonstrated by Zheng et al.
(2015b), a constant intrinsic permeability for bentonite could not explain the relative humidity data over
the entire thickness of the bentonite barrier. The stress-dependence of permeability for low-permeability
sedimentary rock is fairly well known and has been studied extensively (e.g. Ghabezloo et al., 2009;
Kwon et al., 2001). Many empirical relationships have been put forward to describe the permeability
changes with effective stress. In this report, we ultimately used an empirical relationship obtained by
fitting the permeability-dry density data (ENRESA, 2000) as shown in Equation 3-3:

logk =-2.96p, —8.57 3-3

where p,is dry density. Then a scaling factor a of 1.882, was added to equation 3-3, as shown in
Equation 3-4, such that initial permeability is 2.15x10*' m* :

logk =(-2.96p, —8.57)/ 3-4

According to coupled transport phenomena, thermal, hydraulic and chemical gradients all have effects on
the heat, liquid and solute fluxes. Thermal osmosis is a coupled process that can produce a fluid flux.
Zhou et al. (1999) showed that additional coupled flow terms due to a temperature gradient had
significant effects on the distribution of capillary pressure and saturation degree in a THM model of a
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thick cylinder heating test. The flux of fluid caused by thermal osmosis Vv, can be written as (Dirksen,
1969):

v,, ==k;VT 3-5

where T is temperature and k7 is the thermo-osmotic permeability (m*/K/s). Liquid flux caused by thermal
osmosis term can be added to Darcian terms (Ghassemi and Diek, 2002; Zhou et al., 1999). In current
model, k7 of 1.2x10™"? m*/K/s is used.

3.34 Mechanical Model

In Zheng et al. (2016), we tested two mechanical models for bentonite: a linear swelling model and dual
structure Barcelona expansive clay model (BExM), and found out that both models led to similar fits to
measured THM data. Both methods have pros and cons: BExM provide a mechanistic description of the
swelling of bentonite, but it is more computationally expensive and parameters are difficult to calibrate,
whereas linear swelling models has simple parameterization and parameters can be easily calibrated, but
it does not describe correctly the transient state of swelling. Eventually for the THMC model for the
FEBEX in situ test, we use a method what is somewhat in between --- the state surface approach.

Clay materials are usually porous media, forming the channels the multiphase flows can pass through.
The adoption of one single state variable, such as effective stress, has shortcomings, since non-
recoverable strain or collapse of unsaturated soil due to wetting-drying could not be simulated (Rutqvist
etal., 2011). To overcome this disadvantage, a state surface model for geomaterials is developed based on
the classical Biot’s poro-elastic approach and extended to partially saturated materials. The model’s
equation, as experimentally derived from suction-controlled oedometric tests, was used to express the
nonlinear behavior of poro-elasticity as functions of the void ratio and the applied load. The model was
used to simulate laboratory experiments on the FEBEX bentonite, and now for the interpretation of the
FEBEX in-situ experiment. In FY 2018, we have implemented this state surface model for bentonite in
our simulator, TOUGHREACT-FLAC.

Within the theoretical framework of poromechanics (Coussy, 2004), the constitutive equation of solid
skeleton includes thermal effects and partial saturation and the total stress, g;;, can be written in

incremental form as follows

do—ij = ZGdSU + 5ij/1d5kk - a’mKDé‘ide — 611(15(1]9 3-6

where G, A is the Lame’s constant; §;; is the second order identity tensor; a is the pseudo-Biot’s
coefficient; S is the degree of saturation; p is the liquid pressure; a;, is the volumetric thermal dilation
coefficient; Kp is the bulk modulus of the soil; T is the temperature; and &;; is the small strain tensor.

To take into account the nonlinear behavior, the poro-elastic coefficients of the equation are expressed as
functions of suction (s) and net stress (o, ) by adopting the concept of a state surface equation (Matyas
and Radhakrishna, 1968). Based on results of oedometric tests, Lloret and Alonso (1995) proposed the
equation of void ratio on the state surface:

e =A+BIn(—ay) + CIn(s + p,) + D In(—ay) In (s + py) 3-7
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where e is the void ratio; p, is atmospheric pressure; A, B, C and D are empirical constants; a,, =

(%) — pgy is the mean net stress and s = p — py, is the suction, where pg is the gas pressure. With this

equation, the state of the material can be drawn in g,,-s-e space as Figure 3-14 shows. The figure
displays, in general, that with the increase of mean net stress gy, or the increase of the suction s, the void
ratio decreases, indicating the volume of the material is reduced.

Figure 3-14. State surface for the FEBEX bentonite (Nguyen et al., 2005).

For simplicity, the gas pressure is assumed to be small compared with fluid pressure. Thus, we can obtain

do,, = doy, and dp = ds 3-8

When the temperature change is small, the problem is reduced to an isothermal case, so the change of
mean total stress is derived based on Equation (3-9):

do,, = Kpde, — aSds 3-9

The increment of the volumetric strain can be calculated by the change of the void ratio:

de 3-10
1+e

de, =

Comparing Equation (3-10) with (3-7), we can compute the updated bulk modulus K, based on the partial
derivative as
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1+e (1+e)ay, 3-11
KD —_ po
de B + DIn(s + pg)
doy,

Using the same strategy, we can obtain the pseudo-Biot’s coefficient a as well:
_ Kp ode 1 O C + D In(—ay,) 3-12
a_S(1+e)as_SB+Dln(S+Pa) s+ p,

Note that the pseudo-Biot’s coefficient should range between 0 and 1 as Figure 3-15 shows.

Figure 3-15. Pseudo-Biot’s coefficient (Nguyen et al., 2005).

The state surface model is implemented through the FISH language, which is embedded within FLAC3D
that enables the user to define new variables and functions. In the input parameters, A, B, C and D are the
only material parameters needed to calibrate for the model on the specific material. For the FEBEX
compacted bentonite these parameters are equal to A = 0.91, B =-0.0552, C=-0.0606413 and D =
0.00479977. During each time increment, the mean net stress g,y is calculated first based on the current
pore pressure obtained from TOUGHREACT and previous total stress from FLAC3D, then the pseudo-
Biot’s coefficient @ and the void ratio are computed following Equation (3-12) and Equation (3-7)
respectively. With the updated void ratio, the bulk modulus is modified as well as Equation (3-11)
expresses. The equivalent hydraulic stress due to suction change contributes to each grid’s unbalanced
force, which is redistributed to the associated nodes in each grid. Then the geomechanical simulator
FLAC3D solves the momentum balance equation based on poromechanical constitutive laws.
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3.3.5 Chemical Model

The development of a chemical model requires first the knowledge of initial chemical conditions in
bentonite and granite, i.e., the initial mineralogical and pore water compositions. During the operation of
the FEBEX in situ test, extensive mineralogical characterization was conducted, based on the results
presented in ENRESA (2000), Fernandez et al. (2004), Ramirez et al. (2002), which were the basis for
establishing the mineral compositions in the previous models (e.g. Zheng et al., 2016). After the final
dismantling of the FEBEX in sifu test, characterization of mineral phases was conducted (Villar et al.,
2017). In this report, the mineral phases and their volume fraction (Table 3-6) are based on the results
given in ENRESA (2000), Fernandez et al. (2004), Ramirez et al. (2002) and Villar et al. (2017). Trace
amounts of zircon, monazite, biotite, muscovite, ilmenite and apatite have been reported in Villar et al.
(2017), but zircon, monazite and apatite not included in the model because there are no water chemistry
data for Zr, Ce and phosphate. Biotite, muscovite and ilmenite are trace rock-forming minerals and
unlikely have tangible interactions with the aqueous phase, and, therefore, are not considered in the
model. Note that all these publications used mass fraction which is transformed to volume fraction (ratio
of the volume for a mineral to the total volume of medium) using a porosity of 0.41 (see Table 3-6). Note
the minerals that have zero initial volume fractions are the secondary minerals that could be formed.
Detailed mineralogical composition of the Grimsel granite was given in Garralon et al. (2017). Previous
THC models for the in situ test (Samper et al., 2008a; Zheng et al., 2011) only include quartz in the
mineral assemblage in granite. Siitari-Kauppi et al. (2007) reported that Grimsel granite is composed of
quartz, K-feldspar, plagioclase and a small amount of “dark material” and Garralon et al. (2017) gave a
detailed list. In the current model, we consider quartz, K-feldspar, plagioclase in granite with their volume
fractions listed in Table 3-6.

Table 3-6. Mineral volume fraction (dimensionless, ratio of the volume for a mineral to the total
volume of medium) FEBEX bentonite (ENRESA, 2000; Fernandez et al., 2004; Ramirez et al.,
2002) and granite (Zheng et al., 2011).

; FEBEX Bentonite Granite
Mineral
Calcite 0.00472 0
Smectite 0.546 0
Gypsum 0.00059 0
Quartz 0.018 0.37
Cristobalite 0.0059 0.00
K-Feldspar 0.0059 0.35
Plagioclase 0.0059 0.27
Dolomite 0.0 0
Illite 0.0 0
Kaolinite 0.0 0
Siderite 0.0 0
Ankerite 0.0 0
Anhydrite 0.0 0
Chlorite 0.0 0

FEBEX bentonite blocks have an initial gravimetric water content of 13.5-14% (ENRESA 2000). The
model presented in this report uses the pore water composition (see Table 3-7) inferred by Fernandez et
al. (2001) from aqueous extract data. The pore water composition for granite (Table 3-7) is taken from
Zheng et al. (2011).
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Table 3-7. Pore-water composition (mol/kg water except for pH) of FEBEX bentonite (Fernandez et
al., 2001) and granite (Zheng et al., 2011).

EBS Bentonite: FEBEX Granite

pH 7.72 8.35
Cl 1.60E-01 1.31E-05
SO,™ 3.20E-02 7.86E-05
HCOy 4.1E-04 3.97E-04
Ca™ 2.2E-02 1.81E-04
Mg" 2.3E-02 1.32E-06
Na* 1.3E-01 3.76E-04
K 1.7E-03 7.80E-06
Fe™ 2.06E-08 2.06E-08
Si0,(aq) 1.1E-04 6.07E-04
AlOy 1.91E-09 3.89E-08

In the chemical model, we consider aqueous complexation, cation exchange, surface complexation and
mineral dissolution/precipitation. Aqueous complexes and their disassociation constants for reactions that
are written in terms of the primary species in Table 3-7 are listed in Table 3-8. These thermodynamic data
were taken from Data(0.dat. YMPv4.0, an EQ3/6 (Wolery, 1993) database qualified by the U.S. DOE for
the Yucca Mountain project. Surface protonation reactions are given in Table 3-9 and cation exchange
reactions are given in Table 3-10.

Table 3-8. Aqueous complexes and their dissociation constants

Species éosgo g) Species éosgog)
OH 13.99 MgHCO;"  |-1.03
N -22.88 CO,(aq) -6.34
HAIO(aq) [6.45 CO;™ 10.33
INaAlOy(aq) [0.75 CaCOs(aq) [7.01
AIOH " -17.87 KCl(aq) 1.50
AI(OH),”  }12.78 MgCl* 0.14
IAI(OH)s(aq) }6.72 MgSO,(aq) |2.38
CaCl 0.70 NaSOy4 -0.81
CaCly(aq)  0.65 KSO, -0.88
CaSO4(aq)  [2.10 NaHSiOs(aq) [8.30
NaCl(aq) 0.78 CaOH" 12.85
FeCl" 0.17 NaOH(aq)  [14.15
FeHCO;"  [2.04 NaCO5 0.82
FeCOs(aq) 1%.88 NaHCOs(aq) 0.17
FeCl,” 1.94 CaHCO;"  |1.04
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Table 3-9. Surface protonation reactions on montmorillonite (Bradbury and Baeyens, 2005)

Surface complexation Log K
mon sOH, =mon sOH+H" -4.5
mon_sO~ + H' =mon _sOH 79

mon wlOH, =mon wlOH+H" | 4.5

mon wl1O-+ H'T=mon wlOH 7.9

mon w20H," =mon w20H+H" | -6

mon w20- + HT =mon w20H 10.5

Table 3-10. Cation exchange reactions on montmorillonite and illite (Bradbury and Baeyens, 2005)

Cation exchange reaction Knam
Na' + mon-H = mon -Na + H" 1

Na' + mon -K = mon -Na + K* 0.0775
Na" + 0.5 mon -Ca=mon -Na + 0.5Ca” | 0.302
Na® + 0.5 mon -Mg = mon -Na + 0.5Mg™* | 0.302

Table 3-11. Equilibrium constants for mineral precipitation/dissolution at 25 °C

Primary Mineral log(K) Secondary log(K)
Mineral
Calcite 1.85 Siderite 1.543
Smectite-Na -34.62 Dolomite 2.524
Quartz -3.75 Ankerite -1.035
K-feldspar -22.91 Illite -47.33
Albite -20.133 Chlorite 4.298
Anorthite -19.19 Kaolinite -39.9
Gypsum -4.472 Anhydrite -4.297

The equilibrium constants for precipitation/dissolution of primary minerals (minerals that are present
initially) and secondary minerals are listed in Table 3-11. Note that plagioclase is a solid solution with
albite and anorthite as its end members. In the current model, we assume plagioclase in both bentonite
and granite contains 20% anorthite and 80% albite (named ab80an20) so that there is a quasi-equilibrium

between pore water and plagioclase.

Mineral dissolution/precipitation is kinetically controlled. The kinetic law for mineral

dissolution/precipitation is given in Xu et al. (2011). The kinetic rates and surface areas for the minerals
considered in the model were taken mostly from Xu et al. (2006) (Table 3-12). 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 the Kinnekulle bentonite, Sweden

(Pusch and Madsen, 1995).



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel

September 24, 2018 49
Table 3-12. Kinetic properties for minerals considered in the model (Xu et al., 2006).
Mineral A Parameters for Kinetic Rate Law
2
(em'/g) Neutral Mechanism Acid Mechanism Base Mechanism

Kas E. Kas E. n(H) | ks E, n(H")

(mol/m’-s) (kJ/mol) (mol/m*-s) | (kJ/mol) (mol/m*-s) | (kJ/mol)
Quartz 9.8 1.023x107 87.7
K-feldspar 9.8 3.89x10™" 38 8.71x10"" | 51.7 0.5 6.31x10"2 | 94.1 -0.823
Kaolinite 151.6 6.91x10™" 222 4.89x10" | 65.9 0.777 | 8.91x10™ | 17.9 -0.472
Illite 1.18x10*™ | 1.66x10™" 105 @
Chlorite 9.8 3.02x10™"° 88 7.76x10"? | 88 0.5
Calcite 3.5 1.63x107 23.5
Dolomite 12.9 2.52x10™"2 62.76 2.34x107 | 43.54 1
Ankerite 9.8 1.26x10° 62.76 6.46x10" | 36.1 0.5
Smectite 1.18x10*™ | 1.66x10™" 105 @
Cristobalite 9.8 1.023x107™* 87.7
ab80an20 9.8 1.023x10™" 87.7

M calibrated based on the field illitization data (Liu et al., 2013)
@ from Pusch and Madsen (1995)

3.4 Model Results

The ultimate goal of using coupled THMC model to interpret the data collected in the FEBEX in situ test
is to understand the THMC evolution of bentonite under simulated repository conditions, so that we can
use most plausible processes and parameters to describe the behavior of bentonite. Once the coupled
THMC model can simultaneously match the measured temperature, relative humidity, water content,
stress, aqueous concentrations, and mineral phase changes, we can further use it to predict the long term
(e.g. 100,000 years as required by most performance assessment) under different conditions, such as
under higher temperature as was done by Zheng et al. (2015a).

3.4.1

The safety functions of EBS bentonite include limiting transport in the near field including water
infiltration from host granite into bentonite and migration of radionuclides from canister to host rock;
damping the shear movement of the host rock; preventing the sinking of canisters (if emplaced in the
center of the tunnel), limiting pressure on the canister and rock, and reducing microbial activity. The
significance of thorough understanding of hydration dynamics of bentonite is that the unsaturated phase
of bentonite coincides with the high temperature period of bentonite; the combination of these two
conditions might result in some irreversible change of bentonite, which will affect the ability of bentonite
retarding the migration of radionuclides once the canister is fully corroded, presumably1000-10,000 years
after the emplacement of radioactive waste. In this section, we present the key processes that control the
hydration of bentonite revealed by the THMC model of the FEBEX in situ test and also the processes that
we think are not relevant to the hydration of bentonite.

3.4.1.1

When a TH model was developed for the FEBEX in situ test (Zheng et al., 2015), it was clear that the TH
model was not able to match the measure temporal evolution of relative humidity at several radial
distances. In fact, THM/THC models for mock-up tests (Zheng and Samper, 2008; Sanchez et al., 2012b)
clearly showed that the typical Darcy flow model overestimated the hydration of FEBEX bentonite.
While summarizing the main findings from 15 years of operation of the mock-up and in situ tests, Lanyon
et al. (2013) identified three second-order processes that may be relevant: thermal osmosis, threshold
gradient for flow (i.e. Non-Darcian flow) within bentonite, and the evolution of pore structure during
hydration. We therefore added Non-Darcian flow to the TH model, aiming to resolve the discrepancy

Processes Controlling the Hydration of Bentonite

Non-Darcian Flow
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between model and relative humidity data to some extent knowing that Non-Darcian flow won’t solve all
the problem as other processes might also be at play, especially HM coupling.

After implementing the model of Non-Darcian flow into the simulator, according to Liu and Birkholzer
(2012), we calibrated the most important parameter for Non-Darcian flow, the threshold gradient, based
on a permeability test (Samper et al., 2008b). The calibration process was given in Zheng et al. (2015). A
Non-Darcian flow in the TH model was developed for the FEBEX in situ test. Comparison between
relative humidity data and model results from the Darcy and Non-Darcian flow TH models at several
radial distances were checked. The Non-Darcian flow models significantly underestimated the relative
humidity data (Figure 3-16), even in bentonite near the bentonite/granite interface.
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Figure 3-16. Measured relative humidity by sensors located at a radial distance of 0.52 m in sections
E2 and E1 (see Figure 3-2 for their locations) and model results from the Darcy flow TH model and
the Non-Darcian Flow TH model.

The relevance of Non-Darcian behaviour is clear for saturated flow in clay rock (Liu and Birkholzer,
2012 and references cited therein), and intuitively one would try to evaluate whether Non-Darcian
behaviour would be relevant to unsaturated flow in clay rock. However, when the numerical model was
used to evaluate such relevance, there are a couple of issues that might prevent us from clearly delineating
the contribution of Non-Darcian flow to unsaturated clay or bentonite. First and foremost, the calibration
of relative permeability and retention curves overshadows the effect of Non-Darcian flow. The non-linear
relationship between water flux and hydraulic gradient, which motivates the relevance of Non-Darcian
behavior to water flow, is already accounted for, at least partially, by the relative permeability (which, in
turn, is a function of the retention curve) in the flux-gradient relationship for unsaturated flow. In other
words, the non-linear relationship between water flux and hydraulic gradient for unsaturated flow might
be affected by two features: Non-Darcian flow and relative permeability. However, in most modelling



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
September 24, 2018 51

exercises, relative permeability is calibrated based on a Darcy-type flow model. As a result, the
calibration of the parameters associated with relative permeability overshadows the contribution of Non-
Darcian flow— the parameters for relative permeability might be “over-calibrated,” so that the effect of
Non-Darcian flow appears irrelevant. For FEBEX bentonite, the relative permeability and water retention
functions were calibrated based on the Darcy type flow model (ENRESA, 2000), which essentially
obviates Non-Darcian flow for unsaturated bentonite. Thus, if the Non-Darcian flow model is added in
addition to the relative permeability function calibrated based on Darcy flow, as in the model presented in
this section, we may miscalculate the non-linear function between flux and gradient, and consequently the
model would significantly underestimate the water inflow from granite to bentonite, as shown in Figure
3-16. This is essentially an issue of process uncertainty versus parameter uncertainty, which is faced by
many complex models. Second, Cui et al. (2008) reported that threshold gradients are different for
different capillary pressure. In this report, we used the equation proposed in Liu and Birkholzer (2012), in
which threshold gradient is solely a function of saturated permeability. Further research is needed to
incorporate the effect of capillary pressure, when a threshold gradient is calculated. However, even
though we can improve our threshold gradient calculation by incorporating the capillary pressure, it is
unlikely to eliminate the aforementioned issue of process uncertainties versus parameter uncertainties.

3.4.1.2 The Quasi-Final THMC Model

In FY 16, after extensive calibration simulations, we finally obtained a THMC model (Zheng et al., 2016),
and the results of simulations practically matched measured temporal evolution of temperature, relative
humidity and stress at several radial distances, and measured spatial distribution of water content and dry
density at 5.3 and 18.3 years, namely all the THM data available in our possession. To distinguish this
from the final THMC model presented in the report, we named this model the “quasi-final THMC
model.” In comparison with the TH model, this quasi-final THMC model includes the mechanical process
and calculated the change of void ratio according to a state surface approach:

e=A+Blno'+Cln(y + p“)+ DIno'In(y + p“) 3-13

Regarding the change of permeability, the quasi-final THMC model used an exponential law (David et
al., 1996):

k = kyexp[—y (o — gp)] 3-14

where k is the permeability at the effective stress o, kg is the permeability at initial stress gy and is equal
to 2.15E-21 m’; y is the stress sensitivity coefficient and equal to 1E-7 Pa™ in the current model based on
the calibration against THM data. The stress-dependence of permeability for low-permeability
sedimentary rocks is well-known and has been studied extensively (e.g. Ghabezloo et al., 2009; Kwon et
al., 2001). Many empirical relationships have been put forward to describe the permeability changes with
effective stress. Equation 3-14 is one approach to describing permeability.



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
52 September 24, 2018

100

R=0.52m

90

£
>
=
T
€
=]
£
9 A WCSE2-03
'ﬁ o WCSE2-04
2 O  WCSE1-03
(3 < WCSE1-04
— =TH model, Darcy flow
= = Quasi-final THMC model
. Final THMC model
T T T
0 5 10 15 20
Time (year)

Figure 3-17. Measured relative humidity by sensors located at a radial distance of 0.52 m and
results from the TH model, the quasi-final THMC model and final THMC model.
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Figure 3-18. Measured water content at 5.3 and 18.3 years, and results from the TH model, the
quasi-final THMC model and final THMC model.
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Figure 3-19. Measured stress by sensors located at a radial distance of ~0.5 m in section E2 and
results from the quasi-final THMC model and final THMC model.

The quasi-final THMC model matches nicely all available THM data, including temporal evolution of
temperature, relative humidity and stress at several radial distances and water content data at two time
snapshots, as exemplified in Figures 3-17 to 3-19. Considering that the transport of conservative chemical
species (e.g. chloride) is largely controlled by water movement, one would expect that the quasi-final
THMC model should be able to match the concentration profile of chloride. However, as shown in Figure
3-20, the quasi-final THMC model overestimates significantly the measured chloride concentration in
bentonite near the granite and underestimates the measured chloride concentration near the heater, and
adjusting the diffusion coefficient did not improve the match (Zheng et al., 2016). Therefore, in the final
THMC model (details are given in Section 3.3), two changes were introduced to the THMC model. First,
a coupling process, thermal osmosis, was added to the model, with a calibrated thermal osmotic
permeability. Second, the permeability changes as a function of swelling were revised — instead of
relating permeability to stress (see Equation 3-14), permeability is related to dry density (which is a
function of porosity) based on the measured permeability at different dry density (ENRESA, 2000) as in
Equation 3-4. The final THMC model can achieve a match similar to that of the THM data, as
exemplified by the relative humidity data (Figure 3-17), water content data (Figure 3-18) and stress data
(Figure 3-19) and unlike the quasi-final THMC model, the final THMC model matches the chloride
concentrations measured at 5.3 years and 18.3 years well. The lessons learned here is that chemical data
provide an important additional piece of information for calibrating a THM model.
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Figure 3-20. Calibrated chloride concentration data at 5.3 years from aqueous extract test for
sections 29, 28, and 19 (Zheng et al., 2011), calibrated chloride concentration data at 18.3 years
from aqueous extract test for section 47 (data S47, 18.3 yrs) and section 53 (data S53, 18.3 yrs),
chloride concentration data from squeezing test for section 47 (Sq data, S47, 18.3 yrs) and model
results from the THMC model.

3.4.2 Geochemical Evolution in the Test

As presented in Section 3.2, two types of geochemical data are available for the FEBEX in situ test: ion
concentration in the pore water of bentonite and granite, compositions of solid phase including minerals
phases and exchangeable cations. While both types of data help us understand the geochemical evolution
in the in situ test, model interpretation has to heavily focus on the ion concentration in pore water of
bentonite and granite. The solid phases underwent relatively small changes and their spatial and temporal
evolution are overshadowed by the measurement variation. For example, measured mass fraction of
smectite ranges from 85% to 96%, depending on laboratory and sample; such variation is much larger
than expected the change in smectite mass fraction, and have no clear spatial trend, and therefore the
measured mass fractions of smectite are of little use for constraining the model. Some geochemical data,
such as the content of calcium in solid phases, shows clear trends, and can be used to qualitatively
constrain the model because such data are not comparable to the model results unless additional
information, e.g. for this case a complete list of mass fraction of all minerals, is known. In this section, we
primarily use the comparison of model and data for ion concentrations in pore-water of bentonite to guide
the discussion, with data from solid phases providing supplementary information. However, attention is
called that the ion concentrations in pore-water of bentonite are measured through an indirect method,
aqueous extract, and geochemical modeling was conducted to infer the “true” ion concentration in pore-
water from aqueous extract data, thus adding another layer of uncertainties to understand the chemical
evolution in bentonite.

Geochemical evolution is the consequence of coupled THMC processes. THM processes strongly affect
the geochemical evolution but usually not vice versa, which is why from FY15 to FY17, a great deal of
effort was dedicated to have a sound THM model that can match the THM data. Once the THM processes
are relatively well established, before we study the possible chemical reactions, we need to constrain the
transport process. While the advection of chemical species is fixed in the THM model, diffusion has to be
calibrated in the chemical model.
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Because chloride is only controlled by transport processes, its temporal and spatial evolution is a good
indicator of the transport processes. The final calibrated effective diffusion coefficient for Cl is the
P1/3519/3%x2x1071%m? /s, where @ is porosity and S is water saturation. Depending on the time and
location, the effective diffusion coefficient ranges from 8x10™* m%s to 1.4x10"'> m?/s, with effective
diffusion coefficient for most time and locations around (0.4 — 1.4)x10™? m%s. Figure 3-20 shows the
comparison of chloride concentration data and model results. The THMC model nicely fit the data near
the heater, indicating that the chloride concentration could be fairly high at the canister-bentonite
interface. If such a trend persists for an extended time period until the canister is fully corroded, the high
chloride concentration might significantly affect the degradation of waste. As granite pore water (which
has much lower chloride concentration than bentonite pore water) infiltrates into the bentonite, it dilutes
the bentonite pore water significantly as shown by the very low chloride concentration near the granite
(radial distance between 0.8 and 1.1 m). Meanwhile, bentonite pore water was pushed further near the
heater and evaporation caused an increase in chloride concentration, as manifested by the high chloride
concentration near the heater.

Another mass exchange process between bentonite and granite is the diffusion of Cl from the bentonite to
the granite, which leads to a higher CI concentration in granite pore water. As mentioned in Section 3.2.4,
granite pore water samples were collected in two tunnels, FU1 and FU2, 0.2 and 0.6 m away from the
tunnel wall (bentonite/granite interface), respectively. We therefore check the comparison of model
results and data (Figure 3-21). Reasonable fit was achieved, which support the parameterization of the
transport process in bentonite.
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Figure 3-21. Model results and chloride concentration data in granite. Data in FU1-3 are collected
from a tunnel at 0.2 m away from the bentonite/granite interface; Data in FU2-2 are data from
tunnel 0.6 m away from the bentonite/granite interface.

Measured sulfate data (Figure 3-22) show a spatial profile that is different from the profile for chloride,
indicating that chemical reactions play significant role in shaping the spatial and temporal evolution of
sulfate in addition to transport processes. The final calibrated effective diffusion coefficient for sulfate is
the same as Cl, ranging from 8x10™* m%s to 1.4x10"'> m?%/s, and at most times and locations the effective
diffusion coefficient is around (0.4 — 1.4)x10-12 m*/s. A good match between model results and sulfate
concentration measured at the two tunnels in granite (Figure 3-23) seems support the calibrated effective
diffusion coefficient for sulfate. However, model and data for the spatial profiles in bentonite faced a
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great challenge in matching each other for both small scale heating and hydration tests (Zheng et al.,
2010) or the in situ test after dismantling of Heater #1 (Zheng et al., 2011). The challenge problems are
(1) the data are not directly measured but rather inferred from the aqueous extract (see section 3.2.1.1),
using a geochemical model, in which the initial amount of gypsum is critical, (2) initially FEBEX
bentonite (ENRESA, 2000) contains small amount of gypsum, but the bentonite samples contain gypsum,
and (3) the layout of collected bentonite samples after dismantling the heaters is uncertain due to the
spatial heterogeneity of bentonite. The current model assumes the initial content of 0.3% of gypsum.
Once the heating started, gypsum dissolves (Figure 3-24), forming anhydrite (CaS04.2H,0), which has
lower solubility than gypsum at temperatures higher 43 °C (Figure 3-25). As granite pore water infiltrates
into the bentonite, anhydrite dissolves, which raises the concentration of sulfate. Later, as more granite
pore water infiltrates into the bentonite, dilution leads to a decrease in sulfate concentration and
apparently bentonite in the area near the granite undergoes more dilution, lowering the concentration.
Meanwhile, evaporation near the heater leads to higher sulfate concentration and more precipitation of
anhydrite therein (Figure 3-28). The simulated concentration profiles at 5.3 and 18.3 years are basically a
reflection of these processes. The model results match well the inferred data at 5.3 years, but not at 18.3
years. It is noteworthy that model results match the data measured by squeezing well, which do not
require model inference like aqueous extract data. Another possibility is that pyrite oxidation occurs at the
early stage of the in situ test and sulfate reduction takes place when the bentonite becomes more reducing
at the latter stage of the test. However, Fernandez et al. (2017) showed a high amount of dissolved O, in
the initial pore water of bentonite, 0.2 mmol/L, which makes the water highly under-saturated with
respect to pyrite and essentially rules out the possibility of the existence of pyrite. Moreover, if pyrite is
initially present, it will be quickly oxidized and would lead to high Fe concentration in the bentonite pore
water, which has not been observed in the FEBEX in situ test. However, as we are synthesizing the
measured pore water concentration, gas, biological and mineralogical data, other possibilities could exist
for better interpretation of the sulfate data. The precipitation of anhydrite is consistent with the high sulfur
content in some samples.
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Figure 3-22. Calibrated sulfate concentration data at 5.3 years from aqueous extract test for
sections 29, 28, and 19 (Zheng et al., 2011), calibrated chloride concentration data at 18.3 years
from aqueous extract test for section 47 (data S47, 18.3 yrs), sulfate concentration data from
squeezing test for section 47 (Sq data, S47, 18.3 yrs) and model results from the THMC model.
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Figure 3-23. Model results and sulfate concentration data in granite. Data in FU1-3 are collected

from a tunnel at 0.2 m away from the bentonite/granite interface; Data in FU2-2 are data from
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tunnel 0.6 m away from the bentonite/granite interface.
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Figure 3-24. Model results of gypsum volume fraction change at 5.3 and 18.3 years. Negative value

means dissolution and positive value means precipitation.
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Figure 3-25. Model results of anhydrite volume fraction change at 5.3 and 18.3 years. Negative
value means dissolution and positive value means precipitation.
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Figure 3-26. Calibrated pH data at 5.3 years from aqueous extract test for sections 29, 28, and 19
(Zheng et al., 2011), pH data at 18.3 years from aqueous extract test for section 47 (data S47, 18.3
yrs) and section 53 (data S53, 18.3 yrs), pH data from squeezing test for section 47 (Sq data, S47,
18.3 yrs) and model results from the THMC model.

It was found out by previous modeling (e.g., Zheng et al., 2011; Zheng et al., 2015) that pH is buffered by
surface protonation and maintained at the initial level. As shown in Figure 3-26, from 5.3 years to 18.3
years, pH does not change significantly in most areas. The spatial profile of pH is also fairly flat, except
in the areas near the granite and the heater. The increase in pH in bentonite pore water at the vicinity of
heater is related to the dissolution of montmorillonite (Figure 3-36). The current model confirms that
surface protonation buffers pH. In the in situ test, granite water has a pH just slightly higher than
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bentonite pore water, surface protonation seems to be able to maintain pH at a stable level in most area.
Model also indicates that the pH buffer by surface protonation is limited — when there is significant
mineral dissolution or precipitation, pH could go up or down significantly. It remains to be seen whether
surface protonation is able to maintain a stable pH in bentonite when it is in contact with concrete, whose
pore water is highly alkaline.

Bicarbonate concentration data have been very difficult to match by modeling because of the uncertainties
in both the CO, gas evolution in the bentonite barrier in the in situ test and the inference of bicarbonate
concentration data from aqueous extract. As shown in Figure 3-27, inferred aqueous extract data vary two
orders of magnitude for the samples at the same location. Data measured by squeezing do not show any
clear spatial trend, but the inferred aqueous extract data show a roughly decreasing trend from granite
towards the heater. The current model, which accounts for the CO, gas evolution and carbonate minerals,
has the same trend except the area near the heater. Even though organic reactions, i.e. bacteria-mediated
reactions, are considered, the model results might be not be very different.
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Figure 3-27. Calibrated bicarbonate concentration data at 5.3 years from aqueous extract test for
sections 29, 28, and 19 (Zheng et al., 2011), calibrated bicarbonate concentration data at 18.3 years
from aqueous extract test for section 47 (data S47, 18.3 yrs) and section 53(data S53, 18.3 yrs),
bicarbonate concentration data from squeezing test for section 47 (Sq data, S47, 18.3 yrs) and
model results from the THMC model.

Sodium concentration in the bentonite barrier goes through similar transport processes that control
chloride concentration profiles in bentonite, which leads to higher sodium concentrations near the heater
and lower concentrations near the granite (Figure 3-28). However, chemical reactions such as cation
exchange mitigate the concentration change such that the concentration of sodium is not as low as that of
chloride near the granite and not as high as that of chloride near the heater. The final calibrated effective

2
diffusion coefficient for sodium is the @¢*/3519/3 ><3><10_1°[m7], ranging from 1.2x10™° m%/s to 2.1x10™"

m?/s, and at most times and locations the effective diffusion coefficient is around (0.6 —2.1)x10-12 m%/s.
Model results and sodium concentration data in granite show similar trend (Figure 3-29), which weakly
confirms the mass exchange between bentonite and granite calculated by the model is roughly in the
ballpark and provide a supplementary support of the parameters for sodium transport. Exchangeable
sodium data are not used here because they are unreliable. The measured sodium contents in solid phases
increased from the internal part of the barrier towards the gallery wall (see Section 3.2), which cannot be
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explained by the current model. No sodium-bearing mineral precipitates in the current model. Further

investigation of both model and data is needed.
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Figure 3-28. Calibrated sodium concentration data at 5.3 years from aqueous extract test for

sections 29, 28, and 19 (Zheng et al., 2011), calibrated sodium concentration data at 18.3 years from

aqueous extract test for section 47 (data S47, 18.3 yrs) and section 53 (data S53, 18.3 yrs), sodium
concentration data from squeezing test for section 47 (Sq data, S47, 18.3 yrs) and model results

from the THMC model.
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Figure 3-29. Model results and sodium concentration data in granite. Data in FU1-3 are collected
from a tunnel at 0.2 m away from the bentonite/granite interface; Data in FU2-2 are data from

tunnel 0.6 m away from the bentonite/granite interface.

A reliable prediction of the evolution of potassium concentration is important because potassium is
critical for illitization, which is one of the major concerns of the bentonite barrier. The FEBEX in situ
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test, the longest field test, provides a great opportunity to learn about the evolution of potassium
concentration. The current THMC model reproduces reasonably well the concentration data at 5.3 years
and 18.3 years (Figure 3-30). Modeling work shows that, in addition to the transport processes, cation
exchange is the most important reaction that regulates the temporal and spatial distribution of potassium,
but cannot be confirmed by measured exchange of potassium because the data are unreliable. The final
calibrated effective diffusion coefficient for potassium is the @/351%/3x3x1071%[m?/s], ranging from
1.2x10™" m?%s to 2.1x10™"? mz/s, and at most times and locations the effective diffusion coefficient is
around (0.6 —2.1)x10™? m%s.
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Figure 3-30. Calibrated potassium concentration data at 5.3 years from aqueous extract test for
sections 29, 28, and 19 (Zheng et al., 2011), calibrated potassium concentration data at 18.3 years
from aqueous extract test for section 47 (data S47, 18.3 yrs) and section 53 (data S53, 18.3 yrs),
potassium concentration data from squeezing test for section 47 (Sq data, S47, 18.3 yrs) and model
results from the THMC model.

The relevance of calcium evolution in the bentonite to the performance of the bentonite barrier lies in its
impact on pH through dissolution/precipitation of carbonate minerals, such as calcite, dolomite, and its
complexation with uranium and its impact on redox conditions via gypsum dissolution and sulfate
reduction. The current model matches well the calcium data at 5.3 years, but falls short of matching the
calcium data at 18.3 years (Figure 3-31). An increase in the initial amount of gypsum in bentonite helps to
improve the fits at 18.3 years, but worsens the match at 5.3 years. However, just like inferred aqueous
extract data for bicarbonate, calcium data are less reliable, because the involvement of CO, gas and
calcite dissolution over the course of conducting the aqueous extract experiment, whereas the amount of
calcite is unknown before aqueous extract is conducted. In other words, it is not clear if the mismatch
between the THMC model data and inferred data is caused by the THMC model or the uncertainty in the
inference of aqueous extract data. The final calibrated effective diffusion coefficient for calcium is the

2
@FLRg10/3 %351 010 [mT], ranging from 1.2x10™" m%/s to 2.1x10™"> m%s, and at most times and locations
the effective diffusion coefficient is around (0.6 —2.1)x10"* m*/s. Model results and calcium
concentration data in granite match each other approximately (Figure 3-32), which provides a

supplementary support of the parameters for the calcium transport in bentonite. Calcite precipitates more
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in bentonite near the granite and less in bentonite near the heater, which is consistent with trend of

measured calcium content in the solid phases (see Section 3.2).
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Figure 3-31. Calibrated calcium concentration data at 5.3 years from aqueous extract test for
sections 29, 28, and 19 (Zheng et al., 2011), calibrated calcium concentration data at 18.3 years
from aqueous extract test for section 47 (data S47, 18.3 yrs), calcium concentration data from
squeezing test for section 47 (Sq data, S47, 18.3 yrs) and model results from the THMC model.
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Figure 3-32. Model results and calcium concentration data in granite. Data in FU1-3 are collected
from a tunnel at 0.2 m away from the bentonite/granite interface; Data in FU2-2 are data from
tunnel 0.6 m away from the bentonite/granite interface.
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Figure 3-33. Model results of calcite volume fraction change at 5.3 and 18.3 years. Negative value
means dissolution and positive value means precipitation.

The current THMC model shows a decent match to the magnesium data at 5.3 years and 18.3 years
(Figure 3-34). Data collected after the final dismantling showed that magnesium contents in the solid
phases increase towards the heater, which is not explained by the current model. Precipitation of dolomite
could be a possible explanation for the increase in magnesium towards heater, but it contradicts the
decrease of calcium content in the solid phases towards the heater. Further study on the both the data and
model is needed.
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Figure 3-34. Calibrated magnesium concentration data at 5.3 years from aqueous extract test for
sections 29, 28, and 19 (Zheng et al., 2011), calibrated magnesium concentration data at 18.3 years
from aqueous extract test for section 47 (data S47, 18.3 yrs), magnesium concentration data from
squeezing test for section 47 (Sq data, S47, 18.3 yrs) and model results from the THMC model.
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The evolution of clay minerals, namely montmorillonite and illite, has great implications to the long-term
stability of the bentonite barrier. Many laboratory heating tests are often too short to show significant
change in clay minerals. Also, conditions in the laboratory tests are very different from the in situ
condition and the implications of these test results require interpretation. The mineral characterization of
the samples collected after the final dismantling provides insight on the possible change of clay minerals
after long-term heating and hydration. Unfortunately, given the large sample-to-sample variation of the
illite fraction in the illite/smectite mixed layer clays, it is impossible to delineate if there is any increase or
decrease of the illite mass fraction by comparison with the reference bentonite. Models show illitization
near the heater, as manifested by illite precipitation and montmorillonite dissolution, but on the order of
less than 1%, which cannot be proved or disapproved by the data.
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Figure 3-35. Model results of illite volume fraction change at 5.3 and 18.3 years. Negative value
means dissolution and positive value means precipitation.
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Figure 3-36. Model results of montmorillonite volume fraction change at 5.3 and 18.3 years.
Negative value means dissolution and positive value means precipitation.

3.5 Summary and Future Work

The FEBEX in situ test, which lasted for more than 18 years, generated extremely valuable data for
validating the coupled THMC model and improving our understanding of the factors and processes
affecting the temporal and spatial evolution of the bentonite barrier over the course of long-term heating
and hydration. In the FEBEX-DP project, Heater #2 was dismantled and extensive THMC
characterization was conducted. The ultimate goal is to use THMC data from FEBEX-DP to validate
THMC models and to enhance our understanding of coupled THMC processes in bentonite.

Since FY15, the model for the FEBEX in situ test evolved from the TH model to the THMC model.
Significant efforts were dedicated to understanding the lower-than-expected relative humidity data near
the heater. The main scientific problems that have been tested include the Non-Darcian flow model,
swelling via Barcelona Expansive Clay model, linear swelling model, state surface model, and various
constitutive relationships for saturated permeability in bentonite as functions of either stress or dry
density. After extensive calibration, the THMC models developed in FY 16 (Zheng et al., 2016) matched
reasonably the measured temporal evolution of temperature, relative humidity and stress at several
compliance points in the bentonite barrier and the measured spatial distribution of water content and dry
density at 5.3 years, when the Heater #1 was dismantled, and at 18.3 years when the Heater #2 was
dismantled. However, they failed to explain the spatial profile of chloride concentration at 5.3 years. In
FY17, the THMC model was further revised by adding thermal osmosis and using a revised permeability-
dry density relationship, and eventually the model matched the THM data and the spatial profile of
chloride concentration at 5.3 years. In FY 18, after obtaining the geochemical data, including ion
concentration in pore water of bentonite and granite, mineral phases and element contents in solid phase
of bentonite, and detailed characterization of montmorillonite, the modeling efforts focused on the
interpretation of geochemical data. The major findings from the current modeling work are as follows:

— Chemical data isimportant for calibrating the THM model. The model that is tested with more types of
data is more reliable.
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The key coupling processes required to match the THM data and concentration of conservative species
(e.g., chloride) include vapor diffusion, porosity change due to swelling, permeability change as a
function of dry density (and porosity), and thermal osmosis.

Because geochemical data in solid phases were either too scattered to constrain the model or
incomparable with model outputs, the current model predominantly relied on the ion concentration in
the aqueous phase to understand the geochemical change in the bentonite.

The model matched the spatial profiles of most chemical species in the pore water of bentonite and
granite, but discrepancies existed because of uncertainties in both the THMC model and the model used
to infer aqueous extract data.

Based on the match between model and data, an increase in sulfur was caused by the formation of
anhydrite, and the higher content of calcium in the solid phase resulted from calcite precipitation.
However, the model found no explanation of the increase in measured sodium content in the solid phase
from the heater toward the granite and the decrease of magnesium content in the solid phase from the
heater toward the granite, which warrants the need for further investigation of both the THMC model
and data.

Measured mass fractions of illite in the illite/smectite mixed layer varied a great deal depending on the
laboratory samples, and therefore showed no clear spatial trend and were indistinguishable from the
reference bentonite. The model results showed a small amount of illite precipitation and
montmorillonite dissolution in the vicinity of the heater, which is neither proved nor disapproved by
the data.

In FY19, the chemical model will focus on getting a better understanding of the evolution of redox
conditions, interaction between steel corrosion products and bentonite, and geochemical changes at the
interface between the concrete and the bentonite. Specifically, the model will tackle the following
problems:

Modeling of the evolution of redox conditions in the bentonite barrier. A thorough understanding of
the evolution of redox conditions, especially near the canister, is critical for studying canister corrosion
and waste form degradation. However, the current modeling effort faces a great challenge of simulating
redox-sensitive elements such as Fe”/Fe” transformation. Because of the difficulty of obtaining
reliable concentration of these species, knowing their concentration in the initial pore water of bentonite
before and after FEBEX in situ test is very challenging. It is expected that a synthesis of measured gas
concentrations, biological data and redox sensitive minerals and aqueous species can help understand
the evolution of redox condition in FEBEX bentonite.

The model of the bentonite-canister interaction, causing the corrosion of the canister and interaction of
corrosion products with bentonite will be improved, and the model will be tested against measured
mineralogical phase changes in the bentonite and the canister.

Bentonite-concrete interactions will be modeled to understand mineralogical changes at the interface
between concrete and bentonite.
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4. COMPARATIVE ANALYSIS OF MODELING APPROACHES TO
SUPPORT THE HOTBENT FIELD TEST

4.1 Introduction

Several international disposal programs have recently initiated investigations of whether clay-based
barriers, such as bentonite, can withstand temperature higher than the 100 °C. Bentonite is considered as a
potentially suitable material for the advanced repository design. For example, the Spent Fuel and Waste
Science and Technology (SFWST) campaign has investigated the feasibility of direct geological disposal
of large spent nuclear fuel canisters, currently placed in dry storage (Hardin et al., 2014), which would
result in much higher emplacement temperatures. The performance of bentonite barriers in the <100 °C
temperature range is underpinned by a broad knowledge base built on laboratory and large-scale in-situ
experiments. Characterization of bentonite parameters subject to temperature above 100°C, is limited
(especially for pelletized materials), although up to about 150 °C no significant changes in safety-relevant
properties are determined. At temperatures above 150 °C, it is possible that a potentially detrimental
temperature-driven physico-chemical response of materials (i.e., cementation and illitization) may occur,
the characteristics of which are highly dependent on, and coupled with, the complex moisture transport
processes induced by strong thermal gradients. The impact of such complex processes on the performance
of a repository cannot be realistically reproduced and properly (i.e., non-conservatively) assessed at the
laboratory scale. Such an assessment needs to be conducted by large-scale in-situ experiments in
Underground Research Laboratories (URLs), where the most relevant features of future emplacement
conditions can be adequately reproduced.

Potential options for a targeted high-temperature experiment (150 °C to 200 °C) in a crystalline rock
environment are currently being considered under the leadership of NAGRA with several international
partners. The proposed HotBENT experiment, a full-scale high-temperature heater test, will be conducted
in the well-characterized FEBEX drift at the Grimsel Test Site. The benefit of such a large-scale test,
accompanied by a systematic laboratory program and modeling effort, is that the temperature effects can
be evaluated under realistic conditions of strong thermal, hydraulic and density gradients, which cannot be
reproduced in the laboratory. This will lead to improved mechanistic models for the prediction of
temperature-induced processes, including chemical alteration and mechanical changes, which can then be
used for performance assessment (PA) analysis of high-temperature scenarios. The key question is whether
higher repository temperature would trigger mechanisms that compromise the various barrier functions of
the engineered components and host rock. If the barrier function is (at least partially) compromised, the PA
analysis can be used to evaluate whether reduced performance of a sub-barrier (or parts thereof) would still
give adequate performance.

To support the Preliminary Design Study (PreDes) (Kober et al., 2017), numerical models have been used
to study the evolution of bentonite. It is known that the coupled thermal, hydrological, mechanical and
chemical (THMC) processes are highly interactive in bentonite (e.g., Tsang, 2009; Zheng et al., 2015a),
which require the use of coupled THMC models. However, a fully coupled THMC model with a 3-D
description of HotBENT and all the design components are computationally too demanding to be carried
out in a reasonable amount of time. While Finsterle et al. (2017) used a 3-D TH model with complete
configuration of the test to study the phenomenological aspects of the HotBENT experiment, in this report
the models have a simple geometric 1D or 2-D setup. It considers: (i) coupled THMC processes, (ii)
attempts to study the hydrological evolution of bentonite when the impact of mechanical changes (swelling)
on porosity and permeability is taken into account and (iii) the chemical evolution in bentonite over the
course of the test. The first set of models are 1D axi-symmetric coupled THMC models based on the model
for the FEBEX in situ test (Zheng et al., 2017) to illustrate the expected THMC response in the hot cross-
sections that cut through the middle of the heater. The second set of models consists of 2-D cross-sectional
models with THMC processes for one of the scenarios reported in Finsterle et al. (2017).
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Conducting coupled THMC simulations is challenging, and one of the difficulties is the parameterization.
The advantage of using the THMC model developed for the FEBEX in situ test, as a basis to explore the
potential changes in HotBENT, is the THMC model for the FEBEX in situ test has been systematically
calibrated (Zheng et al., 2015b, 2016 and 2017), especially regarding the parameters related to coupling
processes (e.g., permeability/porosity change as a result of swelling) and chemical processes, which is
expected to make more reliable predictions. Key questions to be addressed in this report are two-fold. One
is to study the difference between TH/THC and THMC models in terms of hydrological and chemical
behavior in bentonite, or in other words to assess the degree of uncertainty introduced by the TH/THC
model given that mechanical processes affect the hydrological behavior due to changes in porosity and
permeability. The second is the geochemical evolution in bentonite under high temperature is expected in
HotBENT. The answers to these two questions by the modeling work in the PreDes stage will guide the
modeling predictions for the final design of the HotBENT.

Potential HotBENT partners include NAGRA, GRS, SURAO, NUMO, RWM, and SKB. Participation in
this new collaboration effort would be beneficial for DOE. Substantial cost savings would be achieved in
the design of a repository if HotBENT demonstrates that the maximum temperature of bentonite backfill
can be raised without drastic changes in the performance implications.

4.2 Status of HotBENT

Currently, partners for HotBENT are working on completing a Preliminary Design Study to encompass
various aspects of the test, including the layout and geometry of the test, instrumentation, sampling and
optimization, the cost and risk of the experiments, and the expected THMC evolution of bentonite, which
are discussed in the current report. The tentatively proposed layout of the test has 4 modules (Figure 4-1),

and adding more modules is possible.
Interim plug

(optional) (number of heaters open) plug
'y
granular bentonite A granular bentonite B granular bentonite A granular bentonite B

- - -

Options not shown in sketch:
- concrete liner

- artificial saturation system

- different heater material

- embedded material coupons

Bentonite blocks
for pedestal

Figure 4-1. Design modules for HotBENT from partners of the project (Kober et al., 2017). Note
that the figure illustrates only a bentonite barrier, plug and a heater (red rectangles), and the drift
wall is not part of the figure. The plug material hasn’t been identified yet.

The provisional time schedule for the HotBENT Experiment (Figure 4-2) was reported in Kober et al.
(2017), but adjustment is expected as the number of modules might change.
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Figure 4-2 Provisional time-schedule for the HotBENT experiment (Kober et al., 2017).

4.3 Simulator

The numerical simulations are conducted with TOUGHREACT-FLAC3D, 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 by Zheng et al. (2012) to provide the necessary numerical framework for modeling
fully coupled THMC processes.

4.4 1-D Axi-Symmetric Model

The HotBENT experiment will be conducted in the same tunnel in granite where the FEBEX in situ test
was performed, and the experiment setup along the cross-section is expected to be similar to FEBEX,
except that the temperature at the heater surface will be 200 °C (as a potential end member). We therefore
used exactly the same 1-D axi-symmetric model as for the FEBEX in situ test to conduct scoping
calculations for HotBENT, with the only modification being the boundary condition for the heater:
instead of fixing it at 100 °C, the heater has a constant temperature of 200 °C.

As the model is largely based on the THMC model for the FEBEX in situ test, details of the model can be
found in Section 3.3. In Kober et al. (2017) and Finsterle et al. (2017), MX-80, Kunigel VI and Rokle
bentonite are assumed to be EBS materials, whereas in current model, FEBEX bentonite is the EBS
materials. Although the permeability of FEBEX bentonite is slightly lower than the reference
permeability for MX-80, Kunigel VI and Rokle bentonite (Finsterle et al., 2017), permeability of FEBEX
bentonite is still within the range of permeability of these bentonites, and thus the calculated hydrological
behavior in the report is likely comparable with those in Finsterle et al. (2017). More importantly, because
the key processes that control the heat conduction and water movement within the bentonite are the same,
findings regarding the difference between the TH/THC and THMC models in this section can be
transferable to the models for other type of bentonites as in Finsterle et al. (2017).
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Modeling the THMC alteration of the bentonite barrier is an area that has been evolving over the last two
decades with new processes added and new modeling methods were tested during that time. The
representation of bentonite pore structure and inclusion of coupled processes have been the focus of many
modeling studies. Usually a given model involves some simplifications according to the purpose of the
model. Similarly, in this report, the complex model of coupled processes was simplified in terms of pore
structure. The model assumes one level of pores, which is based on the measured total porosity (for
example, 0.41 for the FEBEX bentonite), rather than different levels of pores, such as the dual structural
pores for the mechanical model used in BExM (Séanchez et al., 2005) or explicit diffuse layer calculation
based on a Donnan Equilibrium assumption (Appelo et al., 2017). Such simplification of the pore
structure is first due to the incompatibility of the pore structural concept between THMC processes. For
example, if the dual structural BExM is used for mechanical behavior, such pore structures should be
applied to chemical processes, as well, which triggers a lot of unknowns that have not been clearly
understood. The second reason is that some features, such as explicit diffuse layer calculation based on a
Donnan Equilibrium assumption, are still not understood well enough to be included in the large-scale
THMC model.

441 Modeling Results

With a heater maintained at 200 °C in HotBENT, the temperature in bentonite and granite will be much
higher when compared with the FEBEX in situ test, as shown in Figures 4-3 to 4-5 at several radial distances
in bentonite and granite. As in the FEBEX test, which was conducted for 18.3 years, the model for
HotBENT reported here was also run for 18.3 years, including a 70-day cooling period during which the
heater was switched off. Model results show that the temperature in the bentonite near the granite reached
about 90 °C and dropped to 57 °C after the 70-day cooling period, suggesting that a longer cooling period
might be needed for HotBENT at the end of experiment before dismantling it.

As expected, the granite will undergo heating, and the heat pulse can penetrate as deep as 10 m into the
rock (radial distance of 11 m from the axis of the tunnuel) (Figure 4-6). However, the temperature is
expected to be lower than 100 °C, so that boiling in granite should not be a concern.
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Figure 4-3. Measured and simulated temperature at a radial distance of 0.48 m in the FEBEX in
situ test and simulated temperature in HotBENT.
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Figure 4-5. Measured and simulated temperature at a radial distance of 1.05 m in the FEBEX in
situ test and simulated temperature in HotBENT.
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Figure 4-6. Simulated temperature in HotBENT at several radial distances in granite.

Relative humidity, water content and dry density are three types of hydrological data that are available for
the FEBEX in situ test. In this section, we therefore present model results for relative humidity, water
content and dry density for HotBENT to illustrate the expected hydrological behavior in HotBENT.
Relative humidity in bentonite near the heater in HotBENT is expected to be much lower than that in the
FEBEX test (Figure 4-7): it drops to around 5% after a very short time period and slowly recovers to
about 20% before entering into the cooling period, where it eventually rises to 70% after the cooling
period. The low relative humidity near the heater raises the concern of the quality of the relative humidity
sensor. Sensors with the capacity for detecting much lower relative humidity are needed. Relative
humidity at the middle of the bentonite barrier in HotBENT is also expected to be about 10% lower than
that observed in the FEBEX test (Figure 4-8), whereas the relative humidity near the granite in HotBENT
is quite similar to that in the FEBEX test, quickly reaching 100% (Figure 4-9).
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Figure 4-7. Measured and simulated relative humidity at a radial distance of 0.52 m for the
FEBEX in situ test and simulated results for HotBENT.
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Figure 4-8. Measured and simulated relative humidity at a radial distance of 0.8 m for the FEBEX
in situ test and simulated results for HotBENT.
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Figure 4-9. Measured and simulated relative humidity at a radial distance of 1.1 m for the FEBEX
in situ test and simulated results for HotBENT.

One simulation was also stopped at 5.3 years with a cooling period from 5 to 5.3 years and another
simulation was stopped at 10.3 years with a cooling period from 10 to 10.3 years, to check the water-
content profile, assuming that the HotBENT test will be operated either for 5.3 years or 10.3 years.
Modeling results for these two simulations are shown in Figure 4-10, together with the data and modeling
results for the FEBEX in situ test at 5.3 years. Because of swelling, a water content larger than 25%
usually indicates full saturation. For HotBENT, except for the area near the granite (about 0.04 m away
from the granite), which is close to full saturation, most areas are still unsaturated even after 10 years.



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
74 September 24, 2018

40

35 -

30 A

25 A

20 A

heater

15

Water content (%)

10
o Data5.3yrs

5
- — HOtBENT, 200°C, 5.3 yrs

O E T T T
0.4 0.6 0.8 1 1.2
Radial distance (m)
Figure 4-10. Measured and simulated water content at 5.3 years for the FEBEX in situ test and
simulated results for HotBENT after 5.3 and 10.3 years.

In the FEBEX test, while some properties, such as temperature, relative humidity, pore pressure and
stress, were monitored by the sensors installed in the bentonite barrier, other properties, as those related to
chemical alteration, have to be measured after dismantling the test. However, before the dismantling, a
cooling period is required, so that temperature conditions in the tunnel are suitable for field operations.
Such a cooling period leads to a significant redistribution of moisture, which compromises the usefulness
of the measured water content data and complicates the model interpretation. In HotBENT, we found that
such an effect is even more extreme. First, in both simulations (5.3 years and 10.3 years), after 70 days of
cooling the temperature is still about 45-50 °C (Figure 4-11), which is still too high for field operations,
indicating that a longer cooling time is needed. Second, the water content during the cooling period
undergoes significant changes (Figure 4-12), as water content is predicted to rise as much as 10% near the
heater and to drop as much as 10% near the granite.
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Figure 4-11. Simulated temperature for HotBENT after 5.3 years with 70 days of cooling and 10.3
years with 70 days of cooling.
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Sensors for measuring stress were also emplaced in the bentonite block in the FEBEX in situ test, and
data at two radial distances, 0.5 m (near the heater) and 1.1 m (right at the bentonite/granite interface),
were used to validate the model for the FEBEX test. Here we also check the stress data at these two
locations predicted by the model for HotBENT. Figures 4-13 and 4-14 show the measured stress and
model results for the FEBEX test and predicted by the model for HotBENT. In HotBENT, because of the
lower water content throughout most of bentonite barrier and lower pore-water pressure compared with
that in FEBEX, the stress is lower than that in the FEBEX test despite of higher temperature for
HotBENT.
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Figure 4-12. Simulated water content for HotBENT after 5.3 years with 70 days of cooling and 10.3
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After the partial dismantling of the FEBEX test in 2002 (5.3 years after heating started), samples were
collected and pore-water concentrations were measured. A model for the FEBEX test matches the chloride
concentration profiles reasonably well (Zheng et al., 2017), and the model shows that the concentration of

chloride near the heater is quite a bit higher due to evaporation. For HotBENT, it is expected that chloride
concentrations will be even higher in the area near the heater (Figure 4-15).
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Figure 4-15. Measured concentration profile for chloride at 5.3 years (Zheng et al., 2011) and
modeling results for the FEBEX in situ test, and simulated for HotBENT at 5.3 years.
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Figure 4-16. Simulated concentration profiles for Cl, SO, at 10.3 years for HotBENT.
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Figure 4-17. Simulated concentration profiles for major cations (calcium, magnesium, sodium and

potassium) at 10.3 years for HotBENT.

If the HotBENT experiment runs for 10 years with 0.3 years of cooling and has exactly the same setup as

FEBEX, except that the heater temperature is set to 200 °C, the following chemical changes are expected.

First, concentrations of major cations and anions will be fairly high near the heater (Figures 4-16 and 4-
17). As bentonite stays dry during the test and the temperature in HotBENT is much higher than that in
FEBEX, even stronger evaporation would occur causing high concentrations of major cations and anions.
Chloride can reach as high as 2.5 molal. Concentration profiles for sodium, potassium, magnesium and

sulfate show a local peak at a radial distance of 0.6 m (0.15 m away from the heater), where outflow
vapor meets the inflow water from the granite, which could also be related to mineral
precipitation/dissolution.



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
78 September 24, 2018

In this section, the THMC model for FEBEX in situ test was modified and was run for several durations
(5.3, 10.3 and 18.3 years) to explore various aspects of the evolution of bentonite and to illustrate the
potential alteration of bentonite in HotBENT. The rationale for running the model at various time
intervals is to evaluate the effect of the cooling period (assumed 70 days in current model) on the
hydrological and chemical changes in bentonite given that the temporal length of the HotBENT has not
been decided or might be changed over the course of experiment. Models with the right simulation time
will be conducted when the final decision of how long HotBENT will run is made.

As revealed by previous studies (Zheng et al. 2016; Zheng et al., 2017), most ions have concentration
profiles shaped by transport processes (diffusion and advection) and chemical reactions changed the level
of concentration, but not the shape of the spatial profile, except for bicarbonate and pH. Here we have a
similar case: the concentration profiles of bicarbonate and pH (Figure 4-18) are very different from those
of cations (e.g., sodium) or chloride. Dissolution/precipitation of carbonate minerals and
dissolution/evolution of CO, gas play a major role in shaping their spatial distribution.
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Figure 4-18. Simulated concentration profiles of bicarbonate and pH at 10.3 years for HotBENT.

Alteration of mineral phases is hard to predict, because the results are sensitive to many hydrological and
chemical conditions. Regarding the minerals with high solubility, slight perturbation of water saturation
in the bentonite, interaction between host rock and bentonite and temperature change over the course of
hydration can lead to noticeable precipitation/dissolution. Gypsum and calcite are two of these highly
soluble minerals. Precipitation of gypsum has been observed near the heater because evaporation leads to
a high sulfate concentration near the heater (Figure 4-19). Calcite dissolves in areas close to the granite
due to the dilution of bentonite pore-water by granite water, but precipitates near the heater due to high
calcium concentrations caused by evaporation.
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Figure 4-19. Simulated volume fraction change of gypsum (left) and calcite (right) at 10.3 years for
HotBENT.

Although illitization (transformation of montmorillonite to illite) is evident in geological systems (Wersin
et al., 2007; Cuadros 2006), while illitization depends on many chemical conditions (Zheng et al., 2014).
In the current model, illitization is simulated as the dissolution of montmorillonite and precipitation of
illite according the following equation:

Montmorillonite + 0.52H" + 0.63A10,” + 0.6K = illite + 0.26H,0 + 0.08Mg™ + 0.33Na" 4-1
+ 0.5S10,(aq)

The key for illitization to proceed is the supply of potassium and aluminum. However, as shown in Figure
4-16, granite water has a very low content of potassium, which dilutes the potassium concentration in the
pore-water of the bentonite significantly. As a result, the current model instead shows dissolution of illite
and precipitation of montmorillonite (Figure 4-20). Note that the amount of illite dissolution and
montmorillonite precipitation is very low, ranging roughly from about 0.01% to 0.05%, which will be
hard to detect by some mineralogical characterization methods (e.g., XRD).
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Figure 4-20. Simulated volume fraction change of montmorillonite (left) and illite (right) at 10.3
years for HotBENT.

Increasingly, there seems to be consensus that alteration to montmorillonite and illite is a
dissolution/precipitation process mediated by an aqueous solution. In other words,
dissolution/precipitation of montmorillonite or illite depends on the thermodynamic equilibrium
calculated based on the concentration of relevant ions, including Si, Al, Na, Mg, K and pH. Their
concentrations are not only affected by influx of more dilute granite water, but also by the
dissolution/precipitation of other minerals. In the current model, the decrease in K concentration in the
pore-water of bentonite leads to dissolution of illite and K-feldspar in bentonite, which releases Si and Al,
resulting in precipitation of montmorillonite. Some experiments showed a different trend of reactions,
such as the dissolution of montmorillonite in Leupin et al (2014), because the chemical conditions are
different. Leupin et al. (2014) conducted the test to evaluate the thermal stability of montmorillonite in
Na-exchanged MX-80 with the size fraction less than 2 um mixed with solutions of NaCl, KCl, CaCl, and
MgCl,. Because the test material likely contains only clay minerals and the solution is deficient in Si, Al
and any cations other than the one used in the solution, it is determined that montmorillonite dissolved
and Si was released.
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442 TH /THC Versus THMC Model

Because of the computation burden and lack of reliable constitutive relationships for coupled processes
(e.g., permeability change as a function of porosity or stress), the THMC model was not widely used in
calculations of the evolution of the bentonite barrier under heating and hydration conditions. One question
that could be raised is if ignoring some of these coupled processes would lead to a large variation in the
results in the light of only hydrological behavior. In this section, to shed insight on this issue, we compare
two sets of TH/THC and THMC models. Details of these two sets of models are given in Table 4-1 and
explained below. Using the THC and THMC model simulations (e.g., Zheng et al., 2015), it was

determined that the porosity changes, resulting from the mineral dissolution/precipitation, are minimal,
although the porosity in the THC model slightly varied in time and space.

Table 4-1. Major features of the two sets of TH/THC and THMC models that were used to study
the difference between these models

Model First Set Second Set
features THMC THC model TH Model THMC model THC model | TH model
model

Mechanical See Section Not Not See Section Not Not

model 334 considered considered 334 considered considered

Chemical See Section See Section Not Only include C1 | Only Not

model 335 335 considered and Na include Cl considered

and Na

Thermal T at heateris | T at heateris | T at heateris | T at heater is T at heater T at heater is

boundary fixed at fixed at fixed at fixed at 200 °C is fixed at fixed at

conditions 100 °C 100 °C 100 °C 200 °C 200 °C

Intrinsic Equation (4- | Permeability | Permeability | Equation (4-3) Permeability | Permeability

permeability | e) with a of | remains remains with a 0f 0.375 | remains remains
1.78 such constant at constant at such that initial | constant at constant at
that initial 2.15x107 2.15x107 permeability is | 1x10*°m*> | 1x10% m?
permeability | m’ m’ 110" m?
is 2.15%10™
..

Porosity Equation (4- | Porosity Porosity Equation (4-2), | Porosity Porosity
2), leading to | remains remains leading to an remains remains
an initial constant at constant at initial porosity constant at constant at
porosity of 0.41 0.41 of 0.41 0.41 0.41
0.41

In the first set of TH/THC and THMC models, the THMC model was calibrated against the FEBEX in
situ test. The processes considered in the model and parameters used to describe these processes were
detailed in Section 3.3. The key model coupling processes taken into consideration to describe the
hydrological-mechanical coupling are:

(a) the relationship between the void ratio and the effective stress and suction given by

e=A+Blno'+Cln(y + p?)+ Dlnoc'In(y + p“)

4-2

where e is the void ratio, which is equal to the volume of voids divided by the volume of the solids; p° s

the atmospheric pressure (Pa), o' is the mean effective stress (Pa); ¥ is the capillary suction (Pa), and
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A, B, C and D are empirical constants, which for the FEBEX compacted bentonite are equal to A = 0.91,
=-0.0552,C=-0.0606413 and D = 0.00479977 based on the calibration conducted in this report.

The relationship between the intrinsic permeability in dry density given by

loghk =(-2.96p, -8.57)/ a 4-3
where £ is intrinsic permeability, p,is dry density, and a is a scaling factor.

Equation (4-2) leads to a porosity equal initially to 0.41, but it changed over time. Equation (4-3) yields
an initial permeability of 2.15x10" m?, but it changed as the bentonite properties evolved over time (see
Figure 4-21 for the spatial distribution of permeability at several times).

The corresponding TH model that is used to compare with the THMC model has the following features.
First, the MC processes were not considered in the model. Second, the TH processes and parameters were
exactly the same as in the THMC model, except that porosity and intrinsic permeability remained
constant (0.41 and 2.15x10™' m?, respectively). The THC model considered the same TH processes and
parameters as the TH model, and the chemical model was the same as in THMC model. Because

chemical processes minimally affected TH processes, the TH model results in the THC model were
almost identical to the TH model.

1.E-20 -

1.E-21 -

Intrinsic permeability (m?2)

1.E-22 ~

0.4 0.6 0.8 1 1.2
Radial distance (m)

Figure 4-21. Calculated permeability at several times in the THMC model for FEBEX in situ test.
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Figure 4-22. Measured and simulated relative humidity at a radial distance of 0.52 m for the
FEBEX in situ test and simulated results by the TH and THMC models for the in situ test.
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Figure 4-23. Measured and simulated relative humidity at a radial distance of 0.8 m for the FEBEX
in situ test and simulated results by the TH and THMC models for the in situ test.

The relative humidity (RH) at a radial distance of 0.52 m (near the heater) for the TH and THMC models
(Figure 4-22) differs by about 20% after 10 years and 25% after 18 years (before the cooling period). In
the middle of the bentonite and close to the granite the RH from the TH and THMC models were very
similar, as exemplified by the RH evolution at a radial distance of 0.8 m (Figure 4-23).

As revealed by Zheng et al. (2011; 2016), chloride concentration is controlled only by transport processes
and matching CI concentration is a first step to match concentrations of other chemical species because
the concentration profiles of cations (calcium, potassium, magnesium and sodium) were largely shaped by
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transport processes despite their concentrations are being affected by mineral dissolution/precipitation and
cation exchange. The THC model, in which the porosity and permeability changes due to
swelling/shrinkage were not taken into account apparently could not match the measured CI concentration
data (Figure 4-24). The THC and THMC models also showed the difference in the K concentration
(Figure 4-25). Subsequently, there was also a substantial difference in the calculated montmorillonite
volume fraction between the THC and THMC models (Figure 4-26). The change of porosity and
permeability brought on by swelling/shrinkage fundamentally alters the transport processes—advection
and diffusion of chemical species, and consequently affect mineral precipitation/dissolution. THC models

that neglect the change of porosity and permeability are unable to explain the data in FEBEX in situ test,
and probably won’t provide prediction as reliable as the THMC model.
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Figure 4-24. Cl concentration at 5.3 and 18.3 years measured in the FEBEX in situ test and
simulated results by the THC and THMC models for the in situ test.
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Figure 4-25. K concentration at 5.3 and 18.3 years measured in the FEBEX in situ test and
simulated results by the THC and THMC models for the in situ test.
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Figure 4-26. Calculated changes in volume fraction of montmorillonite at 5.3 and 18.3 years by the
THC and THMC models for the in situ test.

The second set of TH/THC and THMC models to study the difference between TH/THC and THMC
models was established for HotBENT. Because bentonite in HotBENT is likely to be granular and to have
a lower density and higher permeability than the FEBEX bentonite, we set up a case with an initial
bentonite intrinsic permeability of 10" m?, which is about 5 times larger than that for FEBEX bentonite.
Specifically, the THMC model in the second set inherits all features of the THMC model in the first set,
with the following variation: the temperature at the heater is fixed at 200 °C, Equation (4-3) with o of
0.375 is adopted such that initial permeability is 1x10° m? but varies with time (see Figure 4-27 for the
spatial distribution of intrinsic permeability), and chemical models only include the transport of Cl and Na
(see Table 4-1). The TH model apparently excluded the MC function, and intrinsic permeability remains
constant at 1x10" m” and porosity remains constant at 0.41. The THC model was used to simulate
exactly the same TH processes as the TH model and added the chemical model including only CI and Na.

Because the rate of hydration of bentonite is largely affected by its permeability, for the second set of
TH/THC and THMC models, bentonite becomes saturated more quickly. As water infiltrates into the
bentonite, in areas that become fully saturated, bentonite swells, dry density decreases and permeability
increases (see Figure 4-27). In contrast, in areas near the heater, where the bentonite becomes drier until
the arrival of water, bentonite shrinks, the dry density increases and permeability decreases (Figure 4-27).
Figure 4-28 shows that, at an early stage (less than 4 years), the THMC model leads to a lower relative
humidity at a radial distance of 0.5 m (near the heater) than the TH model, with a maximum difference of
about 15%, but later (after about 4 years) the THMC model has a higher relative humidity than the TH
model. This is because the increase in saturation in most areas causes an increase in permeability and a
maximum difference of about 17%. Eventually, by the end of 10 years, both the TH and the THMC
models have similar relative humidity. For areas far away from the heater, the TH and THMC models
have similar results, as shown in Figure 4-29.
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Figure 4-27. Calculated permeability at several times in the THMC model for a HotBENT case.
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Figure 4-28. Predicted relative humidity at a radial distance of 0.52 m for the TH and THMC
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Figure 4-29. Predicted relative humidity at a radial distance of 0.8 m for the TH and THMC models
for HotBENT.

In summary, in terms of the difference in hydrological behavior computed by the TH and THMC models,
the following observations can be made:

1. Differences in hydrological behavior (using relative humidity as a representative) are more obvious
for areas near the heater, and quite minimal from the middle to the outer region of the bentonite
barrier.

2. The higher the initial permeability of bentonite is, the less difference between the TH and THMC
models in term of hydrological behavior can be observed and the difference is more short-lived.
One of the reasons is that when permeability is higher, the relative change in permeability in
response to swelling is smaller than for the case of low permeability. Another reason is that swelling
of bentonite near the host rock leads to a lower density and higher permeability, and at the same
time compression and drying out of bentonite near the heater leads to lower permeability. In terms
of the overall permeability of the whole bentonite barrier, the increase in permeability near the host
rock and the decrease of permeability near the heater tend to cancel out each other, and such
cancelling effect is more pronounced for bentonite with high initial permeability.

3. When the permeability of bentonite is higher, the THMC model does not always lead to a lower
relative humidity (or saturation) than the TH model, whereas the THMC model has a lower relative
humidity at the early stage, but a higher relative humidity at the later stage than the TH model.

The difference in hydrological behavior in TH and THMC model are mainly caused by the porosity and
permeability evolution in the THMC model due to mechanical changes. Swelling upon the hydration,
shrinkage due to drying, and thermal expansion make porosity evolve spatially and temporally, and cause
subsequently intrinsic permeability changes as well. Chemical change has only a minimal effect on the
hydrological behavior, because mineral dissolution/precipitation causes minimally affects porosity. To
reliably calculate the hydrological evolution of bentonite, chemical processes can be neglected, but a
mechanical process must be included. Because the evolution of porosity and permeability in bentonite is
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the result of interactive coupling between thermal, hydrological and mechanical processes, it would be
very difficult to extract a simple function for porosity and permeability to be used in the TH model.

When comparing THC and THMC models within the first set of models, it is clear that the difference in
CI concentration profiles is also observed for other chemical components and minerals. Therefore, in the
second set of models, we only compared the CI concentration (Figure 4-30), and substantial differences
were observed. The THC model neglects changes in porosity and permeability due to swelling/shrinkage,
leading to substantially different results than those produced by the THMC model.
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Figure 4-30. Predicted Cl concentration profiles at 5 and 10 years for the THC and THMC models
for HotBENT.
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4.5 2-D Model

451 Model Setup

Using the 1D axi-symmetric THMC model for the FEBEX in situ test to study the possible changes
expected for HotBENT is a good exercise, because the model has been calibrated against data. What is
needed to make an adjustment of boundary conditions and certain parameters. A caveat with the 1D axi-
symmetric THMC model is that it is difficult to represent a setup with a pedestal- and granular bentonite-
filled barrier. We, therefore, developed a 2-D cross-sectional model for HotBENT, as shown in Figure 4-
31.

100 m

Figure 4-31. 2-D cross-sectional mesh for the THMC model.

Scenario 3.3 in Finsterle et al. (2017) is a generic case with permeability of 10™"° m* for granular
bentonite. In the 2-D THMC model, we used the same hydrological parameters as Scenario 3.3, except
that permeability for granular bentonite was initially 10"’ m” and changed according to Equation (4-3)
with @ = 0.025, and the permeability for the pedestal was initially 3.46x10° m” and changes according
to Equation (4-3) with « = 0.051. The mechanical and chemical parameters for the granular bentonite
and pedestal were assumed to be the same as for the FEBEX bentonite, which are listed in Sections 3.1.2
and 3.1.3.
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4.5.2 Modeling Results

Figure 4-32 shows the temperature in the area within about a 20-meter radial distance of the heater.
Although the temperature in the bentonite remains fairly stable soon after the heating starts, the area that
undergoes a temperature rise keeps expanding.
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Figure 4-32. Spatial temperature distribution at 1, 5 and 10 years in the 2-D cross-sectional THMC
model.

Because most hydrological phenomena have been studied by the 3D TH model (Finsterle et al., 2017), a
major objective of running 2-D THMC simulations was to check how much variation would be
introduced by the 3D TH model, ignoring the change in porosity and permeability due to swelling. To do
this, we first compared the 2-D cross-sectional TH and 3-D TH models for the potential to “reproduce”
hydrological results of the 3D TH model with the 2D cross-sectional TH model, and then compared the
2D cross-sectional TH model with the 2D cross-sectional THMC model to evaluate any discrepancy
caused by ignoring changes in porosity and permeability due to swelling/shrinkage in the TH model.
Figure 4-33 shows the spatial distribution of water saturation at 1, 5 and 10-year intervals in three
different models. The 3D TH model and 2-D TH model provide a similar saturation state of the bentonite
barrier in terms of the thickness of the area of full saturation at 10 years, but differs slightly at 1 and 5
years, which could be attributed to two plausible reasons. The first one is that a 2-D TH model is based on
a mesh that is discretized more finely in the radial direction than the mesh within a 3D model. It is known
that vapor diffusion is important for moisture movement in bentonite. Heating generates an outward vapor
flux that significantly retards the water infiltration from the host rock into bentonite. For example, Gens et
al. (1998), when simulating FEBEX in situ test, showed drastically different water saturation profiles with
and without considering vapor diffusion in the model. The vapor diffusion coefficient is one of the most
sensitive parameters in determining the moisture distribution in bentonite (Zheng and Samper, 2008,
Zheng et al., 2015b). In numerical modeling, numerical dispersion is an inherent feature of solving
dispersion-advection equations using finite difference and finite element numerical methods (e.g., Lantz,
1971; Van Genuchten and Gray, 1978), which is caused by the temporal and spatial discretization of time
and space domains, as well as depends on the numerical scheme of solving the equations. Numerical
dispersion is therefore affected by the size of a grid used in the model, particularly, when diffusive or
dispersive flux are important. Because (1) vapor diffusion is important in moisture movement in
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bentonite, and (2) numerical dispersion is inevitable, the size of grids impacts modeling results. The fact
that the 2D TH model in this report and the 3D TH model in Finsterle et al. (2017) have different grids
leads to a discrepancy among model results. Another reason is that the retention curve and relative
permeability function are implemented in the code iTOUGH (the code for the 3D model) and
TOUGHREACT (the code for the 2D TH model), although both are van Genuchten type and have the
same parameters. As a result, such different implementations might lead to “slightly” different results that
can be observed.
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Figure 4-33. Water saturation at 1, 5 and 10 years obtained with different models. The diameter of

tunnel is 1.14 m.
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A comparison between 2D TH and THMC models suggests that the THMC model leads to a faster
hydration of the bentonite, because, in the bentonite near the granite, saturation leads to swelling and a
decrease in dry density, and, subsequently, higher permeability. As shown in Figure 4-34, it is fairly clear
that the THMC model leads to a faster hydration of the inner part of the bentonite barrier (near the
heater), whereas the THMC and TH models are similar in terms of hydration of the outer part of the
bentonite barrier (Figures 4-35 and 4-36).
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Figure 4-34. Temporal evolution of water saturation at a radial distance of 0.52 m in the 2-D TH
and THMC models.
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Figure 4-35. Temporal evolution of water saturation at a radial distance of 0.8 m in the 2-D TH and
THMC models.
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Figure 4-36. Temporal evolution of water saturation at a radial distance of 1.05 m in the 2-D TH
and THMC models.

One of the reasons for selecting the current generic case with relatively high permeability is to create a
condition with high temperature and water saturation, with the potential to maximize geochemical
changes, so that noticeable changes could be observed over the duration of the planned experiment. The
geochemical alteration of bentonite is the consequence of the interaction between transport processes,
namely advection and diffusion, and chemical reactions, including cation exchange, adsorption/desorption
and mineral precipitation/dissolution. Because of the very high solubility of halite, the chance that
chloride may precipitate out as halite is very low. It is reasonable to assume that chloride acts as a
conservative element that is solely controlled by transport processes. Models and data for the FEBEX in
situ test (Zheng et al., 2016) show that elevated chloride concentrations appear in the immediate vicinity
of the heater, and most areas of bentonite have a very low chloride concentration by the end of the 18-
year test. In the current model, we observed the same behavior, except that the accumulation of elevated
chloride concentrations appears much earlier, only one year after heating started (Figure 4-37). A
plausible reason is that the current model has a bentonite with a much higher permeability than in the
FEBEX in situ test, where the water infiltration from granite is faster and pushes the bentonite pore-water
(with a high chloride concentration) toward the heater, and evaporation near the heater causes the rise of
chloride concentration in the area near the heater. Therefore, a high chloride concentration is observed
near the heater. At later times, for example, after 5 and 10 years, the concentration of chloride near the
heater decreases slightly, but the area with the elevated chloride concentration expands slightly due to the
cycling of evaporation and condensation. However, a high chloride concentration near the heater was not
observed in the pedestal, because it has a higher initial water saturation than the rest of the granular
bentonite, and becomes fully saturated shortly after heating starts. At 1 year, Cl concentration is higher
near the heater, but later the dilution dominates and eventually the whole pedestal has a fairly low
chloride concentration.
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Figure 4-37. Spatial distribution of chloride concentration (M) at 1, S and 10 years.

One finding from the THMC model for the FEBEX in sifu test is that most chemical species (except pH
and bicarbonate) have a spatial distribution pattern controlled by the transport processes, whereas the
chemical reactions are dependent on concentration levels. The spatial distribution of sulfate (Figure 4-38)
clearly confirms this finding—spatially, it is similar to that of chloride (Figure 4-37), although the
precipitation of gypsum (Figure 4-39) prevents the sulfate concentration from becoming high in proximity
to the heater. Similar in the case of chloride, sulfate concentrations in the pedestal are diluted and remain
low during most of the simulation time.
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Figure 4-38. Spatial distribution of sulfate concentration (M) at 1, S and 10 years.
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Figure 4-39. Spatial distribution of gypsum volume fraction change at 1, S and 10 years.

-2.6E-04

Bicarbonate (Figure 4-40) and pH (Figure 4-41) are controlled by both the reactions and transport
processes, and have fairly complex spatial distributions. The spatial distribution of bicarbonate is different
from other species, because (1) although granite water has a lower concentration of most species than
bentonite pore-water, it actually has a higher bicarbonate concentration than bentonite pore-water, and (2)
bicarbonate concentrations are affected strongly by the dissolution of calcite. In the early stages, a high
bicarbonate concentration appears in the bentonite barrier near the granite because of dissolution of
calcite (Figure 4-42), while most areas in bentonite remain low in bicarbonate. Later, as water with high
bicarbonate concentration moves inwards, the majority of the bentonite has a high bicarbonate
concentration, while the peak concentration gradually becomes lower.
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Figure 4-40. Spatial distribution of bicarbonate concentration (M) at 1, 5 and 10 years.
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In the granular bentonite, the pH ranges from 7.2 to 7.8 (Figure 4-41). Although infiltration of more
alkaline granite water tends to raise the pH, surface protonation in the bentonite buffers the pH. As a
result, pH does not vary significantly in bentonite.
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Figure 4-41. Spatial distribution of pH at 1, 5 and 10 years.
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Figure 4-42. Spatial distribution of volume fraction of calcite at 1, 5 and 10 years. Negative values
mean dissolution and positive values mean precipitation.
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Figure 4-43. Spatial distribution of calcium concentration (mol/L) at 1, 5 and 10 years.

Figures 4-43 — 4-46 show the spatial distribution of the major cations calcium, magnesium, sodium and
potassium. Their spatial distribution closely follows that of chloride, but their concentration levels are
also affected by chemical reactions. In addition to cation exchange, each of them is also affected by
mineral dissolution/precipitation. The calcite precipitation (Figure 4-42) near the heater apparently affects
the calcium concentration. Dissolution of illite may alleviate the significant decrease in potassium
concentration in the bentonite pore-water due to dilution.
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Figure 4-44. Spatial distribution of magnesium concentration (mol/L) at 1, S and 10 years.
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Figure 4-45. Spatial distribution of sodium concentration at 1, 5 and 10 years.
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Figure 4-46. Spatial distribution of potassium concentration at 1, 5 and 10 years.

[llitization is a major consideration in determining the thermal limit for a repository with an EBS.
However, the reaction rate of illitization is very low, and most laboratory and field tests did not run over a
sufficient amount time to detect any changes. Pytte’s model (Pytte, 1982) and similar types of models
(Elliott and Matisoff 1996; Cuadros and Linares, 1996) have been widely used to calculate the illitization
rate in geological formations. In these models, the time derivative of the smectite loss is related to the
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concentration of potassium (or the ratio of potassium to sodium concentration) and the smectite mass
fraction via a rate constant that is a function of temperature. Because it is hard to know the concentration
of potassium over the course of geological time or the inhibition effect from other cations, Cuadros
(2006) used an “effective” potassium concentration in the following equation to match the illitization
versus depth data for variety of geological formations in the U.S.:

—dS/dt = kK">S" 4-4

where S is the fraction (unitless) of smectite, ¢ is time, expressed in days, K is the effective potassium
concentration in M, and & is a rate constant in M"*% days™'. Cuadros and Linares (1996) experimentally
determined the rate constant, which is about 5SE-6 Y days’l at 100 °C and 3.3E-5 M™% days'1 at 200
°C. Cuadros (2006) used the effective potassium concentration rather than the actual potassium
concentration in the pore-water to take into account the competing effects of other cations with potassium
for the interlayer space and other possible inhibition effects. The effective potassium concentration, K,
ranges from 10" M to 10* M, which is calibrated from illitization versus depth data. Taking the
maximum K of 107’ M, the smectite mass fraction decreases at a rate of 0.0006%/year at 100 °C and
0.0038%/year at 200 °C, which means an experiment needs to run at 200 °C for around 300 years to
realize about 1% change in smectite (which corresponds to the detection limit of X-ray diffraction
(XRD)).

Given the very low reaction rate of illitization, in the current model, we deliberately selected a case with
low permeability hoping to create conditions with high temperature and water saturation sufficient to
elicit a detectable chemical change by the end of the HotBENT experiment. However, the current model
does not show any illitization; in fact, it shows the opposite. As shown in Figures 4-47 and 4-48, the
model shows slight dissolution of illite, with a maximum of about 0.006%, and slight precipitation of
montmorillonite, with a maximum of about 0.2%. Illitization is a complex process and is impacted by
many factors, which might retard or even prevent its occurrence. Although the current model is used to
simulate high temperature (up to 200°C) and water saturation (close to full saturation after a relatively
short time period), which generally favor the occurrence of illitization, other chemical conditions prevent
the occurrence of illitization. Most significant is a lack of the supply of potassium. Groundwater in granite
contains very little potassium. When bentonite pore-water is diluted by the granite water, the supply of
potassium is so low that illitization cannot proceed. In recent years, it has become known that a high Na/K
ratio also prevents occurring of illitization. Although granite water is low in both sodium and potassium
and will dilute them in the pore-water of bentonite, the high exchangeable sodium in bentonite will make
the ratio of Na/K in the pore-water of bentonite slightly higher, which again is unfavorable for the
occurrence of illitization. In order to observe the occurrence of illitization, if artificial hydration is
employed to accelerate the process, one has to add potassium to infiltrating water.
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Figure 4-47. Spatial distribution of illite volume fraction change at 1, 5 and 10 years.
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Figure 4-48. Spatial distribution of montmorillonite volume fraction change at 1, 5 and 10 years.
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4.6 Summary of Model Results

Raising the maximum permissible temperature for clay-based barriers has a clear benefit for the design of
repository layouts, such as decreasing the footprint of the repository. However, higher temperature can lead
to complex hydrogeochemical processes that may affect the performance of a repository, and cannot be
reproduced realistically and properly (non-conservatively) at the smaller laboratory scale. Such an
assessment needs to be conducted by large-scale in situ experiments in underground research laboratories
(URLs), where the most relevant features of future emplacement conditions can be adequately reproduced.
Therefore, HotBENT, a high-temperature experiment (up to 200 °C) in a crystalline rock environment, is
currently being considered under the leadership of NAGRA with several international partners, including
the US DOE. To support the Preliminary Design Study (PreDes) (Kober et al., 2017), numerical models
have been used to study the evolution of bentonite. Because thermal, hydrological, mechanical and chemical
(THMC) processes are highly interactive in bentonite, ideally a coupled THMC model with a 3D
description of HotBENT should be used. However, such a model is too computationally demanding to be
implemented within a feasible time. Moreover, sometimes, it is not necessary to use such a complete model
to answer some specific questions. Therefore, in this report, 1D and 2D numerical models with a simple
geometric setup were used to simulate coupled THMC processes—hydrological, mechanical and
chemical—taking place in bentonite over the course of the test. These modeling exercises supplement the
3D TH model (Finsterle et al., 2017), which provides a complete description of the configuration of the test
and studies the phenomenological aspects of the HotBENT experiment.

The first group of models consists of 1D axi-symmetric coupled THMC models based on the model for the
FEBEX in situ test (Zheng et al., 2017) to illustrate the expected THMC response in the hot cross-sections.
The second group of models consists of 2-D cross-sectional models with THMC processes for one of the
scenarios reported in Finsterle et al. (2017).

Major observations from the 1D axi-symmetric coupled THMC models for the FEBEX in situ test include:

— HotBENT with a heater temperature of 200 °C will lead to a temperature of around 90 °C in granite,
thus boiling in granite would probably not be a concern.

— Most of the bentonite barrier for HotBENT with a heater temperature of 200 °C will stay dry for a
very long time — an 18-year long simulation shows that the bentonite is far from being fully
saturated, suggesting either artificial hydration is needed or permeability of the bentonite has to be
higher than that of the FEBEX bentonite (2.15x10>' m* for the FEBEX in situ test), or both.

— Despite the higher temperature in HotBENT, the stress is actually lower than that in the FEBEX in
situ test (where the heater temperature was 100 °C).

— HotBENT needs a longer cooling period (time between the shut-down of the heater and
dismantling) at the end of test than the FEBEX in situ test, and stronger redistribution of moisture
in the bentonite during the cooling period is expected.

— The TH model that ignores porosity and permeability changes due to swelling/shrinkage
overestimates the relative humidity by 20-25% over the entire simulation period compared with the
THMC model, if it is the FEBEX bentonite. However, if the bentonite has a higher permeability
than the FEBEX bentonite, the difference between the TH and THMC models is smaller and short-
lived. The TH model has a higher relative humidity at the early stage, but a lower relative humidity
at later times than the THMC model.

— If HotBENT uses FEBEX bentonite, high concentrations of major ions are expected.

— If HotBENT uses FEBEX bentonite, minerals with high solubility (e.g., calcite and gypsum) tend
to dissolve in the area near the granite and precipitate in areas near the heater.
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— If HotBENT uses FEBEX bentonite, dissolution of montmorillonite and precipitation of illite are
not expected, but rather the opposite is observed in the model, mainly due to the very low potassium
concentration in granite water.

The 2D cross-sectional THMC model simulates one of the scenarios in Finsterle et al. (2017), which has a
permeability of 10" m? for granular bentonite and the mechanical and chemical parameters for the granular
bentonite and the pedestal are assumed to be the same as for the FEBEX bentonite. The relatively high
permeability for granular bentonite is expected to create conditions with high temperature and water
saturation that foster significant chemical changes. The main observations from modeling results include:

— The 3D TH model (Finsterle et al., 2017) and the 2D cross-sectional TH model provide a similar
saturation of the bentonite barrier in terms of the thickness of the full saturation area at 10 years,
but differ slightly at 1 and 5 years.

— A comparison between 2D TH and THMC models suggests that the THMC model leads to faster
hydration of bentonite because, in the bentonite near the granite, saturation leads to swelling and a
decrease in dry density and subsequently to higher permeability.

— Similarly to the prediction based on the THMC model for the FEBEX in situ test, high
concentrations of major ions (except bicarbonate and pH) in granular bentonite near the heater are
expected. Such a high concentration zone near the heater also appears in the pedestal within a short
time (< 1 year), but disappears later.

— Bicarbonate and pH show complex spatial patterns because they are affected by
dissolution/precipitation of carbonate minerals and surface protonation.

— Despite of the 2D cross-sectional model having a higher permeability for granular bentonite than
the 1D THMC model, it leads to similar mineral changes to the 1D THMC model: calcite and
gypsum tend to dissolve in the area near the granite and precipitate in the area near the heater;
illitization (dissolution of montmorillonite and precipitation of illite) is not expected, but rather the
precipitation of montmorillonite and dissolution of illite are observed.

— The pedestal behaves differently from granular bentonite in terms of the change in ion
concentration in pore-water despite of the current model hypothesis that they have the same initial
geochemical conditions. The high initial water saturation in the pedestal makes it to become fully
saturated soon, and, therefore, the pedestal generally has lower ion concentrations than granular
bentonite. However, in terms of alteration of clay minerals (montmorillonite and illite), the pedestal
behaves qualitatively similarly to granular bentonite.

While more simulations for sensitivity analyses could be conducted, we realize that geochemical changes
are rather condition-specific. More reliable predictions can be made when the type of bentonite, initial
hydrological and chemical state of the bentonite and the chemical composition of infiltrating water
become available, and if artificial hydration is employed. This should be part of a detailed design study.

4.7 Implications of Current Model Results to the Design of HotBENT

Although current modeling work is either based on FEBEX bentonite (1D THMC in Section 3) or on a
hypothetical case alone as described in Section 4, considering the similarity between FEBEX bentonite and
MX80, major observations from current modeling work are likely qualitatively applicable to MX80. While
it cannot be stressed enough that if MX-80 or other type of bentonite is used in HotBENT, THMC models
for these bentonites are needed for more reliable calculation, current modeling work has the following
implication to the final design of HotBENT in terms of the modeling work for HotBENT design and data
collection in HotBENT.
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Regarding the modeling work for the final design of HotBENT, the lessons learned from current modeling
exercise and to potentially be applied to the final model are:

(1) An increase in stress, swelling in the area near the host rock and shrinkage in the area surrounding the
heater are expected in the test. Porosity and permeability due to swelling/shrinkage are key HM coupling
processes that need to be included in the model, even though modeling purpose is just TH process in the
bentonite.

(2) Chemical processes are significantly affected by THM processes, but not vice versa. Porosity and
permeability changes due to swelling/shrinkage affect moisture movement and consequently the transport
of chemical components and other reactions such as mineral precipitation/dissolution. It is therefore
necessary to have a THMC model to study chemical alteration of bentonite. However, THM model will be
adequate if the purpose of modeling is to evaluate THM or TH processes in the bentonite because current
models show the porosity change due to mineral precipitation/dissolution to be minimal.

(3) It is challenging to represent HM coupling, i.e. porosity and permeability due to swelling/shrinkage,
in a simplified manner (without resorting to include mechanical process for the purpose of simulating TH
processes) because of the interactive coupling between HM process—stress and suction changes affect
porosity and permeability and changes in porosity and permeability affect the evolution of stress and
capillary pressure. Any sort of simplified representation of HM coupling lead to an inevitable loss of such
interactive coupling.

(4) Reliable prediction of THMC alteration in HotBENT would benefit greatly from more independently
measured parameters. Special attention is called for measuring intrinsic permeability (as a function of dry
density), and capillary pressure function. For chemical calculation, concentration of chemical components
in bentonite pore-water, detailed mineral composition and CEC are necessary. For mechanical calculation,
bulk modulus and swelling capacity are necessary.

Regarding data collection in HotBENT, based on FEBEX in situ test and modeling work in this report, the
following observations can be made:

(1) Strong moisture re-distribution is expected during the cooling period (time between heater shutdown
and dismantling) and it will complicate the interpretation of test result.

(2) THMC data at multiple locations and times are highly recommended. One lesson learned from the
THMC modeling of FEBEX in situ is that chemical data provide an important additional piece of
information for calibrating a THM model. In addition, chemical data collected in two dismantling events
provides better constraint of models than chemical data collected just once. Temporal evolution of
temperature, pore pressure, relative humidity, stress at various locations, spatial distribution of water
content, dry density, water saturation, pore-water concentration, mineral composition at various time (might
have to be done through multiple dismantling events) will provide constraints on interpretations of the
experiment.

4.8 Future Work

In FY19, we will continue using THMC models to support the design of HotBENT. Specifically, the
modeling work will focus on the following tasks:

Development of a 3D model that includes granite, bentonite, concrete (to separate different modules) and
heater. Up to now, the models are either 1D axi-symmetrical or 2D cross-sectional. They can be used to
simulate the THMC evolution in the “hot” sections, but not the “cold” sections, which do not cross-cut
the heaters. The 3D model will allow for examining the THMC evolution of bentonite at both “hot” and
“cold” sections, and also for studying an interfacial area such as the concrete-bentonite interface.



Evaluation of Engineered Barrier Systems in the Disposition of Spent Nuclear Fuel
104 September 24, 2018

Currently, three materials, MX-80, Kunigel VI, Rokle bentonites, have been under consideration as the
buffer material. Once the decision is made, THMC model will be developed specifically to simulate the
performance of the selected bentonite. As revealed in this report, some phenomena can be generalized for
different type of bentonite, but those related to geochemical processes, are largely bentonite-specific. As a
result, THMC models for the selected bentonite will provide more support for the final design.

5. CODE COMPARISON OF SEMI-ANALYTICAL THERMAL
ANALYSIS SOFTWARE

Semi-analytical codes are frequently used for evaluating the thermal field of heat-generating nuclear waste
in a deep geologic repository. These codes offer an ease of use that is ideally applied to the design-phase,
where quick scoping calculations can be made to understand waste package surface temperature as a
function of waste package spacing and drift spacing. Semi-analytic models are ideal for these calculations,
as changes to waste package spacing and drift spacing can easily be made without the complication of re-
meshing. The trade-off is, of course, is a less accurate temperature prediction. The main objective of this
study was to perform code-to-code benchmarking between semi-analytical codes (one used in the US
SFWST Program, the other in the German Program), as we all as comparing both semi-analytical
calculations with a more robust solver TH solver (i.e., FLAC3D).

A comparison of semi-analytical thermal analysis software was conducted as part of the KOSINA US-
German collaborative work. The benchmark thermal analysis work was done by DBE TECHNOLOGY
GmbH in Germany and Sandia National Laboratories. The results of the thermal analysis have been
published in Simo et al. (2018). A summary of the collaborative work is presented below.

Thermal design analysis is an essential part of repository safety assessment to investigate thermal conditions
in all parts of the repository and determine optimum disposal layout and repository foot print. During the
design of the disposal layout temperature limits in the rock are defined based on requirements to reduce
damage to the repository and the host rock. These limits vary depending on the type of host rock. For this
study, the host rock of interest is bedded salt, which has a thermal limit of about 200°C, to avoid reaching
the decrepitation temperature of salt.

Prior to disposal, the configuration of the waste packages in the repository is optimized under the
requirement that the maximum temperature in the repository is below the temperature limit of the host rock.
Several methods are available to perform this thermal analysis. The methods include simpler semi-
analytical codes that provide quick analysis of heat transport, and the more complex numerical methods
that provide distributions of heat, often coupled to mechanical phenomena and fluid flow transport. The
aim of this present study is to assess the validity of such codes used by researchers in Germany and the
United States. To this end, a US-German working group has been set up between DBE TECHNOLOGY
GmbH and Sandia National Laboratories.

The comparative benchmark in this study is based on a US disposal layout from Sandia National
Laboratories. Conduction-only thermal analysis was carried out at Sandia National Laboratories using the
semi-analytical method implemented using Mathcad 14. A numerical simulation was also used at Sandia
National Laboratories to test some of the Mathcad-based semi-analytical simulations. Thermal analysis of
this example was also done by DBE TECHNOLOGY GmbH with the codes FLAC3D and LinSour. The
thermal simulations at both DBE TECHNOLOGY GmbH and Sandia National Laboratories used the same
original input parameters. The studies include comparisons of results, which will be used to assess and
improve the performance of the codes. As described above, only conductive heat transport was considered,
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neglecting convection and thermal radiation. These simplifications are reasonable for low permeability
media (such as bedded salt) and enclosed emplacement modes (Hardin et al., 2012).

A short description of each software is given in Sections 5.1-5.3. The benchmark problem, simulations
results, and conclusions are described in Section 5.5-5.7.

5.1 Mathcad-Based Thermal Analysis Software

A Mathcad-based semi-analytical transient thermal model developed by DOE (at Lawrence Livermore
national Laboratory and Sandia National Laboratories) was also used for the analysis. The model is
described further by Hardin et al. (2011, 2012). The model calculates the heat distribution produced by a
central waste package including contributions from adjacent waste packages, as well as from waste
packages in adjacent drifts. The model also includes convection, radiant heat transfer, ventilation and other
processes. Analytical solutions from different sources were utilized in developing the model.

For this study, a backfilled repository in a salt host is assumed. Thus, the analysis will be conduction
dominated and other processes (e. g., convection) are excluded on the basis that their contribution to the
heat distribution will be negligible in the absence of large, open voids in the repository. The thermal
conduction solution is a superposition of three components that represent contributions from the various
sources. They include:
e a finite line source representing a central waste package of interest.
¢ infinite line sources representing laterally spaced adjacent drifts. This is represented by 8 adjacent
drifts (four on each side of the central drift).
o Infinite point sources representing adjacent waste packages in the same drift aligned axially with
the central waste package. This is represented by 8 adjacent waste packages (four on each side of
the central waste package).

The analytical solution representing the central waste package is a finite line source in an infinite medium
(Sutton et al., 2011). The finite line source solution is derived from the point source solution as shown in
Sutton et al. (2011). The integral form of the finite line source solution in the form of the error function in
Cartesian coordinates is given by:
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where,

T = temperature

Ty = initial or ambient temperature

L = characteristic length (waste package length)
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