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ABSTRACT

The geological disposal of a high level radioactive waste relies in a system composed of
engineered and geological barriers. The soils and rocks involved in the design of this type of
solution are generally initially unsaturated and subject to complex thermal, hydraulic and
mechanical (THM) coupled phenomena triggered by the simultaneous heating and hydration
of the barrier materials under confined conditions. Mathematical THM formulations are
typically used to analyse the behaviour and long term performance of the barriers system.
These types of formulations generally do not include some coupled processes, for example
thermo-osmosis (i.e. the movement of liquid water induced by gradient of temperature),
because they are considered not significant when compared against the main or direct
processes (e.g., Darcy’s, Fourier’s and Fick’s laws). In this work the potential effects of
thermo-osmotic phenomenon is studied in detail. Typical flow equations are modified to
include thermo-osmotic flows and then they are implemented in numerical simulators. Two
case studies are analysed. The first one focuses on a simple and already proposed model to
study the behaviour of a geological barrier for nuclear waste when subjected to heating and
hydration. The other case corresponds to the study of an engineered clay barrier material in
the lab subjected to hydraulic and thermal gradients similar to the ones expected in real
repository conditions. In both cases the analyses with and without thermo-osmotic flows are
compared. From these comparisons it is observed that the effect of thermo-osmosis can be
quite significant. Thermo-osmotic effects also assisted to explain the apparent low wetting

observed in the hydration of a clayey barrier material.
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1. INTRODUCTION

A geological repository for high-level radioactive waste (HLW) disposal is designed to safely
contain nuclear waste for a very long period of time. One possible system consists in placing
the metallic canisters (containing the nuclear waste) in a network of tunnels excavated in the
rock several hundreds of meters (i.e. around 500 m, or more) below the ground level. The
empty space between the canister and the drilled gallery is filled with an engineered barrier.
The behavior of unsaturated materials is of central interest in the design of HLW repositories
due to their potential involvement as: a) raw material to construct the man-made engineered
barrier (generally) envisaged around the waste canister; and b) the geological barrier in mined
repositories in clay-stone formations.

The engineered barriers are (generally) made up of compacted unsaturated expansive clay has
the multiple purposes of providing mechanical stability for the waste canister (for absorbing
stresses and deformations); delaying the water flow from the host rock, and providing a
suitable chemical environment. The engineered barrier system is a basic element in the design
of repository to isolate HLW. It plays a prominent role in conducting the heat generated from
the waste; reducing the flow of pore water, and maintaining the structural stability of the
waste canister. The barrier undergoes a variety of coupled thermal, hydrological and
mechanical (THM) phenomena due to heating (from the heat-emitting nuclear waste);
hydration (from the saturated host rock); and constrained volumetric deformations.
Compacted expansive clays in unsaturated state are often used in the design of HLW as
sealing material because of, amongst others: their low permeability, swelling properties and
self-healing capabilities. Hence current efforts are focused on characterizing the behavior of
these clays by conducting experiments (e.g. Push et al.', Delage et al., Lloret et al.’, Villar et
al.*; Cleall et al.>® ), proposing constitutive models (e.g. Gens and Alonso’, Cui et al.®,

Hueckel and Pellegrinig, Sanchez et al.'’, Francgois and Laloui'', Arson and Gatmiri'?, Cleall
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et al.>®) and developing mathematical frameworks able to capture the most relevant THM
phenomena (e.g. Olivella et al.”*, Rutqvist et al.'*, Gatmiri and Arson').

A good understanding of the non-isothermal behavior of unsaturated materials (i.e. both the
compacted clays intended for the engineered barrier, and the host rocks considered for the
natural barrier) on the long term basis is necessary for the safe and successful design of the
repository. Significant progresses have been made in the last few years in this area. One
aspect that still need more attention is the study of the effect of some coupled flow
phenomena (that are generally neglected in typical coupled THM analysis) in the long term
behavior of HLW repositories. The interest in this type of analysis has increased recently
motivated by some apparently unexpected low hydration observed in large scale tests (i.e.
Thomas et al.'®, and Sanchez et al.'”).

This work focuses on the study of the effect of thermo-osmotic flows on the behavior of
unsaturated barriers envisioned for HLW disposals. Two case studies are analyzed. The first
one is related to a theoretical case proposed by Pollock'® to study the behavior of a HLW
repository in an unsaturated tuff rock. The other one corresponds to the modeling of two
infiltration cell experiments, in which both cells are of the same size, but one of them is
hydrated under isothermal conditions, and the other is hydrated under a thermal gradient.

The paper is organized as follows: first, the direct and coupled processes typically present in
THM coupled analyses in porous media are discussed. Then, the main components of the
coupled THM formulation are briefly presented. The case studies are discussed afterwards.

The paper closes with the main conclusions of this research.
2. DIRECT AND COUPLED FLOW PROCESSES

Under repository conditions both natural and engineered barriers are subjected to
simultaneous thermal, hydraulic, and mechanical phenomena triggered by the heat-emitting

nature of the nuclear waste, the water arising from the surrounding rock mass, the swelling
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nature of the unsaturated clay barrier, and the highly confined conditions of the isolation
system. Coupled THM processes, and their mutual interactions, control the evolution and
long-term response of the whole isolation system; therefore, a good understanding of the
main THM phenomena is required to achieve a safe design of HLW repositories. Figure 1
schematically illustrates the main physics and their mutual interactions anticipated in a
porous medium subjected to simultaneous THM actions. Some of them are discussed in the
following.

Within the thermal phenomena, heat storage is assumed to be proportional to temperature.
This phenomenon is strongly affected by hydraulic phenomena, via fluid flow; and by the
mechanical problem, via porosity changes (which modify the amount of space left for fluids).
Phase changes also affect heat storage through the latent heat of vapor. Thermal conductivity
is the main property associated with heat conduction that is driven by temperature gradients
through Fourier’s law. Thermal conductivity depends on partial saturation of the phases and
porosity variations (which is related to stress/strain changes). Heat transport in the fluid
phases by heat advection (i.e. liquid and gas mass flows) is another important phenomenon
related to the thermal problem.

<< Include Figure 1 here>>

Within the hydraulic phenomena, water storage is affected by the thermal problem through
the dependence of liquid and vapor density on temperature. Phase change varies the amount
of water in liquid and gas phases. Water storage also depends on hydraulic phenomena via
the dependence of liquid density on liquid pressure and vapor density on fluid pressures.
Water storage is also affected by the mechanical problem through porosity changes. Liquid
water transfer is mainly controlled by liquid pressure gradients through Darcy’s law.
Hydraulic conductivity, is mainly affected by liquid viscosity (which diminishes with

temperature); porosity changes (controlled by the mechanical problem); and the degree of
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saturation. Furthermore, pore water pressure increases with temperature in saturated and
quasi-saturated conditions, and liquid density variation with temperature gives rise to
convective flow. Water vapor transfer is mainly controlled by gradients of vapor
concentration, i.e. vapor diffusion (through Fick’s law) and vapor advection, controlled by
gas flow. Vapor diffusion depends mainly on the degree of saturation and porosity changes.
Similar processes and couplings govern the air storage, gaseous air transfer and dissolved air
transfer.

Within the mechanical phenomena, the mechanical constitutive law establishes the relation
between stresses and strains. Temperature field affect the mechanical problem via the thermal
expansion/contraction of materials, and the dependence of the constitutive law on
temperature. Hydraulic phenomena affect the mechanical field by the dependence of effective
or net stresses on fluids pressure. In unsaturated conditions the constitutive laws also depend
on suction (i.e. difference between gas and liquid pressures).

Most of the phenomena described above are typically included in standard coupled THM
formulations. However, there are additional phenomena in porous media that may be relevant

to include in the modeling of certain problems. They are discussed in the following.

The hydraulic gradient is the main physical phenomenon influencing the movement of water
in permeable porous media. It is, however, not the only one. Figure 2 presents the main kinds
of flow that can occur in a porous media alongside with the corresponding gradient
responsible for transport. The word ‘law’ is generally used for the diagonal terms associated
with the direct flow phenomena, and the name ‘effect’ is reserved to the non-diagonal ones,
called also ‘coupled processes’ (i.e., Bear'”). Lippmann®® discovered and named the
phenomenon of thermo-osmosis. He discovered it experimentally by separating a volume of

water into two parts by means of a membrane. Different temperatures were held in the two
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regions of the system. The thermal gradient caused a flow of water through the membrane

from the cold to the hot side.
<< Include Figure 2 here>>

In permeable reservoirs, the non-diagonal coefficients are relatively small and negligible
compared to the diagonal terms. That is the reason why the coupled processes are generally
ignored when analyzing problems in aquifers. However, in non-isothermal problems
involving low permeability media and/or low hydraulic gradients thermo-osmosis may play a
more influential role. Srivastava and Avasthi*' and Horseman and McEwen* showed that
water flux due to thermo-osmosis can easily exceed Darcy flux in low permeability clays.
The ‘phenomenological coefficient’ that links each flow with the corresponding driving
gradient must be measured experimentally (e.g., Djeran®). Accounting for thermo-osmosis
implies that the transport of heat may modify the transport of fluids. The counterpart
phenomenon of thermo-osmosis is thermo-filtration, which reflects the influence of a
pressure gradient on heat flow. Thermo-osmosis and thermo-filtration are generally
formulated as reciprocal relations, so that the coupled conductivity terms related to each

phenomenon are set equal (Djeran®).

Thermo-osmotic effects have been studied in the past, for example Soler** studied the impact
of coupled phenomena on the long-term behavior of radioactive waste repositories in
saturated argillaceous rock. Bing Bai*® proposed an analytical solution in the half-space for
the thermal consolidation of layered saturated soils, including the influences of thermo-
osmosis and thermal filtration. Chen et al.”® more recently proposed a coupled THM

formulation that accounts for the flow of water and air driven by temperature gradients.

The aim of this work is to explore the impact of thermo-osmosis on the hydration of
unsaturated soils and rocks generally used in the design of nuclear waste disposals. Thermo-

osmosis may have a relevant role during the hydration of barrier materials, especially at
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advanced stages when the hydraulic gradient tends to be small and the thermal gradient is still
significant (due to the long time involved in the radioactive decay). In this work a standard
THM formulation were extended to study the influence of thermo-osmotic flown in coupled
THM problems involving unsaturated materials. The main components of a typical THM
formulation are presented in the following section together with the incorporation of thermos-

osmotic flows
3. MATHEMATICAL FORMULATION

In this section a typical THM formulation to analyze coupled problems in geological media is
presented. The general framework is the one proposed by Olivella et al.*’. The approach is
formulated using a multi-phase, multi-species approach. The subscripts identify the phase (s’
for solid, ‘I’ for liquid and ‘g’ for gas). The superscripts indicate the species (‘4’ for mineral,
‘w’ for water and ‘a’ for air). The liquid phase includes water and dissolved air, and the gas
phase is a mixture of dry air and water vapor. Dry air is considered as single species. The
framework has three main components: i) balance equations, ii) constitutive laws, and iii)
equilibrium conditions. The main components of the mathematical formulation are presented
in the following sections, together with the inclusion of the coupled thermo-osmotic flows.

More details about the basic formulation can be found elsewhere (i.e. Olivella et al."*?").
3.1 Balance equations

The compositional approach was adopted to establish the mass balance equations, in which
balance is expressed for the species rather than the phases. The total mass balance of water is

expressed as:

%(@WS,n+¢9;Sgn)+V-(j}”+j2’)=fw M

where 0," and 6," are the masses of water per unit volume of liquid and gas respectively; # is

the porosity; S and S, represent the volumetric fraction of pore volume occupied by liquid
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and by gas (degree of saturation for their respective phases); and j;" and j," denote the total
mass fluxes of water in the liquid and gas phases (water vapor), with respect to a fixed
reference system. /™ is an external supply of water.

Similarly for the mass balance of air,

08 050) 495 45) = :

where 6/, and 6%, are the masses of air per unit volume of liquid and gas phase respectively.
j¢/and j“; denote the total mass fluxes of air in the liquid and gas phases with respect to a
fixed reference system. /* is the external mass supply of air per unit volume of medium.
Thermal equilibrium between phases is assumed. This hypothesis means that at a given
material point, the three phases (i.e. solid, liquid and gas) are at the same temperature and,
consequently, only one equation is required to establish energy balance. This hypothesis is
justified considering the low permeability of the barrier materials. The total internal energy
per unit volume of porous media is obtained by adding up the internal energy of each phase.
The total internal energy balance equation is expressed as::

0
ot

(Ep, (1-n)+EpSn+E,p,S,n)+V.(i, +jy +js +is )= " 3)
where E; is the solid specific internal energy; E; and E, are specific internal energies
corresponding to liquid and gas phase, respectively; p; is the solid density; p;and p,are the
liquid and gas phase densities; i. is the conductive heat flux; jg; is the advective energy flux
of solid phase respect to a fixed reference system; jz and jg, are the advective energy flux of
liquid and gas phases, respectively, with respect to a fixed reference system and f* is the
energy supply per unit volume of medium.

The balance of momentum for the porous medium reduces to the equilibrium equation in total

stresses:
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Vo+b=0 4
where o is the stress tensor and b is the vector of body forces. Through an adequate
constitutive model (presented in the next section), the equilibrium equation is expressed in
terms of solid velocities and fluid pressures. In addition, the mass balance of solid is

established for the whole porous medium and it is used to update the porosity.
3.2 Constitutive laws

The constitutive equations establish the link between the main unknowns and the dependent
variables. The key constitutive equations are summarized below,

Advective fluxes are computed using a generalized Darcy’s law, expressed as:

9. =K, (VB -p.g); a=/g (5)
where P, is the phase pressure. K. is the permeability tensor of o phase and g is the gravity
vector. Specific evolution laws for the permeability law, including intrinsic and relative
permeability laws are explained in the case studies.

Non-advective fluxes of species within the fluid phase are related to gradients of mass
fraction of species, according to Fick's law. The hydrodynamic dispersion tensor includes

both molecular diffusion and mechanical dispersion::
i, =-D Vo, i=wa; oa=lg (61)

where D', is the dispersion tensor of the medium; a more detailed description of the adopted
hydraulic models can be found elsewhere (i.e. Olivella et al.*’).
Fourier’s law describes the conductive flux of heat (i) as follows:

i =-AVT (7

10
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where A is the thermal conductivity. Specific evolution laws for the thermal conductivity, as
well as for other constitutive equations (e.g. water retention curve, mechanical model) are

presented together with the application cases.
3.3  Equilibrium restrictions

The equilibrium restrictions control the phase changes. It is assumed that they are rapid in
relation to the characteristic times of the flow problems. So, they can be considered in local
equilibrium, giving rise to a set of equilibrium restrictions that must be satisfied at all times.
The vapor concentration in the gaseous phase is governed by the psychometric law and the

amount of air dissolved in water is given by Henry’s law (Olivella et al.27).
34 Thermo-osmotic flow

Philip and de Vries™ early investigated thermal effects in unsaturated soils. Their model takes
into account capillary effects. It also considers the possible presence of air in the soil. With
this background, several approaches were proposed to model unsaturated soil behavior:
among others: Milly”, Olivella et al.*’, Gatmiri and Arson'’. In such approaches, the
geomaterial behavior is generally described using a multiphase/multispecies mathematical
formulation and assuming that the perfect gas law rule is valid to model the behavior of the
gas phase (as described above). Phase changes add some complexity to the problem.
Evaporation and condensation may occur under the combined influence of pressure and
temperature. As a result, a porous medium filled with a mixture of liquid water and gaseous
air in fact also encompasses vapor. Water flow thus depends on liquid water and on vapor
transfers. The vapor term may encompass temperature gradients modeling either the
vaporization process, or the behavior of a perfect gas.

This study is aimed at extending existent THM formulations (like the ones cited above, which

only consider the laws in the diagonal of Figure 2) to include thermo-coupled processes

11
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induced by thermal gradients. The constitutive models for the thermo-osmosis can be
obtained by adding a conductivity term multiplying the gradient of temperature in the
generalized Darcy’s equation (i.e. Eq. 5). Put in it a 3D setting, the liquid flow equation

writes:

q, = _K(VE - plg) -K,,,VT (8)
where Kyr is the thermo-osmotic permeability tensor. To illustrate these fluxes a simple test
is presented in Figure 3. Figure 3a) shows schematically a heating and hydration experiment
in an unsaturated soil. The flow of liquid water driven by the gradient of liquid pressure is
governed by Darcy’s law and induces a transfer of liquid water from the hydration front
inwards (represented by a blue arrow in Figure 3b). The thermos-osmotic flow is controlled
by the gradient of temperature and in this test the liquid water moves in the opposite direction
(represented by a red arrow in Figure 3b).

<< Include Figure 3 here>>
4. CASE STUDIES

To study the potential effects of thermo-osmotic flows on the response of unsaturated barriers
envisioned for the design of nuclear waste disposal two case studies are analyzed. These two
cases were selected because they involve different conditions worth to investigate. The case
studies are related to two different unsaturated geomaterials (i.e. Case 1 corresponds to a
natural rock barrier material, and Case 2 to a manufactured compacted clay barrier); two
different heating conditions (i.e. Case 1 involves power control, and Case 2 temperature
control); and two different environments (i.e. Case 1 simulates geological repository
conditions, and Case 2 model an infiltration cell under controlled conditions in the

laboratory).

12
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4.1 Effect of thermo-osmotic flow under repository conditions

The synthetic case proposed by Pollock'® to study the behavior of a repository for HLW in an
unsaturated rock was selected as Case 1 to study the potential effect of thermo-osmotic flows
in a simple model of a natural unsaturated barrier aimed at mimicking real repository
conditions. Two numerical simulations were performed, one with the standard formulation
(i.e. without the osmotic flow) and the other one incorporating the thermo-osmotic
phenomenon.

The term representing the thermo-osmotic flow in Eq. (8) was introduced in the general water
multi-phase flow model described in Gatmiri and Arson'’ and implemented in the associated
Theta-Stock Finite Element program (Arson and Gatmiri'?). The resulting water flow model
accounts for conductive transfer, capillary effects, vaporization and thermo-osmosis. The
concept is illustrated on the simplest thermo-osmotic flow scenario possible: the thermo-
osmotic conductivity Kgr in Equation 1 is assumed to be a scalar (Kyr). This assumption
indicates that the thermo-osmotic model does not depend on degree of saturation, neither on
dry density (or any other factor), implying that thermo-osmosis has more influence when
degree of saturation and/or porosity decrease, because of the associated reduction of the
permeability tensor. The basic model proposed here can be upgraded when more
experimental information becomes available. There are obviously more phenomena coming
into play if chemical reactions are expected to occur.

4.1.1 Geometry, mesh, initial and boundary conditions

The geometry is the one described in Pollock’s study of fractured tuff (Pollock'®). The mesh
is a pseudo 1D-column that is 20 meters wide and 475 meters high. The waste is assumed to
be stored at a depth of 100 meters. The ground water is located at 500 meters depth. The
initial saturation degree of the host rock is around 0.15 and the initial rock void ratio is equal

to 0.54. The tunnel is assumed to be long enough to allow a plane strain analysis. An initial

13
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geothermal temperature gradient is imposed in the rock mass, the initial surface temperature
amounting to 20°C. Fluid pore pressures and suction are initially computed by assuming that
the rock mass is in a hydrostatic state. During the simulations, temperatures and pore
pressures are maintained to their initial values at the upper and lower boundaries of the
model. Nuclear waste is modeled by two elements, which are considered as heating sources.
Heat flows are imposed on both of the element horizontal boundaries. The heating power
initially amounts to 5W.m™, and then decreases exponentially, as described in Table 1.
<< Include Table 1 here>>

4.1.2 Constitutive laws

Following the study by Pollock'®, a non-deformable porous medium was considered. The
conductivities involved in the flow equations presented in Sections 3.2 depend on the volume
fractions of the various constituents present in the rock, mainly: the solid skeleton, liquid
water, vapor and gaseous air. The formulas used to obtain the averaged properties of the
representative elementary volume from the conductivities of each constituent are provided
below, and the corresponding model parameters used for the simulations are given in Table 1.

Hydraulic conductivity to liquid water:

K, =k, (Sl )35 ©)

Conductivity to gaseous air:

K, =%[e(1—s, JFo (10)

Water retention curve:
, s
S =1+ (F) (11)
Thermal conductivity:

14
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b =l-0,-g 0 +lo, + 0, 5.4, + o, + o, 1-5, )4, (12)
where § stands for the second-order identity tensor, k,, is the hydraulic conductivity of the
liquid phase in the initial state, y, and u, are respectively gas specific weight and air

dynamic viscosity, e is the current void ratio (constantly equal to the initial void ratio in the

present simulations), ¢, is a fitting parameter, and A, A, and A, are the thermal

conductivities of the solid skeleton, liquid water and vapor, respectively. In addition, a
simplified van Genuchten model (1980) is used for the retention curve (Eq. 10), where P, is
the air entry value and A a model parameter.
<< Include Table 2 here>>

4.1.3 Model results

The response of the unsaturated tuff rock is studied over 1000 years. Up to 200 years of
heating, the evolution of the degree of saturation predicted by the thermo-osmotic model
follows the same trends as the one predicted by the classical multi-phase flow model (Fig. 4a
and 4b). However the magnitudes are different around the heating source, particularly
between 80 meters and 140 meters deep. With the model accounting for thermo-osmotic
effects, the saturation degree is approximately twice smaller in this zone than the saturation
degree obtained with the reference behavior model. This means that thermo-osmosis
originates drying. This is in agreement with the theoretical thermo-osmotic model (Equation
8), stating that fluid flows along decreasing gradients of temperature. Temperature is higher
at the vicinity of the heating source, which explains why thermo-osmotic effects tend to
reinforce drying near the source. On a closer inspection to these results shown that after 10
years, the rock mass has already been exposed to the highest level of heat power (see Table
1). For both models adopted in this study (with no account of thermo-osmosis in Fig.4.a and

with thermo-osmosis in Fig.4.b), we observe a desaturation 20 meters both above and below
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the heat source: this drying effect is due to vaporization, which is enhanced by thermo-
osmosis in Fig.4.b. Drying by vaporization and/or thermo-osmosis induces a flow of water
towards the top and bottom boundaries of the domain. The heat source is located at a distance
of 100 meters from the top boundary and at a distance of 400 meters from the bottom
boundary, which are both drained (fixed pore pressures). Over time (plots corresponding to
500 and 1000 years), water flows out by the top boundary. By contrast, the water front does
not reach the bottom boundary so that upon cooling (i.e. for time>500 years, see Fig.5), so
that water vapor condensates and flows back to the heat source by capillarity. Non-symmetric
boundary conditions explain why, in the long term and outside of the influence zone for
depths in the interval [80m, 120m], it is observed a desaturation above the heat source and a
re-saturation below the heat source.

Temperature reaches a peak at the depth of the source, and decreases as the distance to the
source increases. The zone of influence of the thermo-osmotic flow is more obvious in Figure
4 which illustrates the impact of water flow on the degree of saturation. The effect on
temperature is indirect: the account for thermo-osmosis changes the values taken by the
degree of saturation, hence the volume fractions of liquid and gas, which weigh the average
thermal conductivity of the rock mass. From Figure 5, it can be seen that temperature
predictions differ only between 50 and 200 years of exposure, between 90 meters deep and
110 meters deep (i.e. +/- 10 meters away from the heat source). The maximum difference of
temperature observed in the simulations is about 10°C.

<< Include Figure 4 here>>

If thermo-osmosis is accounted for (Figure 5.b), temperature remains elevated around the
nuclear waste for a longer period than if thermo-osmosis is not accounted for (Figure 5.a).
This could be expected, since with the values of thermal conductivities used in these

simulations (Table 2), the thermal conductivity of the unsaturated rock (given by Eq. (12))
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should decrease as the degree of saturation decreases. Thermo-osmotic drying effects noticed
in Figure 4 are thus expected to reduce the thermal conductivity of the rock around the
nuclear waste disposal, which explains why the temperature decrease normally expected as
the heat power decreases is delayed when thermo-osmosis is accounted for in the model. As a
conclusion, the effect of thermo-osmotic flow can be significant in problems related to
nuclear waste disposals, which involve long-term coupled flow processes.

<< Include Figure 5 here>>
4.2 Effect of thermo-osmotic flow in a clayey engineered barrier material

Case 2 corresponds to the modeling of two infiltration tests carried out to gain a better
understanding of the thermal effect on the hydration of clayey barrier materials.

The infiltration tests were performed by CIEMAT (Spain) in cylindrical cells 40 cm long and
7 cm diameter. They were made of Teflon® to minimize lateral heat conduction, and were
externally covered with steel semi-cylindrical pieces to prevent the deformation of the cell by
bentonite swelling. In one of the tests (i.e., GT40) the clay was heated through the bottom
surface at a constant temperature of 100°C. The other test (i.e., IT40) was carried out at
isothermal conditions. The cells were instrumented with relative humidity and temperature
sensors placed inside the clay at three different levels separated by 10 cm. The relative
humidity and temperature evolution at different levels inside the clay were recorded. The
FEBEX clay was compacted with its hygroscopic water content (around 14 %) at an initial
nominal dry density of 1.67 Mg/m’. Granitic water was injected through the upper part of the
cells (in both tests) at a pressure of 1.2 MPa. Figure 6a) shows a photo of the cells during
operation, while Figure 6b) illustrates the experimental setup showing its main components.

0

More details can be found in Villar and Gomez-Espina®®.

<< Include Figure 6 here>>
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A very slow hydration was observed in the test under thermal gradient (i.e. GT40). To
explain the delay in the hydration three different possible phenomena were investigated: 1)
presence of a threshold gradient in the flow law; ii) evolution of clay micro-fabric during
hydration; and iii) effect of thermo-osmotic flows.

The threshold gradient phenomenon considers a lower limit of applicability of the Darcy’s
law. Some experimental evidences show that under low hydraulic gradients, Darcy’s simple
relationship does not rule the liquid flow in some geomaterials, especially in soils containing
active clay minerals. The strong clay-water interactions typically observed in this type of
soils is suggested to explain this non-Darcian flow behavior (e.g. Bear'”). Phenomenon ii) is
associated with the dynamic character of the clay fabric during wetting. The fabric of
compacted clays consist of dense aggregates of clay particles with intra-aggregate pores
(micropores) between them. The arrangement of these clay aggregates conforms a granular
skeleton of the material with inter-aggregate spaces (macropores). When a clay barrier is
hydrated, the clay aggregates tend to adsorb water and swell. Under constant volume
conditions (as the ones prevailing in HLW repositories because of the high confinement) the
expansion of the microstructure is made possible by the reduction of the macropores, which
in turns significantly influence clay permeability and hence barrier hydration kinetic. This
paper focuses on the analysis related to phenomenon iii), explained in detail in the following
sections. More information about the different analyses can be found in Aponte®'. The
modeling of this cells incorporating the evolution of the micro-fabric is discussed in Sanchez
etal. .

The GT40 and IT40 tests were modeled using two THM approaches, as follows: i) a standard
THM formulation that does not include thermos-osmotic effects (i.e., Olivella et al.”’,
introduced in Section 3.1 to 3.3), and ii) an improved formulation incorporating thermos-

osmotic flows (as indicated in Section 3.4).

18



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

As for the analysis 1), the model known as Operational Base Case (OBC) was adopted in this
study. The OBC model was used in a number of simulations related to others FEBEX
experiments and it can be considered as a ‘standard’ approach to analyze this type of
problem. The OBC has been used extensively (e.g. Villar et al.*, Gens et al.”*, Sanchez et
al.'”?%). As for the analysis ii), a thermo-osmotic flow model (coded as THO hereafter) was
incorporated in the THM formulation proposed by Olivella et al.>”). The modified flow model
of Eq. (8) was implemented in the finite element program CODE_BRIGHT (Olivella et al.")
and used for the numerical analysis. CODE BRIGHT has been widely validated and
satisfactorily applied in a variety of coupled THM problems involving expansive clays (e.g.,

Akesson et al.*®, Gens et al.>

). In the following sections the main components of the model,
the constitutive laws and the main results are discussed.

4.2.1 Geometry, mesh, initial and boundary conditions

A 1-D axis-symmetrical model was adopted in the analyses. A mesh of one hundred (100)
elements was prepared. A sensitivity analysis was carried out to verify that the model results
do not depend on the mesh. The initial and boundary conditions of the model were imposed
in order to be the closest possible to the experiments. The initial water content of the
bentonite block is close to 14%, from the retention curve adopted an initial value of suction
close to 140 MPa was assumed. An initially uniform temperature of 22 °C was assumed. An
initial hydrostatic stresses of 0.15 MPa was adopted.

As for the boundary conditions of the GT40 cell, a temperature of 100 °C was imposed at the
contact between heater and bentonite (i.e. the bottom of the cell), while a constant water
pressure of 1.2 MPa was imposed at the other extreme of the cell (i.e. upper part). The
thermal boundary condition along the sample was adopted in order to adjust the temperature

field, in that sense a temperature of 23 °C was fixed with a radiation coefficient of 1 (one).

Finally, a constant gas pressure (0.1 MPa) was adopted in the analyses. For the IT40 cell,
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similar boundaries conditions were adopted for the mechanical and hydraulic problems, but
isothermal conditions were considered.

4.2.2 Constitutive laws

In this section the constitutive equations that complement the ones presented in Section 3.2
are briefly introduced. The laws and parameters adopted for the two numerical models (i.e.
OBC and THO) are identical, but for the incorporation of the thermos-osmotic law in the
THO model.

Hydraulic models

The permeability tensor for the liquid flow presented in Eq. (5) K| is evaluated according to:

K(l=k@; a=/g 2)
W,

where kis the intrinsic permeability tensor, wis the liquid dynamic viscosity and 4 is the
liquid relative permeability. The dependence of intrinsic permeability on porosity was based

on Kozeny’s law:

I (14)

N
w

(1=n)
where ky is the reference saturated permeability at the reference porosity ng. Permeability
tests performed on saturated samples have been used to adopt the reference values: ky =
1.9x10™" m* for a porosity of 0.40 (Figure 7.a). The well-known power law has been adopted
to describe the dependence of liquid permeability on degree of saturation:

k,=S" (15)
A value of ny = 3 was determined from back-calculating hydration tests on FEBEX bentonite
(Huertas et al.*®).
As for the water retention curve, the van Genuchten’’ model presented in Eq. (11) was

modified for the bentonite, as follows:
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- iﬁ a): (1= 16
S, 1+(P) Ji ¥ Ja (1 P) b) (16)

d

where the function f; is included in order to model properly the high suction range. Py is
related to the suction at 0 degree of saturation and A, is a model parameter. When A, = 0 Eq.
(12) is recovered. Figure 7.b) presents the results of tests carried out at conditions of constant
volume on FEBEX bentonite (Huertas et al., 2006), alongside the adopted model is presented.
Model parameters are: Py =20 MPa; Ay =0.18, P;= 1100 MPa, and A, = 1.10.

Note that experimental data is lacking for the coefficient associated with the thermo-osmotoc
flow (Kyr) in FEBEX bentonite. .. Based on published data for other clayey materials (i.e.,
Djeran*and Soler**), the thermo-osmotic constant adopted in the numerical analysis was 5.60
x 107 m*/KJs.

Thermal model

The thermal conductivity adopted for the Fourier’s law (Eq. 7) depends on the saturation of
the clay and is expressed by the geometric mean of the thermal conductivities of the

components:

A = )\Wf/x (1-5,) (17)

iy
Based on experimental results (Figure 7.c), the following thermal conductivities were
adopted: Agr,=0.47 and As=1.15.

<< Include Figure 7 here>>
Mechanical model
The Barcelona Basic Model (BBM) was adopted to model the mechanical behavior of the

FEBEX clayey barriers (i.e. Gens et al.*’and Sanchez et al."”

). The BBM is an elasto-plastic
strain hardening model, which extends the concept of critical state for saturated soils to the

unsaturated conditions and it is able to reproduce many of the basic patterns of behavior
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observed in unsaturated soils (Alonso et al.**). The BBM considers two independent stress
variables: the net stress (o), computed as the excess of the total stresses over the gas pressure
(o+Ip,), and the matric suction (s), computed as the difference between gas pressure and
liquid pressure. The model is formulated in terms of the three stress invariants (p; J; 6) ;
suction and temperature. In the BBM the yield surface depends also on the matric suction.
The trace of the yield function in the isotropic p-s plane is called the LC (Loading-Collapse)
yield curve, because it represents the locus of activation of irreversible deformations due to
loading increments or wetting (collapse compression). The position of the LC curve is given
by the value of the hardening variable p(,*, which is the apparent pre-consolidation yield stress
of the saturated state. The BBM was extended to non-isothermal condition following the
approach suggested by Gens”. It was considered that thermal changes affect both elastic and
plastic behaviors. Pre-consolidation pressure is affected by temperature assuming that
temperature increases reduce the size of the yield surface and the strength of the material. The

BBM yield surface (Fi¢) is then expressed as:

2

g(a))] MZ(P"'A)(Z’()_P):O (18)

F,=3]" |2
=3 | 5

where M is the slope of the critical state, p, is the apparent unsaturated isotropic pre-
consolidation pressure at a specific value of suction, and p, considers the dependence of shear
strength on suction and temperature. When yielding takes place the increment of plastic

deformations is evaluated through:

ic
06 (19)

e = M

where Az is the plastic multiplier and G is the plastic potential (defined in the Appendix).
The hardening law is expressed as a rate relation between the volumetric plastic strain and the

. . . . * .
saturated isotropic pre-consolidation stress ‘p o, according to:
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where e is the void ratio, ¢/ is the volumetric plastic strain, k is the elastic compression

index for changes in p, and Ay is the stiffness parameter for changes in p for virgin states of
the soil in saturated condition.

Because of the high compaction to which the bentonite blocks were subjected to, the
description of the behavior of the material inside the yield surface is particularly important.
According to the adopted parameters (Table 3), it is expected that the whole stress path will
lie inside the BBM yield surface. The variation of stress-stiffness with suction and the
variation of swelling potential with stress and suction were considered. The resulting elastic

model is the following:

K p K, ; Fooa) e ]
= L AT)T ; =< b 21
& (m)p+(1+e)(;+o.1)+(°‘°+“2 T w= B ey

t

where K is the macrostructural elastic stiffness parameter for changes in suction, G; is the
shear modulus; ay and o, are model parameters related to temperature. K, ks and G, are

evaluated according to:

K, =KJO(1+(1I lnp/pwf) ' . 3(1-2u)K
» b, G = —2(1 " ,U) 9 (22)

k=%, (1+os) a);
where u is the Poisson’s coefficient; a, and ), are model parameters; and the bulk modulus
(K) is obtained from (AS5), see Appendix. They were determined from the experimental
laboratory campaign carried out during the FEBEX project (Huertas et al.*®). As an example,
Figure 7.d) shows the results of two swelling pressure tests: SP1 and SP2 (Lloret et al.?), used

for the experimental calibration of the model, together with the stress path computed with the

model.

23



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

The main parameters of the OBC model are listed in Table 3

<< Include Table 3 here>>
4.2.3 Model results
Figure 8 presents the results in terms of relative humidity for the cell IT40. Figures 9 and 10
show the time evolution of temperature and relative humidty in cell GT40, respectively.. In
these three plots the experimental data is represented with symbols, the OBC results with
dash lines, and the THO outputs with solid lines. All the results are presented for a period of
10 years.
As for the relative humidity results in the IT40 cell, it can be seen that the OBC model predict
a relatively quick saturation of the clay, faster than the observed experimental behavior. In
the IT40 cell, since no gradient of temperature is imposed, the results obtained with the THO
model are similar to those obtained with the OBC model..
In relation to the evolution of temperature in the cell GT40, both models reproduce quite well
the thermal field. The OBC model tends to predict higher temperatures, particularly at
advanced stages of the test. This is because the higher saturation predicted by the OBC model
(which can be inferred from Figure 10) results in higher thermal conductivities and therefore
higher temperatures globally.
As for the evolution of relative humidity in the cell GT40, it can be seen that the OBC model
predicts a quite fast hydration. Particularly in zones near the heater, the difference between
experimental observations and model are quite noticeable. A similar trend was detected in the
‘mock-up test’, which is a large clay-barrier heating test that is being carried out at CIEMAT
facilities in the context of the FEBEX project (e.g. Sanchez et al.'’). According to the OBC
model, the cell GT40 is practically fully saturated after 10 years of heating and hydration,
while the experimental observations indicate that an important portion of the cell remains

quite dry after this period of time. It is observed that near the heater there is a significant
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drying of the clay. The OBC model under estimates this drying. The OBC model predicts a
moderate drying at the beginning of the experiment, up to around 200 days, afterwards the
advective flux of liquid water driven by the gradient of liquid pressure (i.c., Darcy’s flow)
dominates fluid transport and the water coming from the top of the cell starts to hydrate the
bentonite progressively.

In the THO model there are two main phenomena associated with the movement of liquid
flow. The direct process, related to the Darcy’s law, which tends to move water from the
hydration front (i.e., top of the cell) to the heater, where the lower liquid pressures prevail
(i.e., bottom of the cell). However, the thermo-osmotic flow tends to transfer liquid water
from the heater zone to the hydration front (i.e., from higher to lower temperatures). These
coupled processes trigger a flux of water opposite to the Darcy’s one, inducing an additional
drying of the clay near the heater. According to the model, these two opposite fluxes cancel
out (practically) at advanced stages of hydration preventing the zones near the heater to
hydrate. As a result, the model incorporating thermo-osmotic flows is able to explain the
experimental observations.

4.2.4 Discussion

The experimental results and model show that the barrier remained unsaturated for a very
long time. It is unlikely that this will happen in actual repositories, because in the experiment
the temperature was kept constant at the contact between heater and bentonite (and equal to
100 °C), but, under real repository conditions, the waste temperature reduces progressively
over time (e.g., Table 1) and therefore the effect of the thermo-osmotic flow will vanish
progressively.

The other two phenomena considered to study the low hydration of the barrier (i.e. the
presence of a threshold gradient in the flow law, and micro-fabric evolution) were also able to

reproduce quite satisfactorily the hydration delay i observed in the hot zones (Aponte®”). The
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effect of a threshold gradient in the flow law was implemented by introducing a nonlinear
relationship between the flux and the hydraulic gradient in the Darcy law for low hydraulic
gradients. The effect of the micro fabric was incorporated via an elasto-plastic double
structure model. This case is analyzed in detail in Sanchez et al.*°.

Because of the scarcity of experimental data available to formulate these ‘non-standard flow
models’ the results have mainly a qualitative value. However, these are all plausible flow
phenomena in porous media and it is relevant to see that they were able to provide an
explanation to the kinetic of hydration observed in the experiments. After all, each of these
flow phenomena does not exclude the others and it is possible that an explanation for the
whole behavior of the barrier would require the combinations of several of them. The long-
term behavior of this ongoing experiments and the planned post-mortem study will also help

elucidating the actual state of the barrier material and to understand better its behavior.
5. CONCLUSION

Waste storage structures have to be reliable over hundreds of years. Simultaneous heating and
hydration in a porous medium triggers a number of direct and coupled thermo-hydro-
mechanical processes. Common mathematical formulations consider direct processes only.
However coupled processes may be also relevant for the design of nuclear waste disposals.
By contrast with models of direct flow phenomena, thermo-osmotic models can explain the
delayed hydration of the engineering barrier around nuclear waste disposals. The simulation
results obtained on a large-scale heating test show that thermo-osmotic flow may play an
important role in the long-term hydration state of the geological barrier used for nuclear
waste disposals. The presence of thermo-osmotic flows could also explain the apparent low
hydration observed in a heating and hydration lab test aimed at mimicking the behavior of

clayey barrier materials under actual hydraulic and thermal gradients. It was shown that the
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model incorporating thermo-osmotic flow was able to reproduce quite satisfactorily the main
patterns of behavior observed in the experiments.

Similar effects (with very likely significant consequences) can be anticipated in other
problems involving thermal gradients. For example, in geothermal applications, thermo-
osmotic flow may have an influential role in the heat transfer process (for example, by
inducing higher temperatures in the rock mass around the borehole, like in the first case
study). This may affect the efficiency and profitability of the whole geothermal system.
Unfortunately the limited experimental information associated with thermo-osmotic
coefficients has prevented any reliable quantification of this phenomenon in practical

applications.
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APPENDIX

The BBM model was adopted to describe the mechanical behavior of the clay. The
corresponding yield surface (Fi¢) is given by (25) and the plastic potential (G) is expressed

as:

2 0 ’ 2
G=a.3] —[%} M (p+p,)(py =) =0 (A1)
where g is determined according to (Alonso et al., 1990) . The dependence of the tensile

strength on suction and temperature is given by:

P, = ks, P (A2)

where k and p are model parameters. The dependence of py on suction is given by:

=

) ~K

PR
@) 5, =p[(};—7) T b) i, = oy +2(@, AT +a,AT|AT) (A3)

where p. is a reference stress, a; and o3 are models parameters. Ay is the compressibility
parameter for changes in net mean stress for virgin states of the soil. This parameter depends

on suction according to:

}L(J_) =l(o) [r+(1—r)exp(—é‘.r1)] (A4

where 7 is a parameter which defines the minimum soil compressibility (at infinite suction)
and Cis a parameter which controls the rate of decrease of soil compressibility with suction.

The bulk modulus (K) for changes in mean stress is evaluated with the following law:

k=19, (A3
where x is evaluated according to.

k=%, (1+ays) (A6)

The macrostructural bulk modulus for changes in suction is computed considering the

following law:

K =

5

(1+e)(s+2.,) A7)

K

s
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749  where K is evaluated according to.

750 KI=KI0(l+a$lnp/pr?/.) (A8)

751  The bulk modulus for changes in temperature is computed considering the following law:

1
752 K =— ‘A9
"~ (e v and) &)

753  where a, and o, are parameters related to the elastic thermal strain.

754
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Table 1. Heat flux imposed at the top and bottom boundariesof the elements modeling the stored nuclear waste.

Storage Surface Heat Relative
Period Power (W.m?) | Heat Power
(years) (%)
0-5 2.5.000 100.0
5-10 2.103 84.1
10-15 1.875 75.0
15-20 1.708 68.3
20-30 1.563 62.5
30-50 1.310 52.4
50-70 0.973 389
70 - 100 0.758 30.1
100 - 300 0.600 24.0
300 - 500 0.250 10.0
500 - 1000 0.125 5.0




(6)

Table 2. Main Model Parameters Used in the Simulation of Thermo-Osmotic Flow in Pollock’s Problem of Nuclear Waste Storage.

k

T kyq c, P, n
[m%s™.eC] [m.s™] [m?] [Pa”] [-]
5%107T 5%10°0 5%1072 10 1.361
A, A A, Ay
(Wm'eC'l | (wm'ec!] | (wamlec | [Wm'eC
1] 1]
1.0500 0.6000 0.0258 0.011
C, C, C, C., h,
[Tkg'.eC™h Dkg'eC'] | Dkg'°C | [Jkg'°C kg
] ]
837 4184 1000 1900 2.5%10°




Table 3. Main parameters of the OBC model

Equation Variable name ‘

Equation

’ Parameter relationships

Parameters

Constitutive equations

2
, Liquidand gas | o _ o Ku(yp _ on (=) k=8 ke=1.9 ' m? n = 0.40;
Darey’laws | qvective flux | ¥ W, (Vi -pie) k=4 (1-nY ro ¢ ng=3
2.3
o Vapor non v _ w . w v _ 2 (273.15+T) _
Fick's law x| 1 == (20,S,7D+p,D,) V& | D;=59x10 ; =08
. Conductive s _ g8 20-s,) Aa=1.15
Fourierslaw | |- "0 i, =-AVT A=A iy D =0.47
L A
—_— Ay
Retention Phase degree s a2 -4, s ’ S - S$, -85, P,=28 MPa; A=0.18
curve of saturation I P P, ¢S, =S, S =1-8, P;=1100MPa; A,;~1.1
; g (k) 3 o }U: k=0.04; A=0.14
0=Dm-e+y,,:+~{,T; p‘=(j( —K)g' F=%—L}?(p+P‘)(R,—p)=O;]70=]7((L’) P, =14 MPa
Mechanical 0 0) 8y 2 r=0.75; £=0.05
Constitutive | Stress Tensor | - 5 5 b, = ks P b= +2(a1AT+a1AT‘AT\) p=0.10MPa; M=1.5
Model =m*+(1+'€)m ! ’ k=0.1; v=0.4
’ s+0 Ay = Ay [r+(1=r)exp(=Es )] a=1.5x10* [1/C]; p=0.2
+(o, + 0, AT)T Mechanical model from Alonso et al. (1990) & Gens (1995) | ¥870-25; 045=-0.003

Phase density

Liquid density
Gas density

p, =10026exp(4.5x10™ (B, -0.1)=3.4x107T) _ pe= ideal gas law

s

Phase
viscosity

Liquid
viscosity
Gas viscosity

1808.5

12

(273.15+7T)
119
(273.15+7T)

w, =1.48x10"% exp

w, =2.1x10™" exp(

273.15+T) :

Equilibrium restrictions

Air dissolved

P M
67 = (‘)ixp/ - -

Henry’s Law mass fraction - H M. P
w
. Water vapour wM \o M,P .
Esychometnc dissolved mass | 6" = (ez )" exp » (9~< ) ¢V N
aw fraction R(273.15+T)p, R(273.15+T)
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Figure 1. Main THM phenomena in porous media and their mutual interactions.
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Figure 2. Direct and coupled flow processes
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Figure 3. Schematic representation of a heating and hydration test of an unsaturated sample: a) schematic
represation of the test, b) anticipated Darcy’s and thermos-osmotic flows.
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Figure 4: Liquid saturation degree simulated in a heated unsaturated tuff rock mass: a. reference model
(without thermo-osmosis); b. modified model incorporeating thermo-osmosis.
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Figure 5. Temeprature simulated in a heated unsaturated tuff rock mass: a. reference model (without
thermo-osmosis); b. modified model incoirporating thermo-osmosis.
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Figure 6. Infiltration cells: a) photo during operation, isothermal, 140 (left) and thermal gradient, GT40
(right); and b) experimental setup showing the main components (Villar and Gémez-Espina®").
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Figure 7. Main constitutive laws. a) Mechanical: computed stress path for swelling pressure tests using the BBM.
Experimental results (SP1 and SP2 paths) are provided for comparison. b) Hydraulic: variation of saturated
permeability with porosity. Experimental data and adopted model for the intrinsic permeability law. ¢) Hydraulic:
retention curve adopted in the analyses, together with the experimental data for FEBEX bentonite (symbols). d)
Thermal: Thermal conductivity: FEBEX bentonite experimental results (symbols) and model fitting.
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Figure 8: Evolution of Relative Humidity for the 140 Test: Experimental Data (scatter points) and Model
Predictions up to 3600 days (10 years) for the (THO) and (OBC) cases at 0.30 m, 0.20 m and 0.10 m from
the bottom of the cell.
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Figure 9. Evolution of Temperature for the GT40 Test: Experimental Data (scatter points) and Model
Predictions up to 3600 days (10 years) for the (THO) and (OBC) cases at 0.30 m, 0.20 m and 0.10 m from
the bottom of the cell.
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Figure 10. Evolution of Relative Humidity for the GT40 Test: Experimental Data (scatter points) and
Model Predictions up to 3600 days (10 years) for the (THO) and (OBC) cases at 0.30 m, 0.20 m and 0.10 m
from the bottom of the cell.



