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Executive Summary

This report presents a summary of ongoing modelling activities within EURAD WP7 HITEC (Influence
of temperature on clay-based material behaviour). Three teams have been involved, namely CIEMAT
(UPC), SURAO (CTU and CU) and VTT.

CIEMAT (UPC) developed a constitutive model as a THM extension of an existing double structure
elastoplastic model that incorporates the effects of temperature. Thermal-induced strains are considered
reversible at this stage of model development. The numerical simulations of the benchmark experiment
defined in MS130 were performed, while the material parameters were calibrated either from bentonite
tested at high temperature or by back-calculations. The model reproduced quite well the main features
observed during the test of the heated column, i.e. the evolution of temperature, relative humidity, water
intake and axial pressure throughout the test. However, some discrepancies have been found between
the numerical results and the laboratory data regarding the final distribution of dry density and saturation.

SURAO (CTU and CU) developed and validated the THM hypoplastic model for bentonite. Its
formulation has already been available at the start of EURAD project, however, within EURAD, the
model was calibrated to represent high temperature experiments and several of its components (such
as the formulation of water retention curves and formulation for microstructural collapse) were further
developed. The model has been used in simulations of benchmark experiments performed at CTU.
Good fit was demonstrated for temperature evolution. Problematic aspects remaining to be solved were
simulations of extremely low dry density bentonite, adopted in CTU benchmark 1, and vapour generation
during heating above 100°C in CTU benchmark 2, which led to calculation which did not converge.

Finally, VTT prepared a numerical model of the thermal conditions in Olkiluoto disposal site in Finland
to obtain a realistic view of the expected thermal conditions. The model includes thermal conduction
through the disposal site components surrounding one disposal hole, but also thermal radiation was
considered over gas filled gaps within the disposal canister. For simulations, VTT proposed to use
Varied Multiplicative Processes model developed within the scope of large deformation plasticity.
Simulations of Olkiluoto disposal site are to be finished once the experimental work for the mechanical
model dependencies on the temperature by VTT has been finished.
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1. UPC (CIEMAT)

1.1 Introduction

The objective of the UPC (CIEMAT) team is the development of a conceptual framework and a
mathematical model for clay buffer material able to incorporate the effects of temperature on their
thermo-hydro-mechanical (THM) behaviour. The conceptual framework and mathematical model are
based on a coupled THM formulation and appropriate constitutive laws that are described in the next
section.

A characteristic feature of the formulation is the adoption of a double structure (or double porosity)
scheme that distinguishes between two porosity levels (microstructure and macrostructure). In such
scheme, the porous medium is described by a micro-pore domain, composed by the internal structure
of individual particles and aggregates of active clays and a macrostructural level corresponding to the
arrangement of clay aggregates and other soil grains with macro-pores among them [1], as illustrated
in Figure 1.1. The micro-pore fraction in this double structure formulation includes both the intra- and
the inter-particle voids within a clay aggregate (micro- and meso-pores). The consideration of these
distinct but overlapping structural media allows the tracking of the evolution of the clay microstructure.
As presented below, this double structure model has been developed in a generalized elastoplastic
framework that incorporates two different plastic mechanisms.

Intra matrix pore

Elementary particle
arrangement

Silt or sand grains

MACRO-STRUCTURE CLAY AGGREGATE

7"7\\ clay layer

~_ clayaggregate cystaline water _— o8 %@ 8
= BN i fystal e 0 82 S
— Y . W \__clay particle
/ @ = R o =&
Aggregation or “packet” f \ 7 \ { ——— 02027

“\] /;/@/’ 2 ?y

Inter-aggregate pore

| N
equlibrium ﬁ\ :

Elementary particle solution R\ L
.

arrangement

o8
- h 5 T |

? ) Intra- aggregate pore A\ (= '-—-,@3,»_9192@@@_‘?Q‘f@./-' T particle face
» ~N \ O\ o T particle edge

S 5ilt or sand grains N ) macro-voids, filled with air double layer water

o at higher matric suctions
(@) (b)
Figure 1.1: (a) Typical soil fabrics in active clays [1]; (b) Schematic representation of an aggregation of
active clays [2].
Some of the main features of the double porosity model developed are listed below:
. The microstructure may be unsaturated.

. Advective fluxes through micro-pores are neglected due to the very low mobility of water and
gas in that structural domain.

. No hydraulic equilibrium between microstructure and macrostructure is prescribed. This local
difference of the water potential in macro- and micro-pores controls the mass of water exchanged
between both pore domains (hydraulic structural coupling).

. Microstructural deformations are fully reversible (although non-linear) and purely volumetric.
. Microstructural behaviour is not affected by the deformation state of the macrostructure.
. Plastic macrostructural strains may arise from deformations of the microstructure (mechanical

structural coupling).

-
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. No generation of plastic thermal strains is considered at this stage. However, irreversible
structural changes due to the thermo-hydromechanical (THM) coupling are possible.

The THM formulation has been implemented in the finite element code CODE_BRIGHT.

1.2 Description of the formulation and constitutive models

The THM formulation requires a set of balance equations and constitutive laws for dealing with the THM
coupled processes that may take place in the buffer material. This set of basic equations is written in
terms of the primary variables (liquid and gas pressures, displacement, temperature). When the
constitutive equations are incorporated into the balance equations [3], a system of partial differential
equations is generated that must be solved numerically in a completely coupled way.

The mathematical formulation described in this report is based on the general approach proposed in [3-
5], applied to both isothermal and non-isothermal problems in double structure unsaturated media. For
a better understanding of the mathematical description of the governing equations, the notation used in
the development of the double porosity formulation is presented in Table 1.1.

Table 1.1 Notation used in the mathematical description of the double porosity formulation

(.) Incremental (or rate) form of a generic variable.

(m)g, (m)p, (m),z | Subscripts used to identify the structural level ("8 = m” for microstructure; g = M" for
macrostructure) and/or phases (“a = s” for solid; “a = [” for liquid; “a = g” for gas).

(m)Y Superscript used to identify the species present in the porous medium (“y = s” for solid
grains (mineral); “y = w” for water; “y = a” for air).

Vs Vaﬁ; |74 Volume of the solid species/phase; volume of the a phase (liquid or gas) in the B-structural
medium; total volume of the porous medium.

V;,; VPB Total volume of pores in the sail; volume of pores in the -structural medium.

(.)B; (.)B Variable evaluated respect to the volume occupied by the B-structural level; variable
evaluated respect to the total volume of the soil.

ob; ¢B Total porosity; porosity of the 5-structural medium respect to its actual volume.

q3ﬂ Pore volume fraction of the B-structural medium.

Ps; Pap Local density of the solid; local density of the a phase in the -structural medium.

wgﬁ Mass fraction of the y species (solid, water or gas), in the a phase, in the -structural
medium.

931//? Partial density of the y species, in the a phase, in the -structural medium.

Mep; maﬁ Mass of the a phase in the f-structural medium; mass of the y species (solid, water or
gas), in the a phase, in the B-structural medium.

Sa: Saﬁ Degree of saturation of the a phase in the soil; degree of saturation of the a phase in the
B-structural medium.

Sg Suction at the S-structural level.

E, Specific internal energy of the a phase.

j”c’rﬁ Flux of the y species, in the a phase, in the S-structural medium respect to the solid
skeleton.

qdap Advective flux of the @ phase in the S-structural medium.

i Conductive heat flux.

r =)
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0,03, 0 Effective stress tensor for the whole porous medium and for the -structural medium; total
stress tensor.

1.2.1 Phase diagrams and basic relationships

An unsaturated soil is treated as a porous multi-phase medium composed by solid grains, water (as
liquid water or vapour in the gas phase) and air (as dry air or dissolved in the liquid phase) [3]. In order
to define some basic volume-mass relationships commonly used in geotechnical problems, it is useful
to depict the phase diagram that shows all the phases — solid (s), liquid (I) and/or gas (g) — present in
the porous medium. Three-phase diagrams representing a soil element as a double porosity medium
are shown in Figure 1.2. From the phase diagram relating volumes, it can be easily noted that the volume
of voids in the soil (1) is the sum of the volume occupied by macro-pores (V) »;) and micro-pores (1}, ;).
The volume of microstructure (V},,) includes the volume of the intra-aggregate pores (micro-pores) and
the volume occupied by the solid phase (V). Variables defined with the sub-index “m” are related to the
microstructural level (solid particles and micro-pores) while the sub-index “M” refers to variables defined
for the macrostructure. Variables defined for the soil (the whole porous medium) are not labelled with
any subscript.

Mgy = Pgm VgM

My = PiVim

MINERAL Mgm = PgmVgm
PORE-WATER

[] PORE-AIR

Mym = pImVIm

Y ;%
1+e

ms=ps(1— )V

B

4

23

2t 4]
FHR

gi

Figure 1.2: Phase diagrams relating volumes (left) and mass of species (right) in each structural level

[6].

Porosities (¢ and ¢,,,) and void ratios (e and e,,) for the two porous media (the soil and the clay
aggregate) are defined as:

W
¢—7 (1-1)
Vom
¢m—m (1-2)
A
TV V-V, 1-9¢ (1-3)
V;)m_ me ¢m (1'4)

-
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Two additional porosity variables need to be introduced in order to obtain an additive decomposition of
the total porosity (¢),

v, V Vo - -
== T =%n+tdy (1-5)

where ¢,, and ¢,, are the pore volume fractions associated with microstructure and macrostructure,
respectively. These variables are helpful for establishing the mathematical development of the double
porosity formulation. The aggregate porosity (¢,,), or simply the micro-porosity, can be also evaluated
in terms of the macro-pore (d_)M) and the micro-pore (qu) volume fractions according to the following
relationship:

Vom Vom V.V 14 _ 1
¢m:pm=m_:ﬂ_— =y | ———— (1-6)
Vo V Vi VAV =V 1 - ¢u

The relationship in Equation (1-5) combined with Equation (1-3) leads to the definition of a micro void
ratio (e,,) and a macro void ratio (€,,), expressed as follows:

_ bm
em—m (1-7)
e‘M=e—e‘m=1¢_M¢ (1-8)

It is important to mention that the substitution of Equation (1-6) into Equation (1-4) results in e,,, = €,,.
The saturation state in the porous medium “f” by the a phase, Sap is defined as:

Va[;
Sap =5 (1-9)
“ VpB

where Vg denotes the fraction of the volume of voids in the -structural medium (V) filled with the
phase. The compositional approach used in CODE_BRIGHT to describe the unsaturated porous
medium [4] requires the definition of the mass fraction (w) and the partial density (8) for each fluid
species in the soil in order to also account for the dissolved air in the liquid phase and the water vapour
in the gas phase. In the context of double porosity media, the mass fraction of the y species (“w” for
water and “a” for air) in the a phase, in the §-structural medium is given by:

y
y _ Magp

a)aﬁ - maﬁ

(1-10)

while the partial density of each fluid species, in each fluid phase and for each structural level is
expressed as:

r =)
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myﬂ
y __&ab _ vy
Oap T Ve | CasPab (1-1)

where mgﬁ and mgg are the mass of the y species in the @ phase and the total mass of the a phase in
the (-structural medium, respectively; Pap = % is the local density for the fluid phases in each pore-
ap

structural level.

1.2.2 Additive decomposition of the strain tensor

The explicit consideration of two structural levels in the double structure approach and the definition of
the micro- and macro-pore volume fractions in Equation (1-5) lead to an additive decomposition of the
strain rate tensor (&) into a micro- and a macro-strain component according to:

=€, + &y (1-12)
In terms of volumetric components, such a relationship is given by:

1%

V=&Y + &y (1-13)

where the volumetric strain rate (¢V) and its micro (é‘;’n) and macro (5}(4) components are defined as:

V Ve+V, Vi+V,, V

v o _ p_ 'S pm pM
=== = + 1-14

CTVT TV % % (1149
. V. +V
g}’nz% (1-15)

|4
fv — PM 1-16
&= (1-18)

It is important to emphasize the distinction between the micro component of the volumetric strains,
shown in Equation (1-15), which is defined in terms of the total volume of the porous medium (V) and
the actual volumetric deformation of the clay aggregate (€;,), which is related to the volume occupied
by the microstructure (1},,). However, the volume phase diagram of Figure 1.2, these micro-structural
deformations are related by the following expression:

Vi Vs 4 Vom

V Vet Vo
m Vin Vn  V

VL’U 1+e o
-7 (e a-17)
m m

In the adopted elastoplastic framework, the strain rate tensor is split into its elastic (€¢) and plastic (€P)
strain components. In the context of a double porosity formulation, it is assumed that microstructural
strains are purely volumetric and fully reversible [7]. Consequently, the elastic portion of the deformation
in active clays is given by its micro (?fn) and macro (?,‘f,,) strain components, while the plastic component

of strains only takes into account the structural changes occurring at the macrostructural domain (?f,,).
Thus, Equation (1-12) can also be expressed, in terms of elastic and plastic strain components, as
follows:

r =)
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E=e€+8 = (&, +&)+ &), (1-18)

1.2.3 The local mass transfer mechanism

Hydraulic equilibrium between the two structural levels is not assumed, which leads to a local exchange
of mass of water and air between micro- and macro-pores. In [8, 9], it was proposed that the pore-water
transferred between microstructure and macrostructure (I'") is proportional to the difference in micro
(sm,) and macro (s,) suctions, that is,

'Y =yY(sm — sm) (1-19)

where suction in the B-structural medium, sg, is defined as:
Sg = max(PgB — P, 0) (1-20)

where Pyp and Pyg are the gas and liquid pressures, respectively, in each pore domain. The leakage

parameter, y", is related to geometric characteristics of the porous media [8, 10]. If the gas mobility
between the two continua is considered high enough to assume equilibrium between the gas pressure
in both porous media, the water mass transfer given by Equation (1-19) is only driven by the difference
between the liquid pressures in each structural level.

124 Balance equations

The compositional approach used in CODE_BRIGHT implies that the mass balance equations are
established for the species (mineral, water and air) rather than for the phases (solid, liquid and gas)
while the equation for the balance of internal energy is formulated for the porous medium as a whole.
These equations, together with the constitutive laws, define the set of governing equations that describe
the THM response of a large range of geotechnical materials and boundary conditions commonly found
in practical engineering problems.

The general expressions for the mass balance of each species in each structural level, the balance of

internal energy and the momentum balance for the porous medium are presented below. In those
Dg(m

Dt
variables (or unknowns) adopted in the formulation of these balance equations are shown in Table 1.2.

A detailed mathematical description of the general balance equations for deformable porous media can
be found in [5]. For further information on the mathematical development of such equations in the context
of a double structure formulation, see [6, 11].

equations, ) represents the material derivative with respect to the solid phase. The main state

Table 1.2. Balance equations for a double porosity approach (in CODE_BRIGHT) and their unknowns

Balance equations Unknowns
Solid mass balance qgﬁ - Pore-volume fractions
Water mass balance for macrostructure Py - Liquid pressure at macro-structural level
Water mass balance for microstructure Py - Liquid pressure at micro-structural level
Air mass balance for macrostructure Py - Gas pressure at macro-structural level

r =)
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Air mass balance for microstructure Pym - Gas pressure at micro-structural level
Balance of internal energy T - Temperature
Momentum balance U - Solid velocity

The mass balance of solid

The mass balance of solid in a porous media characterized by the existence of two distinct pore domains
is expressed as:

Ds(;b — Ds(l_)m + DS(EM — (1 - (l_)m - (l_)M) Dsp
Dt Dt Dt Ds Dt

2+ (1= Pm — Pu) (€Y + E) (1-21)

which relates the variation of porosity to the changes in solid density (ps) and to the volumetric
deformation at each structural level.

The mass balance of water

Water is present in soils in the liquid phase and/or as vapour in the gas phase. In double structure
porous media, water is found both in macro- and micro-pores. Consequently, it is necessary to write a
balance equation to account for the mass of macrostructural water, expressed as:

Ds (61 Sim + 04 Sgm) —
Dt ¢

and another one to consider the mass of water in micro-pores, whose simplified form is given as follows:

Ds(O1mSim + OgmSgm) — + %4
. (1-23)

P
=T" - (HlvynSlm + ngmsgm)(l - ¢)p_s
S

where j'}y, and j’g’M are the macrostructural fluxes of water in liquid and gas phases, respectively,

respect to the solid skeleton. I'' is the local water exchange term that represents the hydraulic coupling
between the two pore domains. In the current double structure formulation, a positive value of this term
implies that differences in the local water potential lead to a water mass transfer from macro- to micro-
pores, while a negative value means that the water exchange occurs in the opposite direction.

It is important to highlight that Equation (1-23) assumes that the water mobility through micro-pores is
very low and, consequently, the microstructural water does not contribute to the advective flux [12].
Therefore, the divergence term of the advective flux in the mass balance of microstructural water can
be neglected, thatis, V - (j"[;’71 +j’gm) =~ 0. This assumption allows the treatment of the liquid pressure

at microstructural level (P;,) as a history variable to be updated during the constitutive integration of
stresses.

The mass balance of air

The mass balance of air present in macro-pores, as gas or dissolved in the liquid phase, is given by the
following expression:

r =)
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D; (8 Sim + OguSgm) 5

T m + (6534Sum + 0% Sgm)ém + V- (' +J'%y) = —T (1-24)

while the mass balance of air present in the microstructural domain, under the assumption of negligible
gas mobility through micro-pores, can be written as:

Dy(0%:Sim + 0nSgm) -
Dt m

0
=T%— (anslm + ngng)(l - d)) p_s
s

+ (005Sim + 05mSgm)ém
(1-25)

If it is also assumed that there is local equilibrium between the pore-air pressures, the air mass transfer
between micro- and macro-pores (I') can be neglected, that is, I'* = 0.

The balance of internal energy

The assumption of local thermal equilibrium between the phases implies that the equation for the internal
energy balance is established for the porous medium as a whole by accounting for the energy stored in
each phase. In the context of a double porosity approach, the energy balance equation is given by:

Dy (Esps) Ds(ElplmSlm + Egpgmsgm) g DS(ElleSlM + EgngSgM) b
+ (ElplmSlm + Egpnggm)éun + (ElleSlM + EgngSgM)é_X/I (1-26)
+ V- (ic + o + Egpgmgm)

0
=f? - (Elplmslm + Egpgmsgm - Esps)(l —¢) p_s
s

where E,, is the specific internal energy of the a phase; f€ is an internal/external energy supply per unit
volume of soil; i, represents the heat flux by conduction through the porous medium and q;;, g4y are
the macrostructural advective fluxes of the liquid and gas phases with respect to the solid phase,
respectively. The energy transport by the fluid motion through the micro-pores has been neglected in
Equation (1-26).

The balance of momentum

The balance of momentum reduces to the equilibrium of stresses in the porous medium. In the context
of a double porosity formulation, the momentum equilibrium equation is expressed as follows:

v. O + (,05(1 - ¢) + (plmslm + pnggm)(ﬁm + (leSlM + ngSgM)(I_)M)g =0 (1 '27)

where a; is the total stress tensor and g is the gravity vector. The vector of body forces, represented
by the second term on the left-hand side of Equation (1-27), also takes into account the weight of the
liquid and gas phases in both structural media.

r =)
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1.2.5 Thermal and hydraulic constitutive equations

The mathematical formulation for solving THM problems also requires a set of constitutive equations
that provides the coupling among the main thermal, hydraulic and mechanical phenomena that take
place in geotechnical porous media. The THM constitutive equations relate the independent variables
(the unknowns of the coupled THM problems) with the dependent ones (fluxes of liquid and gas phases,
heat fluxes, degree of saturation, liquid and gas densities, stress tensor, etc.).

In the following, a brief description of the general expressions of the thermal and hydraulic constitutive
laws used in the current double porosity model is presented. A detailed explanation of such equations
can be found in [5] (for single porosity media) and in [6, 8, 11] (for multi-porosity media).

Thermal constitutive equations

Heat conduction through the soil (i..) is driven by temperature gradients (VT) and described by Fourier's
law according to:

ig=—A-VT (1-28)

where the global thermal conductivity of the porous medium (A) is usually expressed as a function of
the thermal conductivity of each phase in the soil (4,), porosity (¢) and degree of saturation (S;), that
is,

A= fAe®,S) (1-29)

In double porosity media, the thermal conductivity becomes dependent not only on the water content in
the two pore-structure domains but also on the pore volume fraction in each structural medium. Thus,
the global thermal conductivity is evaluated in terms of an average degree of saturation (S;), which is

defined as:
¢ bu
Sy = ?mslm + ?Suw (1-30)

Hydraulic constitutive equations

In the current double porosity approach, the volumetric advective fluxes are only formulated for the
macrostructural domain since the liquid and gas advective fluxes through micro-pores have been
neglected. Therefore, the generalized Darcy’s law (q,y) for the a phase (liquid, [; gas, g) in active clays
can be expressed as:

Ko

Qam = —Ky (VPam — Pam @) (1-31)

aM

The intrinsic permeability tensor for the macrostructure, K,;, only depends on its pore structure,
according to the modified Kozeny-Carman equation:

r =)
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¢ (1= o)

ky =k — — (1-32)
U A-4m? dine
or, alternatively, by means of an empirical exponential expression:
Ky =Ky, -exp (b(d_)M - d_)M,o)) (1-33)

In such relationships, ¢_>M,0 is the pore fraction for which the reference intrinsic permeability tensor Ky o
is set and b is a fitting parameter of the model.

The phase relative permeability, kra,M, expresses the dependence of the hydraulic permeability on the

degree of saturation of macrostructure. The decrease in the water permeability with the reduction of the
liquid saturation in macro-pores is defined through the following exponential function:

Arl
krim = Ari(Sem) (1-34)
where the effective degree of saturation of macrostructure, S, y, is defined by:
_ St — Sirm
SeM=c——a — (1-35)

S IsM — S r,M

in which Sy, S m, Sis,v are the current, the residual and the maximum degree of saturation of the
macrostructure, respectively; A,;, 1,; are model parameters.

The dependence of the dynamic viscosities of fluid species in macro-pores (i,y) On temperature is also
considered in the current THM formulation — see [6].

The water retention curve (WRC) of a porous medium relates its water content (or degree of saturation)
to the pore-water potential (suction). Due to the assumption that micro-pores may be unsaturated, it is
also necessary to define hydraulic constitutive laws for the microstructure by the definition of a WRC for
this pore domain as well. In CODE_BRIGHT the water retention capacity of a porous medium is
described by a modified van Genuchten law. In the current double structure formulation, this empirical
relationship is defined for the -structural medium as follows:

1\ 4B

- A
P B Plﬁ 1—1,«5 Pgﬁ — Plﬁ ag
Seg = 1+(~"—) 1--9_ ¥ 1-36
e‘B P Pdﬁ ( )

in which the thermal effect on the WRC can be taken into account by means of the following relationship
proposed in [13]:

»_p 9D
D) (1-37)

where P and P, are model parameters related to the pore-air entry value at the current temperature (T)
and at a reference temperature (T,), respectively. Surface tension, o (in N/m) is a function of

r =)
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temperature and oy, is its value at the same temperature at which P, is measured. 4,5 and 145 are
model parameters and Pgp is the suction value at fully dry conditions. The main differences between
the retention curves at each structural domain, i.e. the different pore-air entry pressures and
desaturation rates, can be clearly observed in Figure 1.3. The water storage capacity of the whole

porous medium can be determined by taking into account the water potential and the pore volume
fractions in each structural domain.

1000

\ miCI‘O WRC,, = %WRC,,H-C + %’"WRC,M
-~ ~ -
100 LN S
Bt At
00 = © o
Sso 55
10 macro -
——
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Figure 1.3: Water retention curves (WRC) for the macro- and micro-structural domains of compacted
samples of MX-80 bentonite. Experimental data for the MX-80 bentonite at several dry densities from
[14-16].

1.2.6 Mechanical constitutive equations
In this section, a brief description of the mechanical constitutive law developed in the current double
porosity framework is presented. A more detailed presentation is provided in [6, 8, 11].

A direct consequence of assuming that the expansive clay incorporates two distinct but interacting
continuum media is the possibility of establishing distinct stress-strain constitutive relationships for each
structural level. The coupling between these two porous media is accomplished through mass transfer
processes and strain coupling mechanisms that account for the component of macrostructural strains
arising from the deformations that occur at particle level (microstructure).

The generalized stress-strain relationship for the S-structural domain can be expressed by:
6p = [Dglég + hupPig + hypPyp + hrgT (1-38)

where c’rg is the constitutive stress rate vector, éﬁ is the strain rate vector, [D[;] is the constitutive
stiffness matrix, h,ﬁ, th are the generic constitutive vectors relating changes in liquid and gas
pressures, respectively, to stress increments and hgg is a constitutive vector relating stress to
temperature changes.

r =)
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As mentioned before, it is assumed that the macro-pore structure can be affected by the microstructural
deformations [1, 8, 17]. Consequently, it is reasonable to define a macrostructural strain component that
expresses such a mechanical coupling (?m_,M). In contrast, it is assumed that the microstructural
behaviour is not affected by the deformations of macrostructure. Moreover, the plastic changes in the
soil fabric are attributed to the loading-collapse mechanism (LC mechanism) and to the micro-macro
structural coupling mechanism (beta mechanism). The more relevant features of the elastic and the
plastic behaviour described by the current double porosity model are briefly described below. More
detailed information on the mechanical constitutive behaviour can be found in [6, 11].

Elastic behaviour

Taking into account the strain decomposition given in Equation (1-18), the elastic behaviour of the
expansive soil is completely described by its microstructural and macrostructural strain components. In
the context of THM analyses, the elastic strain component associated with microstructure, Efn, can be
split into a hydro-mechanical component, ?fn,HM, and a thermal component, ?fn_AT, as follows:

£ = Epyum + Emar (1-39)
where
<€ ne 1-14 ne 1-14 1
Emum = [DR] oy = [DR] "0 + T A (Stm> Prm, Pym, T)m (1-40)
m
. 1+en).
EaT = (m) EmAT (1-41)

In such expressions, [Dg] and &, are the elastic constitutive stiffness matrix and the generalized
Bishop effective stress vector for the microstructure; K,, is the volumetric elastic modulus of the
microstructural medium; & is the net effective stress vector (for the soil); H represents a non-linear
function of temperature, the saturation and the fluid pressures in micro-pores; and m =
[T 1 1 0 0 0]°is an auxiliary vector. Equation (1-17) is recalled in order to establish the
relationship between the thermal component of the microstructural strain, éfn,AT’ and the elastic thermal

expansion of the clay aggregate (actual microstructure), éfn,AT, as given in Equation (1-41).

The elastic deformations of the solid skeleton (macrostructure), Eﬁ,,, can be also described by means of
a hydro-mechanical component, é,ev,'HM, and a thermal strain component, E,e\,,‘AT:

£y = Eyum + Exar (1-42)
with
. — 1 1. 1 . -
&y um = (D]~ '6 + 3K oMM + & mum (1-43)
S
EYAT = Emomar = EAT — Emar (1-44)
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where [D§] is the elastic constitutive matrix for the macrostructure; K is the volumetric elastic modulus
related to changes in the macrostructural suction, $y;; £€%7 is the elastic thermal expansion of the soil
(as a whole), defined as:

. 1 .
Ear = %T"l (1-45)

where K7 is the thermal bulk modulus of the porous medium. The assumption of fully reversible thermal
strains in the mathematical formulation of the current double porosity model implies that the porous
skeleton must undergo the same thermal expansion experienced by the solid particles (clay aggregates)
when temperature changes [18]. In other words, &5 = &}, Ar. Consequently, the macrostructural
component of the elastic thermal strains in Equation (1-44) is given by:

- - . (EM .
Evar = Puéir = 53— 2 Tm (1-46)

The elastic bulk moduli, K;, K and K7, are defined by the following expressions:

_ 1+e
% :( m)P

M >y (1-47)
. (Q4+ey)isy+ )
K, = M) Sm Patm (1-48)
Ks
K = 1
T = %o + 2a,AT (1-49)

where p is the net mean effective stress, p,tm, IS the atmospheric pressure and Ky, K, oy and a, are
model parameters. It is important to remark that the macro void ratio parameter in such expressions
(ep) is not equal to the macro void ratio defined in Equation (1-8). In Equation (1-47) and (1-48), ey is
estimated without taking into account the fraction of pores within the clay particles/aggregates, that is,

__ %u

= — 1-50
1 bu (1-50)

ey

The assumption of no fabric changes in the elastic range entails a geometrical restriction that links the
elastic moduli of microstructure (K,,) and macrostructure (K)). Tthis coupling between the elastic
parameters leads to the following relationships:

K=K _(1+e)1?
=Ky = Tte,) ™ (1-51)

K = Ky (1-52)

r =)
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K, = (e _ em)z?
mT\1+e,/ M (1-53)
where K and K,,, are the bulk moduli of the soil and of the clay aggregate, respectively.

Plastic Loading-Collapse (LC) mechanism

The plastic loading-collapse (LC) mechanism of the double porosity formulation is fully defined by the
same set of equations and parameters that describe the single porosity, thermo-elastoplastic Barcelona
Basic Model (BBM). A complete description of the evolution of the yield surface in the stress space and
its dependence on the stress state, history variables and (macro) suction can be found in [6, 8, 11, 17].
Only the main mathematical ingredients characterizing this plastic mechanism are given below.

The yield surface for a general state, expressed in terms of the stress invariants (p, /, 6), is expressed
by:

2

% (®+ps)Po—p) =0 (1-54)

Fie= 3]2 —ME"
gF(_g'aF

where Mp is the slope of the critical state line, gr is a function of Lode’s angle (8), af is a model

parameter and ps expresses the dependence of the shear strength on macro suction and temperature
[19], according to:

Ds = Pso + kgsy - exp(—prAT) (1-55)

where py is the tensile strength in saturated conditions; kg and p are model parameters that computes
the dependence of ps on the macro suction and temperature, respectively. The apparent non-saturated
pre-consolidation pressure (pg), that defines the locus of activation of irreversible deformations due to
loading increments or macrostructural collapse, is given by:

/1(0)—EM
Po,r \Hom) ™M ]
po=pc< °T> " (1-56)
Pc
where:
por = Po + 2(a; AT + a3AT|AT|) (1-57)
Asip = Aoylr + (X +71) - exp(—Bspy)] (1-58)

where 4(o) and As,,)is the macrostructural compressibility at saturated conditions and for a given macro
suction, sy, respectively; pg is the pre-consolidation pressure at saturation and p. is a reference
pressure. a4 and a3 are model parameters that control the size of the yielding surface for a temperature
increment (AT); r and § are model parameters that expresses the dependence of the size and evolution

r =)
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of the LC curve on the macro suction. A three-dimensional representation of the BBM yield surface is
given in Figure 1.4.

Increase of cohesion
with suction

Swelling dur'ny
wetting at low

confining
stress

Increase of preconsolidation
pressure with suction

Collapse during
wetting at high
confining stress

Figure 1.4: Three-dimensional representation of the BBM vyield surface (modified from [17]).

The generation of macrostructural plastic deformations when the LC mechanism is activated is governed
by the plastic flow rule, which is given by the following expression:

. G
Evc = Aic —aéc (1-59)

where the magnitude of the plastic deformation rate is determined by the scalar plastic multiplier, )iLC.
The plastic potential function of the LC mechanism, G, ., is expressed as:

2

gr(0,a;)
Ge=w-32—ME(——"<| ®+p)po—p) =0 (1-60)
9r (~ %)

in which w is the non-associativity parameter. When w is equal to 1, plastic flow becomes associated.

Plastic Beta mechanism

It has been assumed that microstructural behaviour is not affected by the macrostructural state.
However, the volumetric deformations of microstructure may induce plastic strains at the macrostructural

level [1]. The magnitude of these macrostructural deformations (éﬁ,b eta) 1S taken as proportional to the
microstructural elastic strains [1, 7, 17]:

Empeta = foeta®in (1-61)
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where fy.tq represents a pair of micro-macro coupling functions that distinguishes between the stress
paths characterized by a microstructural contraction (MC paths) and those paths in which a
microstructural swelling (MS paths) occurs. The following general expression has been used in the
current double porosity approach:

e+ (fud = fud ) L= wg)™® if P >0

ws + (s = fus) L= wg)™ if P <0

where pg is a parameter that accounts for the degree of compactness of macrostructure and py, is the

rate of the mean effective stress at the microstructural domain. fnf,()c), 1\,(1‘? Ny c and f,f,(;), 1\,(,? Ny are
model parameters that define the coupling function in MC paths and MS paths, respectively. A general
representation of the micro-macro coupling functions, including the main behaviour features expected

during wetting and drying paths are shown in Figure 1.5.

Expansion Compression
3 accumulates laccumulates
3.5 upon cycles |upon cycles
~ . eas®
3a ol e gion 112
A o u
53 2
I Ms Path Equilibrium state
<2 for a large number
MC Path I of cycles
0 T j—> MB
| Sl/c//o,7 1
l decl'e
oo .
Macroporosity Micropores
develops as a invade
result of drying macropores

Figure 1.5: Structural coupling functions for the micro-macro coupling mechanism [17].

A modification of Equation (1-61) has been proposed in order to ensure the simplifying assumption of
elastic thermal deformations at both structural levels in non-isothermal analyses. In such conditions, the
thermal expansion of microstructure does not generate any irreversible structural changes (such as
thermal collapse) in the soil skeleton. Consequently, the thermal component of the microstructural
deformations must be discounted from the total microstructural strains:

~p _ = =
€M, peta = foeta(En — Emar) (1-63)

When isothermal analyses are performed, ?fn’AT = 0, and Equation (1-61) is recovered.

Hardening rule

The hardening of the double porosity medium is given by the evolution of the isotropic yield stress due
to the contribution of both plastic mechanisms considered in the current formulation. Thus, the evolution

r =)
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of the saturated pre-consolidation pressure (the hardening parameter of this model), pg, is given as
follows:

sk * 1 + eM ~p,v —p v
Po = Po <A(o) % ) (SM 1c T €M peta (1-64)

where 51{’4"126 is the volumetric plastic strain generated by the yielding of macrostructure due to the LC

mechanism and §1’C,”;em is the volumetric component of macrostructural strains due to the plastic -
mechanism.

In non-isothermal problems, the evolution of this hardening parameter, por, can also become
dependent on the temperature changes. In such conditions, the general expression for the hardening
rule of the double structure model is given as follows:

1+ey

Aoy — R > (&L + EMpera) + 2(a1 £ 2a3AT)T (1-65)

ﬁS,T = PE;,T (

1.3 Benchmark application

The formulation and constitutive models outlined above are intended to be applied to the analysis of a
benchmark involving the long-term heating (with temperatures up to 140°C) and hydration of a column
of granular bentonite. The corresponding experiment was performed by CIEMAT and it engages the
main coupled THM phenomena that are incorporated in the formulation developed. This experiment has
been selected as a for T3.3 benchmark in cooperation with DONUT [17].

A number of modelling tasks are described in the following sub-sections. These tasks refer to the
definition of the Finite Element mesh and boundary and initial conditions (1.3.2), and the determination
of the model parameters required for THM constitutive laws considered in the mathematical formulation
(1.3.3). The following subsection presents the modelling results and associated discussion (1.3.4). A
summary description of the benchmark is first presented for completeness (1.3.1).

1.3.1 Description of the benchmark

The test was performed on a 50 cm-long column of bentonite pellets, hydrated through the top surface
and heated through the bottom surface (Figure 1.6). The body of the cell consisted of four cylindrical
elements made out of Teflon PTFE (thermal conductivity 0.25 W/m-K) to prevent as much as possible
lateral heat loss. The cell was wrapped with a 5-mm thick dense foam insulation to further reduce heat
loss (thermal conductivity 0.04 W/m-K). The insulation of the bottom 5 cm of the column was enhanced
after 1518 hours of heating by the addition of a 30-mm thick insulation wool layer (Superwool 607 HT)
blanket (thermal conductivity 0.04 W/m-K) and a 25-mm thick ISOVER BT-LV blanket (thermal
conductivity 0.034 W/m-K). The nominal internal diameter of the cell was 7 cm and the inner length 50
cm. Those are, therefore, the dimensions of the specimen column.
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Figure 1.6: Layout of the benchmark column experiment.

After the cell was filled with the bentonite sealing material, its walls were perforated for the installation
of capacitive-type sensors placed in the axis of the column at three different vertical levels (10, 22 and
40 cm from the heater) to measure relative humidity (RH) and temperature (T) inside the bentonite. The
water intake (in weight), the heater power, the axial pressure and the relative humidity (RH) and
temperature (T) at three different levels inside the bentonite were continuously measured during the
test.

The material used in the experiment was made up of MX-80 bentonite pellets, the same material used
in a section of the HE-E experiment carried out in the Mont Terri laboratory. The as-received water
content of the material was 6.4%. The aspect of the material and the grading curve obtained by dry
sieving in the CIEMAT laboratory are shown in Figure 1.7. It was also reported that 69% of pores were
larger than 200 nm [20]. In the context of a double porosity approach, this pore fraction could be
considered as the initial macro-pore volume fraction for the constitutive model described in Section 1.2.
Therefore, the initial micro- and macro-pore volume fractions used in the modelling of the current
benchmark were 0.159 and 0.285, respectively. The initial total porosity was estimated at 0.444.
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Figure 1.7: MX-80 bentonite pellets used in the experiment (left) and grading curve of the MX-80 pellets
obtained by dry sieving (right).

The column was built by filling the cell in seven equal layers. Between the bentonite and the upper lid,
a porous stone was placed. This assembly was weighed and afterwards the holes for the insertion of
the sensors were drilled into the granulate material through the Teflon walls. The assembly was weighed
again in order to record how much material had been lost as a consequence of drilling. In this way, the
initial characteristics of the column could be obtained (Table 1.3). Figure 1.8 shows a view of the column
realization and the cell in its final configuration before and after being wrapped with the insulating
material.

Table 1.3: Main characteristics of the granular bentonite column after installation

Initial water content (%) 6.4
Sample mass (g) 3094
Sample mass after drilling (g) 3076
Volume of sensors (cm?3) 20
Theoretical dry mass (g) 2891
Diameter (mm) 70.0
Height (mm) 483.9
Dry density (g/cm?) 1.53
Porosity 0.444
Void ratio 0.797
Degree of saturation (%) 22
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@ (b) (©)

Figure 1.8: (a) Pouring the pellets inside the cell; (b) View of the assembled column; (c) View of the
column after installing the thermal insulation.

The first stage of the test involved heating but no hydration. The heating started on 22/11/2011, a date
that was considered as the initial time (t=0) of the experiment. After 33 minutes the first target
temperature of 100°C was reached. On 17/4/2012, after the observations of relative humidity throughout
the column had stabilised, the temperature was increased in 17 minutes to 140°C. The improvement of
the thermal insulation system was performed between these two heating episodes in order to minimize
the lateral heat losses through the cell wall. Due to that, it was observed an increase of temperature
measured by the sensors installed inside the column, especially in the sensor closer to the heater (see
Figure 1.9). On 18/6/2012 hydration started while maintaining the heater temperature to 140°C.
Hydration was performed by applying a constant water height of 60 cm on the top surface of the
specimen. The thermal and hydraulic conditions have been kept constant since then. Figure 1.10 shows
the laboratory temperature, heater power and temperature at 10 cm from the heater during the hydration
stage of the test. It can be observed that there were fluctuations (mainly seasonal) in the laboratory
temperature that affected somewhat the temperatures in the column. The power required to maintain a
constant temperature in the heater was affected as well.
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Figure 1.9: Temperature changes due to the improvement of the external insulation system. The thick
vertical line indicate the reinforcement of the thermal isolation system [21].
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Figure 1.10: Laboratory temperature, heater power and temperature at 10 cm from the heater (T3)
during the hydration stage of the test [20].

Hydration of the heated column continued for almost 10 years. Then, water injection line was closed,
the heater was switched off and the cell was dismantled in November 2021. A detailed description of
the sequence of activities carried out in the laboratory after the end of hydration and the start of the
dismantling of the bentonite column are found in [20]. Several 2 cm high sampling sections were
recovered and small samples were taken from the disassembled column in order to evaluate the final
state of the bentonite material in terms of its water content and dry density distribution. These sampling
sections were separated by sawing or with knives, depending on their consistency. The upper portion
of the bentonite column was dark, cohesive and with homogeneous appearance, which reflected the
high water content in this area. In the middle portion of the column, the material was also dark in colour
and coherent. However, a progressive loss of consistency and lighter colour of the material was
observed towards the heater. The material near the heater (up to a distance of 10 cm from it) was
completely loose. The weight and volume of each sampling section were measured once they were
separated, which allowed the estimation of the bulk density along the column.
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The water content distribution was estimated from the mass of water contained in each small sample as
the difference between the mass of the sample before and after its oven drying at 110 °C for 48 hours.
The mass of the dry sample and the volume occupied by it prior to oven drying were used to determine
its dry density. The volume of the small sample was estimated by weighing the mercury displaced when
the sample was immersed in it. The distributions of water content and dry density along the column at
the end of the experiment are shown in Figure 1.11.
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Figure 1.11: Final water content (left) and dry density (right) distribution along the bentonite column. The
dotted horizontal lines represents the initial values [20].

As expected, the values measured in laboratory indicated a general trend of saturation of the upper
portion of the column while the portion closest to the heater remained very dry due to the high
temperatures applied in the experiment. Moreover, the volumetric expansion induced by the artificial re-
saturation of the mass of pellets near the hydration system led to a gradual compression of the
underlying bentonite layers. Therefore, an increase in dry density was observed in the unsaturated
portion of the column (the lower 20 cm) while values lower than the initial dry density were estimated for
the material in the saturated portion of the column. Additional information on the dismantling and
sampling operations, the methodology employed to estimate the water content and dry density of the
small samples and the evaluation of the final state of the bentonite column are presented in [20].

The following results were requested from the numerical analysis:

— Evolution of temperatures in the three sensors from time t=0 to the end of the test (the laboratory
temperature fluctuations could be disregarded).

— Evolution of relative humidity in three locations from time t=0 to the end of the test.
— Evolution of water intake from time t=0 to the end of the test.
— Evolution of axial pressure from time t=0 to the end of the test.

— Distributions of dry density, water content and degree of saturation along the column at the end
of the test (from dismantling data)

1.3.2 Model domain and boundary conditions

Heating and hydration of the bentonite column was modelled by means of a finite element (FE) analysis
using CODE_BRIGHT [3]. A structured FE mesh comprising 700 linear quadrilaterals was generated as
illustrated in Figure 1.12(a). The lower horizontal boundary simulated the heating element while the
upper horizontal boundary represented the hydration system. The body of the cell (made of Teflon
PTFE) and the thick layer of dense foam provided the external isolation of the cell during the first stage
of heating. The improvement of the thermal isolation of the bentonite column with the replacement of
the dense foam by a thick layer of insulation wool, performed between the first and the second heating
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episodes, was also taken into account. The modelled geometries before and after the enhancement of
the external insulation system are shown in Figure 1.12(b). All dimensions were ascribed in accordance
to the test dimensions specified in [21]. The initial conditions assumed in the calculations for the

bentonite material are shown in Table 1.4.
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Figure 1.12: (a) Finite element mesh generated to simulate the large bentonite cell; (b) modelled domain
of the bentonite column before (left) and after (right) the reinforcement of the external isolation system.

Table 1.4: Initial conditions for the MX-80 bentonite pellets

Initial conditions (numerical modelling) Unit Value
Temperature, T, [°Cl 22
Suction (macrostructure), sy [MPa] 123
Suction (microstructure), s, [MPa] 123
Confining stress (isotropic conditions) [MPa] 0.1
Total porosity, ¢, - 0.44
Micro-pore volume fraction, ql_)m'o - 0.16

Heating was simulated by prescribing the corresponding temperature at the bottom of the cell. A null-
flux condition was applied on the upper boundary of the column (the hydration line) prior to the beginning
of the infiltration phase of the experiment. No vertical displacements were allowed along the upper and
the lower horizontal boundaries of the bentonite column. Furthermore, displacements were also
restricted at the external vertical boundaries so that heating and the re-saturation of the bentonite
column was modelled under constant overall volume conditions. Hydration was simulated via a constant
liquid pressure of 0.006 MPa (0.06 bar) applied on the upper horizontal boundary of the column of
pellets. This flux condition was kept invariable throughout the analysis. The stages followed during the
test and the applied thermal and hydraulic loads are schematized in Figure 1.13.
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Figure 1.13: Thermo-hydraulic boundary conditions applied during the infiltration test. Time=0
corresponds to the beginning of heating.

1.3.3 Thermal, hydraulic and mechanical parameters

The thermal parameters adopted in the numerical simulations are listed in Table 1.5. They are derived
from experimental data reported in the literature [21-26]. The variation of thermal conductivity with
degree of saturation is shown in Figure 1.14. It was assumed that these physical properties remain
constant in the temperature range of the experiment (22°C — 140°C).

Table 1.5: Thermal parameters

Heat conductivity

Thermal conduct. of the dry soil, 4., [WmtK? 0.35
Thermal conduct. of the saturated soil, ¢4 (W mtK? 1.30

Thermal Expansion
Linear thermal expansion for grains [°ch 2.5e-05
Volum. thermal expansion for water (at 40°C) [°c] -3.4e-04
Volum. thermal expansion for the medium [°C] 7.5e-05

Solid phase specific heat [ kgt K] 893
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Figure 1.14: Variation of thermal conductivity with degree of saturation. Experimental data collected
from [21, 23-26].

The macrostructural pore-water retention curve of the granular bentonite material was calibrated from
the data provided by small oedometer tests, in which compacted granular MX-80 bentonite materials
were submitted to controlled wetting or drying paths at different temperatures [15]. The model
parameters presented in Table 1.6 adjust these experimental data to a water retention function
expressed by the modified van Genuchten law, see Equation (1-36) and Figure 1.15(a).

The same modified van Genuchten law was also used to model the microstructural retention curves, but
due to the lack of more specific information about the water retention capacity of micro-pores in MX-80
bentonites, such curves were defined by assuming a high value for the air entry parameter. This
assumption was related to the pore-water retention behaviour of denser clay fabrics, where micro-pores
are the predominant pore-size fraction present in high-density specimens [9]. The shape of the water
retention capacity of micro-pores. obtained from the model parameters listed in Table 1.6, is shown in
Figure 1.15(b) together with some experimental water retention data for bentonite samples compacted
at high dry densities (in the range 1.69 — 1.79 g/cm3).
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Figure 1.15: Water retention curves for macrostructure (left) and microstructure (right) of MX-80 pellets
Symbols represent experimental results (from [14-16]) and full lines correspond to the granular bentonite
retention curves used in the modelling of the benchmark.
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Table 1.6: Model parameters for the retention curves

Retention curve parameters for macrostructure

Input Parameter (description) Unit Value
Measured P at 20°C, P, [MPa] 8.0
Surface tension at 20°C, gy [N/m] 0.072
Shape function for retention curve, A, - 0.45
Pressure related with the suction at zero degree of [MPa] 1500
saturation, Py,
Model parameter, A4y - 1.0
Residual saturation, S,y - 0.01
Maximum saturation, Sig - 1.00

Retention curve parameters for microstructure

Input Parameter (description) Unit Value
Measured P at 20°C, P, [MPa] 80
Surface tension at 20°C, oy [N/m] 0.072
Shape function for retention curve, A, - 0.60
Pressure related with the suction at zero degree of [MPa] 2000
saturation, Py,
Model parameter, A4, - 2.0
Residual saturation, Sy, - 0.07
Maximum saturation, S;gm - 1.00

The dependence of intrinsic permeability on the pore structure of the granular expansive materials was
modelled using Kozeny’s law, Equation (1-32). In the double-porosity approach, such an intrinsic
permeability variation is considered dependent on the macro-pore volume fraction (¢,,) instead of the
total porosity (¢). The increase in the hydraulic permeability with saturation was modelled as a power
function of the degree of saturation (see Equation (1-34)). The adopted parameters for the water flux
through macro-pores are given in Table 1.7.

Table 1.7: Hydraulic parameters for the advective water flow in the macrostructure

Input Parameter (description) Unit Value
Intrinsic permeability, Ky g [m?] 4.50e-19
Reference porosity, ¢_)M,0 - 0.29
Constant parameter (for relative permeability), 4,; - 1.0
Power parameter (for relative permeability), 1,; - 10

The parameter for the local water mass transfer between the two families of pores (y", see Equation
(1-19)) is in principle related to properties of the microstructural medium (e.g. aggregate size, specific
surface and inter-layer permeability of the clay particles). Due to the difficulty to characterize in detail
the microstructure of the granular bentonite, the leakage coefficient used in the numerical calculations
was estimated from back-analysis calibrations. Several values for the local water transfer coefficient
were considered in the modelling tasks. However, the value taken for this parameter in the calculations
presented in Section 1.3.4 was in the range 1.0 x 107% — 1.0 x 1078 kg/s/m3/MPa.
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The mechanical parameters for the bentonite pellets were taken from experimental data obtained in the
mechanical characterization of bentonite mixtures with similar composition and dry density ranges.
However, some of those parameters had to be calibrated during the modelling of the HE-E experiment
[27] to fit the model predictions to the data recorded by the sensors installed in the in situ experiment
and in the laboratory heating tests. The main input mechanical parameters used in the numerical
calculations are listed in Table 1.8, Table 1.9 and Table 1.10.

Table 1.8: Main elastic parameters for the bentonite material (MX-80 pellets).

Elastic behaviour

Input Parameter (description) Unit Value
Elastic slope for specific volume — mean stress, Ky, - 2.0e-3
Elastic slope for specific volume — macro suction, Kg - 1.0e-2
Poisson’s ratio, v - 0.30
Bulk thermal modulus for the soil, K¢ [°C] 4.0e4
Parameter for elastic thermal strain, a, [°c] 0.0
Parameter for elastic thermal strain, a [°C?] 0.0

Table 1.9: Model parameters for the elastoplastic behaviour (LC mechanism) of the MX-80 pellets.

Elastoplastic behaviour (loading-collapse mechanism)

Slope of void ratio — mean stress at saturation, Aq) - 0.17
Parameter defining the maximum soil stiffness, 7 - 0.80
Parameter controlling the rate of increase of stiffness [MPa™] 0.05

with macro suction, 8

Reference pressure, p, [MPa] 0.09
Initial pre-consolidation mean stress at saturation, pg [MPa] 0.7-1.0
Tensile strength in saturated conditions, pg [MPa] 0.10
Parameter related to the increase of tensile strength - 0.10
due to macro suction, kg

Parameter of decrease in tensile strength due to AT, - 0.0
Pr

Parameter for plastic thermal strain, @, [MPa-°C] 0.0
Parameter for plastic thermal strain, as [MPa-°C?] 0.0
Friction angle, ¢ [°] 27
Smoothed shape parameter, ar - 8
Smoothed shape parameter, ag - 8
Non-associativity parameter, @ - 1.0
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Table 1.10: Parameters for the coupling functions (see Figure 1.16)

Parameter Unit Value
(0) - 0.5
MS
€Y} - 0.0
MS
Nys - 3.0
(0) - -0.1
McC
€Y} - 1.0
McC
Nyce - 3.0

1.5 7 [+ (5 - hi2) (=)™ i w0
= 1.3 - PR+ (AR - AR) ()™ if pm <o
S
u:v" 1.1 A
2
5 0.9 4
a
LE 0.7 - MC function
c
2 0.5 A
Q
g 0.3 - MS function
= 0.1 |

/ T T
0.1 ¢ 0.2 0.4 0.6 0.8 1

Stress Ratio

Figure 1.16: Coupling functions used in the numerical modelling.

1.3.4 Modelling results and discussion

The reproduction of the evolution of temperature and relative humidity (RH) in the early stages of the
test using the double porosity model can be observed in Figure 1.17 and Figure 1.18 where distances
are taken from the bottom of the cell. The numerical results and experimental data showed in these
plots correspond to the heating phase that took place before the beginning of hydration. It can be noted
the good agreement between the numerical and the measured data especially at the sensors closer to
the heater. Temperature oscillations recorded by the sensors are associated with the changes in the
laboratory temperature [28] and were not incorporated into the model.
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Figure 1.17: Evolution of temperature (left) and RH (right) up to 5000 hours of heating (before the start

of hydration).
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Figure 1.18: Distribution of temperature (left) and RH (right) along the column of pellets for several times
(before the start of hydration).

The changes in temperature occurred during the heating without hydration are related to the increments
in temperature caused by the heat propagation from the bottom towards the top of the column and by
the improvement of the insulation system. The model also predicted the initial increase of RH at the
sensor close to the heater due to vapour migration. The initial dry state of the bentonite pellets and
associated low thermal conductivity induced a high thermal gradient in the 20 cm closest to the heater.
Therefore, the humidity registered in the sensor at 10 cm from the heater decreased due to evaporation
and the subsequent vapour diffusion to the upper portion of the column. The local RH gradually
increased at the sensors further from the heater (at 22 and 40 cm) due to the condensation of vapour
coming from the bottom of the cell. This is the result of properly considering in the formulation the water
phase changes and the diffusion of vapour from the hotter to the cooler zones inside the column.

The amount of water injected into the column during the controlled hydration of the heated bentonite
column is shown in Figure 1.19. It can be observed that modeling provides an accurate representation
of the water intake. The evolution and some profiles of temperature and RH obtained from the numerical
calculations are plotted in Figure 1.20 and Figure 1.21 together with the laboratory measurements during
the early stages of hydration. Once hydration has started, the upper portion of the bentonite column
experienced a sudden saturation due to the downward flux of liquid water, which is reflected in the
marked increase of RH in the sensors at 22 cm and 40 cm from the heater. Also in this case, the
comparison between observations and modelling results were satisfactory.
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The evolution of axial pressure at the top of the bentonite column arising from the application of the
thermo-hydraulic load under confined conditions is shown in Figure 1.22. The evolution of the axial
pressure was mostly related to the expansion of the bentonite pellets due to hydration. The model
predictions for the swelling behaviour fitted quite well the laboratory data measured during the early
stages of hydration. It should be stated, however, that, the leakage parameter controlling the local
transfer of mass of water between micro and macro-pores (y%) was calibrated taking into account the
early evolution of the axial pressure, since the swelling behaviour is strongly affected by the changes of
the water content at microstructural level which, in turn, is controlled by the leakage parameter.
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Figure 1.19: Water intake during the hydration phase of the test.
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Figure 1.20: Evolution of temperature (left) and RH (right) until 20000 hours of heating (15000 hours of

hydration).
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Figure 1.21: Distribution of temperature (left) and RH (right) along the column of pellets for several times
(up to the first 15000 hours of hydration).
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Figure 1.22: Evolution of the axial stress at the top of the column of pellets (up to 15000 hours of
hydration).

As the infiltration test progressed, the saturation front continued to move downward, the water content
increased in all the sensor positions and the macro and micro suctions decreased, as can be seen in
Figure 1.23 and Figure 1.24. The average suction (or saturation) in the expansive material was
estimated from the retention curves of the macrostructure and the microstructure taking into account the
pore volume fraction of each structural medium.

The saturation state along the column of pellets at the end of the infiltration test is plotted in Figure 1.25.
The saturation in the surroundings of the sensor at 10 cm from the heater shows the influence of the
high thermal gradient close to the heater. It can be noted that the laboratory measurements indicated
that the bentonite material was still quite dry while the model overestimated the saturation state at the
end of the test of the bentonite in the lower half of the column. The swelling of the bentonite material in
the upper layers of the column may have a large impact on the final density state of the heated material
located in the middle portion of the column, as indicated by the dry density distribution at the end of the
test (see Figure 1.26). A considerable reduction of macro-porosity could lead to a decrease in the
mobility of macrostructural water in the lower half of the column and, consequently, to a reduction in the
water content in both pore levels. It should be noted that the evolution of the saturation of macro-pores
is governed by the water permeability while the evolution of the saturation of micro-pores is due to the
local water mass transfer controlled by the leakage parameter.
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Figure 1.23: Evolution (left) and longitudinal profiles (right) of RH until the end of the test
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Figure 1.24: Evolution of macro and micro suctions at 1 cm, 5 cm and 49 cm (left) and at 10 cm, 22 cm
and 40 cm (right) from the heater until the end of the test. Symbols represent the average suction
estimated by the psychrometric relationships from the data provided by the RH sensors.
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Figure 1.25: Saturation profile along the column of pellets at the end of the test. Symbols represent the
experimental data obtained in the post-mortem analyses [20].
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The numerical simulation using the current model predicted a very limited reduction of the dry density
close to the hydration end, see Figure 1.26; this local reduction was in fact much smaller than the actual
density changes measured at the end of the test. Incidentally, the peak in the model distribution of dry
density close to the heater is a numerical artefact caused by relatively coarse calculation finite element
mesh with no physical significance.

The progressive evolution of the axial stress at the top of the bentonite column until the end of hydration
is shown in Figure 1.27. The overestimation of the magnitude of the axial pressure in the later stages of
hydration could be affected by the development of lateral friction between the saturated bentonite
material and the cell body, a feature that was not considered in the numerical simulations. However,
when a lower value for the local water transfer parameter has been used, i.e., when the re-saturation of
microstructure is delayed, the difference between the model predictions and the laboratory
measurements became very small, as shown in Figure 1.27 for y¥ = 1079 kg-s-m3-MPa (model
results in dashed line).

Some complementary constitutive analyses with the same THM model parameters and initial conditions
adopted in the benchmark were performed in order to estimate the swelling response of the bentonite
material when hydrated under isothermal conditions. The swelling pressure obtained from such
constitutive analyses was about 4 MPa (see Figure 1.28). This value is in close agreement with the
experimental data for this type of bentonite material at similar dry density values (1.45 — 1.55 g/cm3).
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Figure 1.26: Dry density profile along the column of pellets at the end of the infiltration test. Symbols
represent the experimental data obtained from the post-mortem observations [20].
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Figure 1.27: Evolution of the axial stress at the top of the column of pellets until the end of the test.
Model results are given for two different macro-micro water exchange parameter values.
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Figure 1.28: Model results from the constitutive analysis using the same input parameters considered
in the benchmark (left) and experimental data (from [29-33]) relating the swelling pressure to dry density
values (right).

1.3.5 Concluding Remarks

The formulation and constitutive models used in the simulations incorporated a number of relevant
processes observed in the laboratory test such as heat conduction, water phase changes, vapour
diffusion, differential thermal expansion of the solid and the liquid phases and swelling behaviour
induced by thermo-hydraulic actions. Despite some limited departures of the measured data from the
model results, it can be concluded that, by and large, the numerical formulation and the elastoplastic
constitutive model based on a double structure approach described in Section 1.2 predicted satisfactorily
the evolution of temperature, RH, water intake and axial stress during the whole duration of the test;
larger discrepancies, however, were observed regarding the final state of the column.

The performance of back-calculation analyses and the calibration of some parameters controlling the
re-saturation of macro-pores (by the advective flux of water) and micro-pores (by the local water mass
exchange), the development of swelling pressure and the evolution of the clay fabric showed that the
modelling of the transient hydration under thermal and hydraulic gradients remains a complex issue.
Further calibration of some model parameters and improvement of the constitutive model to include
other features such as the dependence of the water retention curves on the evolution of the pore volume
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fractions in micro and macro media, may be necessary to achieve a closer fit of the model results to the
final experimental observations.
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2. CTU& CU (SURAO)

2.1 Introduction

Modelling of Czech team (CTU, CU, SURAO) focuses on representation of THM bentonite behaviour
using hypoplastic constitutive model for bentonite implemented within fully and partially coupled
unsaturated ground water flow and mechanical finite element code. The final goal is to define soil
parameters for bentonite behaviour at temperatures above 100°C and evaluate model predictions with
respect to simulation of small- and medium-scale laboratory experiments. In the case the model
predictions are not satisfactory, model formulation will be updated to fit the experiment.

At the present state, laboratory experiments on bentonite at high temperatures as well as experiments
on thermally treated bentonite are still ongoing. The thermal part of the model, which has already been
developed in previous projects, thus cannot be newly calibrated and tested against data above 100°C.
For that reason, simulations have been run using thermal parameters calibrated at temperatures below
100°C and they will be updated later once the new parameter set will be known.

In this report, we first present model background and formulation in Sec. 2.2. Later, in Sec. 2.3,
simulations of benchmark experiment, as defined in MS130 [17], are presented and discussed.

2.2 Hypoplastic model overview

The model has been developed using a double-structure framework originally proposed by Gens and
Alonso [3], who introduced the double structure concept, and Alonso et al. [1], who developed a
complete constitutive model. The model is based on the hydro-mechanical double structure hypoplastic
model proposed by Masin [10], which has been enhanced by the effects of temperature. Background
and basic hypotheses of this model is briefly described in this section.

2.21 Model background

The hypoplastic double-structure model, and double-structure models in general, are based on the
assumption supported by various micro-mechanical studies that in expansive soils one can identify two
levels of structure: a macrostructure, which represents an assembly of silt-size aggregates of the clay
particles, and a microstructure, which represents the internal structure of these aggregates. A
conceptual sketch of these two levels of structure is shown in Figure 2.1.

MACRO-STRUCTURE CLAY AGGREGATE

equilibrium
solution

particle face
particle edge

macro-voids, filled with air double layer water
at higher matric suctions

Figure 2.1: Schematic representation of double structure concept (Masin [10, 12]).

In Mas8in [10], separate models are considered for the mechanical and hydraulic responses of the
microstructure and of the macrostructure. These responses are coupled at each structural level, and the
behavior of the two structural levels is linked through the double-structure coupling function. A schematic
of the adopted modeling approach is in Figure 2.2. The individual models are denoted as GM, G™, HM,
and H™, respectively.
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Figure 2.2: Schematic representation of the double structure coupling concept adopted in the
hypoplastic model (Mas$in, 2013 & 2017).

In the double-structure model from Masin [10], the mechanical behavior of the macrostructure (GM) was
described using the model for unsaturated soils developed by Masin and Khalili [13], which itself was
based on a hypoplastic model for saturated clays from MasSin [7]. The hydraulic response of the
macrostructure (HM) was based on the void ratio—dependent water retention model from Masin [8]. The
microstructure has always been considered as fully saturated (simple H™ model), with its mechanical
behavior (G™) reversible volumetric, governed by the Terzaghi effective stress principle (see Masin and
Khalili [14] for a thorough discussion). The GMHM coupling was accomplished by the dependency of HM
on volume change and by the dependency of the effective stress on degree of saturation of the
macrostructure SrM. The G™H™ coupling was introduced through the adoption of the Terzaghi effective
stress for the mechanical behavior of the microstructure. Finally, the double-structure coupling was
controlled by a function of relative void ratio, which evolved from the original proposition by Alonso et al.
(1999).

The model by Masin [12], adopted in HITEC simulations, evolved from the Masin [10] by including the
thermal component. To accomplish this task, additional thermal dependency has been introduced for
water retention curves, volumetric behaviour of microstructure and normal compression behaviour of
macrostructure. The final model is a comprehensive model capable of predicting complex THM
behaviour of bentonites.

222 Introduction of hypoplastic framework

Hypoplasticity is an approach to non-linear constitutive modelling of geomaterials. In its general form
(Gudehus [4]) it may be written as

6= fi(L: €+ fyNI[el) 1)

where 6 and € represent the objective (Zaremba-Jaumann) stress rate and the Euler stretching tensor
respectively, £ and N are fourth- and second-order constitutive tensors, and f; and f,; are two scalar
factors. In hypoplasticity, stiffness predicted by the model is controlled by the tensor £, while strength
(and asymptotic response in general, is governed by a combination of £ and N. Earlier hypoplastic
models (such as the model by von Wolffersdorff [15] and Masin [7]) did not allow to change the L
formulation arbitrarily, as any modification of the tensor £ undesirably influenced the predicted
asymptotic states. This hypoplasticity limitation was overcome by Masin [9]. He developed an approach
enabling to specify the asymptotic state boundary surface independently of the tensor £ and
demonstrated it by proposing a simple hypoplastic equivalent of the Modified Cam-clay model. Based
this approach, Masin [11] developed an advanced hypoplastic model for clays, which is adopted in the
the THM model used in this work.

The basic hypoplastic model requires five material parameters ¢, N, A%, k* and v. The parameters have
the same physical interpretation as parameters of the Modified Cam clay model, and they are thus easy
to calibrate based on standard laboratory experiments. The model parameters N and A1* define the
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position and the slope of the isotropic normal compression line in the In(1 + e) vs. In(p/p,-) plane. The
isotropic normal compression line is described using equation

_ T p
In(1+e)=N—2"In (p) @)
where pr = 1 kPa is a reference stress. Parameter k* controls the slope of the isotropic unloading line in
the same plane and also of the isotropic compression line of over-consolidated soil. ¢, is the critical
state friction angle, with identical meaning with any other critical state soil mechanics — based model.
Finally, the parameter v controls shear modulus.

Apart from stress, the most important state variable controlling the response of the model is void ratio
e, or, equivalently, overconsolidation ratio OCR. The OCR is in hypoplasticity defined as:

OCR =" 3)

P
where p, is the Hvorslev equivalent pressure; that is, mean effective stress at the isotropic normal
compression line calculated using Eq. (2) at the current void ratio.

The principle of hypoplasticity can best be demonstrated using a simple one-dimensional model. 1D
version of hypoplastic model for shear reads:

dt = Ldy + N|dy| 4)

where dt is increment of shear stress (note that compression negative sign convention is adopted), |X]|
represents absolute value of X and L and N are two moduli. In hypoplasticity, neither the switch function
distinguishing between loading and unloading, as in elasto-plastic model, nor strain decomposition into
elastic and plastic parts, are needed. A scalar "modulus” N may be defined as

N=LY (5)
with
V= Ty;ld (6)

The modulus L may be specified using a parameter such that L = E,,. This simple 1D hypoplastic model
thus requires two parameters t,,;,;; and E,. Predictions of this 1D model are shown in Figure 2.3, where
they are compared with predictions of model elastoplastic.

T T T T T

100 L Tyield |

80

60

hypoplasticity ——
elasto-plasticity -

-1 [kPa]

40

20 r

L L i .

0 0.05 0.1 0.15 0.2 0.25
-y []

Figure 2.3: Demonstration of hypoplasticity principles using a simple one-dimensional model.

Let us now consider the Equation (4) and evaluate the stiffness predicted by the hypoplastic model. First
of all, the stiffness depends on loading direction (as in elasto-plasticity), thanks to the absolute value
appearing in Eq. (4). The following two cases are important for clarifying the model performance:

1. When 1 =0, Y calculated using Eq. (4) is equal to zero. Therefore, N = 0 and thus
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dt = Ldy @)
L thus specifies the initial modulus for loading from the state T = 0.

2. When 1 = 1,4, Y is equal to one. Therefore, N = L and the hypoplastic equation reads
dr = L(dy + |dy]) (8)
In loading, dy < 0 and therefore dr = 0, similar as in elasto-plasticity. During unloading, dy > 0 and
hypoplasticity predicts
dr = 2Ldy 9)

It follows from the above that for the special cases of t = 0 and T = 7,4 the hypoplastic model predicts
similar response as the elasto-plastic model (apart from the unloading modulus at t = 7.4, Which is
twice as high as the loading modulus at T = 0). The most important difference in predictions of the two
models is in the intermediate states t,,,;,; < T < 0. While elasto-plasticity predicts constant stiffness E,,,
hypoplasticity predicts gradual decrease of stiffness, starting from the initial modulus E,, and ending with
the fully plastic state with stiffness equal to zero. The stiffness decrease is caused by the definition of Y,
whose value gradually increases from 0 to 1 and thus forces the modulus N to vary between zero and
L.

223 Mathematical formulation of the THM model
The primary equation of the THM hypoplastic model reads

"= f,[L£: (€ — fin€™) + fuNll€ — £ €™l + £, (H, + Hy) (10)

For description of the complete mathematical formulation of the model, interested reader is referred to
Masin (2017). Complete model formulation is also given in Appendix of this report. In the following, the
main components of Eq. (10) are described:

e Behaviour of macrostructure is defined using the hypoplastic approach. Thus, Eq. (10) defines
the effective stress rate of macrostructure 6. It is defined using Bishop equation, in which the
factor y is equal to the degree of saturation of macrostructure.

oM = g™t — 15Ms (11)

where o™ is net stress, s is suction and S is degree of saturation of macrostructure defined
using a hysteretic macrostructural void ratio-dependent water retention model of Brooks and
Corey [2] type. The water retention model for macrostructure is sketched in Figure 2.4.

0.1

original WRC ——
In Sr 8Sen Se Sw Sen Sp 0 smoo%hed WRC —— |
0
-0.1
- -0.2
. 9p]
\Sr increasedueto £ g3
., decrease of e
N 04 f
current state
05
e, 0.6 - :
1 0 0.5 1 1.5 2 25
Ins In s [MPa]

Figure 2.4: Hysteretic water retention model for macrostructure adopted in hypoplastic THM model for expansive
soils — definition of variables (left) and smooth formulation adopted in recent version of the model (right)

e Behaviour of microstructure is defined using elastic volumetric model, which can be written as
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en = g(asT - :—gﬁm) (12)

where €™ is microstructural strain, T is temperature rate, p™ is microstructural mean effective
stress and «a, and k,, are parameters. Microstructure is always assumed to be fully saturated
and its behaviour governed by the Terzaghi effective stress, that is

o™ =g" — 1s (13)

e The double structure coupling is accomplished through the factor f,,, appearing in Eq. (10). This
factor depends on relative density, such that for the most dense state f,,, = 1 and for the most
loose state f,, = 0. These values mean that at the loose state microstructural strain does not
cause any macrostructural deformation, because microstructural units (aggregates) swell into
the macrovoids. Contrary, at the densest possible state macrostructure is basically closed, and
any microstructural strain causes equivalent strain macrostructural. The factor f,, is defined as

fm =1- (rem)m (14)
where m is a parameter and r,,, is relative void ratio defined as

Tom = —4 (15)

ej—eq

where e, is minimum void ratio (equal to microstructural void ratio) and e; is maximum void ratio
(equal to the void ratio at the isotropic normal compression line).

e Eg. (10) contains two tensors Hg and H; and a scalar factor f,,. The factors H; and H, are
denoted as wetting- and heating-induced collapse factors, calculated to ensure that during
wetting and heating of specimen whose state is close to the isotropic normal compression line
(NCL), its state remains at NCL and thus wetting- and heating-induced collapse is predicted.
The factor f,, depends on relative density and decreases the effect of H; and H; for higher
overconsolidation ratios.

e Last, Eq. (10) contains two scalar factors f, and f;. These are denoted as barotropy- and
pyknotropy factors and they control the effect of stress and void ratio on macrostructural soil
stiffness. They were taken over from the basic hypoplastic model for clays from Masin (2014).

The complete mathematical formulation of the THM hypoplastic model is in Appendix.

2.2.4 Input parameters

Model parameters and their description is summarised in Table 2.1.
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Table 2.1: Model parameters and their description (from Ma$in [12]).

Parameter  Description

Qe Critical state friction angle of macrostructure in a standard soil-mechanics context
A Slope of isotropic normal compression line in In(p™ /p,) versus In(1 + e) space
K* Macrostructural volume strain in p™ unloading

N Position of isotropic normal compression line in In(p™ /p,) versus In(1 + e) space
Y Stiffness in shear

N Dependency of position of isotropic normal compression line on suction

lg Dependency of slope of isotropic normal compression line on suction

nr Dependency of position of isotropic normal compression line on temperature

lr Dependency of slope of isotropic normal compression line on temperature

(1) Control of f, and thus dependency of wetting-/heating-induced compaction on
distance from state boundary surface;

m
(2) control of double-structure coupling function and thus response to wetting-drying and
heating-cooling cycles (Masin 2013b)
a, Dependency of microstructural volume strains on temperature
Km Dependency of microstructural volume strains on p™
om Reference microstructural void ratio for reference temperature
0 T,, reference suction s,, and zero total stress
Csn Value of fm for compression
Seo Air-entry value of suction for reference macrostructural void ratio e}’
a Dependency of macrostructural air-entry value of suction on temperature
b Dependency of macrostructural air-entry value of suction on temperature
Ratio of air entry and air expulsion values of suction for macrostructure water retention
ae
model
S, Reference suction for e™
ed! Reference macrostructural void ratio for air-entry value of suction of macrostructure
T, Reference temperature
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2.3 Numerical model of the small-scale experiment

The aim of the small-scale experiment (chamber of g 30 cm, height 30 cm) was the investigating the
influence of long-term thermal loading (dry and wet materials loaded at 150°C for 6, 12, and 24 months)
on bentonite material. Attention was paid to analyses of water content and dry density changes and
obtaining data for mathematical modelling - measuring the geotechnical parameters — hydraulic
conductivity, swelling pressure, liquid limit, etc. The experiment was performed in the Josef Underground
Research Facility (URF) laboratory of the Faculty of Civil Engineering Czech Technical University in
Prague, Czech Republic. Two runs of the experiment were performed. For the first, the BCV (bentonite
from Cerny Vrch repository) of the initial dry density 900 kg/m3 was used. The material was saturated
with 6 bars of water pressure and heated up to 150°C. Phases of watering and heating were performed
simultaneously to avoid water boiling. In the second run, the experiment was heated up to 150°C the
first and then watered. For this setup, the water boiling is expected in the middle of the chamber. The
BCV initial dry density was 1400 kg/m3. This second run simulates the conditions in the nuclear waste
repository more precisely.

The thermo-hydro-mechanical (THM) model of the small-scale experiment is simulated using partially
coupled analysis consisting of two individual finite element modules — a transport part solving heat and
moisture analysis and a mechanical part describing the mechanical response. Both parts are running
simultaneously, and the necessary data are transferred between modules in each time step. The
coupled analysis is based on the extended micromechanical approach for coupled heat and moisture
transfer in porous media presented by Lewis and Schrefler in [6] and the hypoplastic model for expansive
clays presented by MaS$in in [12] implemented into the SIFEL bundle [5].

The numerical model discretizes the bentonite sample and the whole steel structure as an axisymmetric
domain. The finite element mesh consists of 17,282 nodes and 5,756 elements with linear approximation
functions in the transport part and quadratic approximation functions in mechanical part. The possibility
of the detachment of the bentonite material along the inner surface of the steel structure is secured by
doubled nodes at the bentonite-steel interface. The coupling of individual degrees of freedom for surface
perpendicular displacements and temperature is ensured.

The model is loaded by water pressure at the top bentonite surface and heating in the area
corresponding to the heater installed. Boundary Newton’s condition is prescribed on the external
surfaces modelling the heat transfer between steel structure and the air (Figure 2.34). The heat transfer
coefficient = 20 W-K-1-m2. The prescribed temperature of the ambient air is taken from measurements
— sensor No. 711.10, the temperature of the heating system is taken from sensor No. 113.10. The
watering is prescribed according to data measurement — sensor No. 799.90. For computational stability,
the data were approximated by a piecewise linear function, see Figure 2.35.
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Figure 2.33: Installation and the setup of the experiment
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Figure 2.34: Set up of the numerical model
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Figure 2.35: Prescribed water pressure

Due to convergency problems of the hypoplastic bentonite model for low dry densities, the initial material
parameters were set for the dry density ps = 1500 kg-m-3. All material parameters are listed in Table 2.2,
Table 2.3 and Table 2.4. It should be noted steel structure and the Teflon layer have been modelled as
ideal linear elastic materials enabling only heat transfer and no water and moisture transfer.

Table 2.2: Material parameters of THM model — transport part

Material parameters for bentonite Value
Initial porosity 0.4774
Intrinsic permeability 2:1019 m?
Volume density 1500 kg-m-
Effective specific heat 1000 J-kgt-K1
Dry effective thermal conductivity 0.6 W-mt.K1
Wet effective thermal conductivity 1.35 W-m1.K?
Cubic thermal dilatation coefficient 1.107 K1
Material parameters for steel Value
Volume density 7850 kg-m-3
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Specific heat 450 J-kg1-K?
Thermal conductivity 47 W-m1.K1
Thermal dilatation coefficient 12-10® K1
Material parameters for Teflon Value

Volume density 2150 kg-m-3
Specific heat 1000 J-kg?t-K?
Thermal conductivity 0.25 W-m1-K?
Thermal dilatation coefficient 12.106 Kt

Table 2.3: Material parameters of THM model — mechanical part

State variables for bentonite Value

Dry density 1500 kg-m-
Initial void ratio 0.9133
Material parameters for steel Value
Young’s modulus 210 GPa
Poisson’s ratio 0.3
Material parameters for Teflon Value
Young’s modulus 340 MPa
Poisson’s ratio 0.3

Table 2.4: THM hypoplastic constitutive model parameters for bentonite

Parameter Unit Value
O ° 25
A - 0.12
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K - 0.02

N — 1.62

v - 0.24

ng - 0.01

L — 0.0

ny - -0.07

Iy - 0

m - 10

as 1/K 0.00015
Km - 0.1

Sy kPa -1000
et - 1.0

Csh - 0.1

Seo kPa -2,700
el - 0.50

T, K 294

a N/m 0.118

b N/(mK) |-0.000154
a, — 0.75
Ao - 1.2

2.4 Simulation results of the first run

Begransad delning

The analysis simulated the watering and heating processes from the beginning of the experiment to the
present time (the experiment is currently still ongoing). The start time t start = 0 sec was set to
11/22/2020 23:00:00, and the end time t_end = 23,626,800 sec was set to 08/03/2021 22:20:00. The
whole analysis took 30 hours on PC computer Intel® Core™ i7-10700F CPU @ 2.90GHz x 16 equipped
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with RAM 32 GB using multithreading OpenMP system on the Linux Ubuntu 21.04 platform. Selected
results of the history of temperatures are presented in Figure 2.36 to Figure 2.42. The final temperature
profile is in Figure 2.43. Figure 2.44 shows the evolution of vertical pressure at the top and bottom of
the bentonite sample, which was unfortunately not measured. Selected profiles of saturation degree are
depicted in Figure 2.45 to Figure 2.47. Figure 2.48 recalls the scheme of all sensors placement in the
experiment.

Analysis of results shows agreement in calculated and measured temperatures for almost all sensors
except sensor No. 611.10, which is placed at the bottom part of the external surface of the steel cylinder.
The bentonite sample is fully saturated in approximately 60 days from the beginning of the water filling.
The evolution of the vertical pressure corresponding to swelling pressure follows the gradual saturation
of the bentonite and subsequent increase of water pressure. The values corresponding to dry density
pd = 1500 kg-m-2 are at higher levels than values expected from the measurements.

Temperature history
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Figure 2.36: Temperature history in sensor 214.10
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Temperature history
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Figure 2.37: Temperature history in sensor 314.10
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Figure 2.38: Temperature history in sensor 414.10
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Temperature history
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Figure 2.39: Temperature history in sensor 511.10
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Figure 2.40: Temperature history in sensor 513.10
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Temperature history
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Figure 2.41: Temperature history in sensor 611.10
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Figure 2.42: Temperature history in sensor 613.10
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Figure 2.43: Temperature profile at the end time
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Figure 2.44: Vertical pressure evolution
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Figure 2.45: Saturation degree profile at time 20 days
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Figure 2.46: Saturation degree profile at time 40 days
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Figure 2.47: Saturation degree profile at time 60 days
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Figure 2.48: Scheme of the instrumentation [17]

2.5 Simulation results of the second run

Analysis of results of the second simulation shows agreement in calculated and measured temperatures
for almost all sensors. The evolution of the vertical pressure corresponding to swelling pressure also
follows the gradual saturation of the bentonite and subsequent increase of water pressure.
Unfortunately, the model has convergence issues in the phase with increasing water pressure. This will
be the aim of further investigation and model validation.
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Figure 2.49: Temperature history in sensor 1215
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Figure 2.50: Temperature history in sensor 1614

r =)

EURAD (Deliverable n° 7.10) - HITEC Modelling
e U ., Dissemination level: PU
anmscioseiemenomgemens. - Date of issue of this report: 03/06/2024

Page



Begransad delning

EURAD Deliverable 7.10 — HITEC Modelling

09 | Hypoplastic model, in the midle
' Hypoplastic model, at the bottom ——

0.7 |

o5 _

T

Relative humidity [-]

0.3 ' ' ‘ ' '
0 10 20 30 40 50 60

Time [days]

Figure 2.51: Relative humidity evolution
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Figure 2.52: Saturation degree evolution
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Figure 2.53: Swelling pressure in radial direction at the bottom
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Figure 2.54: Swelling pressure in horizontal direction at the bottom
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3. VIT

3.1 Introduction
The objectives of the modelling are:

1) to contribute to experiments design in T3.1 and T3.2 from modelling perspective to ensure the
ability to utilize the experimental results in THM modelling,

2) to develop the Varied Multiplicative Processes model to include thermal phenomena and
dependencies, and

3) tointerpret and compile obtained experimental data for modelling purposes.

The objective 1) includes pre-modelling to ensure relevant temperature conditions and input to
experimental protocols.

3.2 Pre-modelling and input to experiments

3.21 Pre-modelling

Pre-modelling of the thermal conditions in Olkiluoto disposal site in Finland was performed to obtain a
realistic view of the expected thermal conditions. The model includes thermal conduction through the
disposal site components surrounding one disposal hole, but also thermal radiation is taken into account
over gas filled gaps within the disposal canister (Figure 3.1).

The results show that the highest temperatures in bentonite buffer occur only very close to the disposal
canister and the temperature elevates only to moderately high temperatures in the major parts of the
buffer. Therefore, also moderately high temperatures should be of interest when performing experiments
in over room temperatures. In addition, the sparsity of experimental data in this moderate to high
temperature range supports the conclusion.

x: 94.9928

Figure 3.1. An example of modelled temperature field surrounding a disposal canister in Olkiluoto
disposal site in Finland.
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322 Input to experiments

High uncertainties in the thermos-hydro-mechanical (THM) models of bentonite relate to the basic
elastoplastic mechanical model. For example, the elastic behaviour in the shear direction is not
described with too much detail (often only constant Poisson‘s ratio or shear modulus is assumed) and
there is little experimental data to define the yield surface or the hardening behaviour directly based on
the data. Similarly, the elastic and plastic components of the deformation cannot be separated directly
based on the experimental data due to its sparsity.

To reduce these uncertainties, VTT’s experiments in T3.1 and T3.2 have been planned such that they
provide the data that is needed for model development. The experiments are performed with a
volumetric compaction and triaxial apparatus to cover both the pressure and shear directions of stress
and deformation, although this is more complicated than, for example, experiments with oedometers
(which provides data only in one stress-direction). Sufficient loading and unloading cycles are performed
to be able to distinguish between elastic and plastic deformations directly based on the experimental
data.

To obtain high quality data for model development, the sample preparation procedure has been planned
such that unwanted effects have been minimised. The samples are saturated to a wanted saturation
degree by vapour equilibrium technique to avoid unwanted chemical effects (dissolution of side minerals,
which may eventually change the cation composition of bentonite) and excess mechanical processing
(for example, mixing). Pre-samples are compacted from powder with isotropic pressure (the
compression data is also saved for accurate information of the processing history) to avoid anisotropic
effects. The pre-samples are machined to final samples with desired shape and dimensions. The quality
of the samples is monitored with X-ray tomography to avoid experiments with, for examples, pre-cracks.
The triaxial apparatus is calibrated by measuring the deformation of the equipment (and a steel dummy)
using similar stress-paths as the actual experiments.

The experiments cover triaxial tests with heat treated bentonite (powder) and at elevated temperatures
as well as reference test with non-heat-treated bentonite in room temperature. Consequently, they
provide information and data of the mechanical properties of heat-treated bentonite and at high
temperature that can be used to extend THM models to these conditions.

3.3 Thermal phenomena to Varied Multiplicative Processes model

The aim of the modelling is to include thermal phenomena to the Varied Multiplicative Processes (VMP)
model framework (Pulkkanen, 2019). The basic concepts and results are summarised in this chapter.

3.31 Conceptual model

Bentonite is conceptually divided into two (fig):

¢ the skeleton which contains
o the solid material of the bentonite (montmorillonite and excess minerals)
o the bound water that is adsorbed onto the surfaces of the montmorillonite
e the free porosity that is filled with
o free water or
o gas.
The adsorbed (or bound) water is considered to be an integral part of the solid structure and therefore
conceptualized as a part of the skeleton. The bound water is the water that is attached to the
interlamellar and stack outer surfaces of montmorillonite in the sense that the mass of this water can be
measured by weighting when bentonite is equilibrated with water vapour at a fixed relative humidity. The
chemical potential of this vapour in equilibrium with the bound water is taken as the chemical potential
of the bound water. An assumption is that the bound water increases the volume of the skeleton by the
volume that the bound water would occupy if it was liquid. This assumption should be further investigated
by experiments with different bentonite types in different conditions and refined according to the results.
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The free porosity is the pore space that is not a part of the skeleton, that is, the pore space that is not

the solid material or the bound water. The free porosity can be filled with liquid water (called free water
here) or gas. Salts can be dissolved in the free water.

BOUND WATER
diffusion

— —H—/
free

skeleton .
porosity

Figure 3.2. An illustration of the conceptual model. Solid material and bound water form the bentonite
skeleton, while the free porosity is filled either with gas or (free) water where salts can be dissolved. If
water moves from the free porosity to the bound state, the bentonite swells. If the movement of water is
in reverse direction, the bentonite shrinks.

The VMP model is a large deformation model with extensive background of terminology and concepts
that deviate from those used in the standard linear deformation theories. These are not repeated in this
document, but the reader is advised to see (Pulkkanen, 2019) and the therein referred literate including,
for example, (Gurtin et al. 2009).

3.3.2 (Im)balance equations

The following balance and imbalance equations are used to formulate the model.

The mass balance equation for the bound water is

My =—Divh, +hg, (0.1)

where the dot denotes material time derivative, My is the mass density of bound water in the reference
frame (mass of water per the volume of reference frame), DiV the divergence operator in the reference
frame, hy is the mass flux of bound water in the reference frame, and hy the referential bound water
supply.

The force balance equation is

DivT, +b,, =0. (0.2)
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Where Div is the divergence operator in reference frame, T, the first Piola stress and by, the

referential inertial frame body force.

The free energy balance equation is

.1 S .

ér ZETRR :C-Divay + 0z — Div(uhg )+ uhg, (0.3)
where &g is the referential internal energy, Tr, the second Piola stress, : the tensor inner product, C
the right Cauchy-Green strain tensor, (, the referential heat flux, 4, the referential hear supply, and

4 the bound water chemical potential (in units J/kg).

The Helmholtz free energy imbalance is
: : : , 1
y/R+nR3—TR:F—ymR+hR-V,u+§qR~V,9£O, (0.4)

where y, = &g — 97 is the referential Helmholtz free energy, 775 the specific referential entropy, ¢
the (absolute) temperature, F the deformation gradient and V referential gradient. For simplicity, the
terms arising from plastic flow are not included.

3.3.3 Multiplicative decomposition of the deformation gradient

The VMP model is a large deformation model where the deformation gradient F is decomposed
multiplicatively

F=F.FFF, (0.5)

to the elastic F, distortion corresponding to mechanical elastic deformation, chemical F, (isotropic)
chemical distortion corresponding to swelling due to water moving to adsorbed state, F, (isotropic)

thermal distortion corresponding to thermal expansion and Fp plastic distortion corresponding to

mechanical plastic deformation.
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spatial configuration:

= plastic deformation

* change in temperature

* change in bound water content

« change in stress (corresponding to
elastic deformation)

swollen intermediate configuration:

* plastic deformation

* change in temperature

« change in bound water content
and corresponding swelling

* stress atreference value

thermal intermediate configuration:

* plastic deformation

* change in temperature and
corresponding thermal expansion

= other variables at reference values

plastic intermediate

reference configuration: configuration:
all variables at reference values + plastic deformation
« othervariables at reference
values

Figure 3.3. lllustration of the multiplicative decomposition of the deformation gradient, mapping
properties and the intermediate configurations corresponding to the decomposition.

3.34 Constitutive assumptions and equations

It is assumed that swelling of bentonite due to adsorbed water intake is isotropic:
F. =bl (0.6)
leading to
J =trF =b°, (0.7)

where J_ is the volumetric Jacobian of the chemical distortion (ratio of volume change due to swelling)
and b the chemical stretch ratio.

Similarly, it is assumed that the volume change of bentonite due to thermal expansion is isotropic:
F, =dl (0.8)
leading to

J =trF =d°, (0.9)

where J, is the volumetric Jacobian of the thermal expansion (ratio of volume change due to the thermal
expansion) and d the thermal stretch ratio.

The constitutive equations are formulated assuming that the constitutive relations for the dependent
variables can be derived from the free energy of the system. For simplicity, plastic deformation is left
out and the focus is on adding the thermal effect to the model.

The independent variables in the model are a measure for the deformation (Green — St.Venant strain
1

E= E(C_ 1) or right Cauchy Green deformation tensor C) , referential mass density of the bound
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water M, and the temperature . These correspond to the use of Helmholtz free energy as the free
energy from which the constitutive relations are derived. The constitutive equations for the dependent
variables: the second Piola stress Tgg, the referential specific entropy 77, and the bound water
chemical potential x are sought.

Using the assumption of frame indifference, the Coleman-Noll procedure (with standard assumptions)

and the Maxwell relations (following from the procedure, Gurtin et al. 2009), the linearised constitutive
relations are

Ve :%zcm(log Je)2+Gm |devE " +8(8-9)trE

+5(Mg —Mgo JtrE+a(my —mgo ) (9-9, )+ g (mR)—i (9—90)2 (0.10)
0

Tz%:xm log(J,)1+2G, dev(E)+ B(9—%)1+s(my —mg,)]l (0.11)

0 C
Mg = lel; :nRO—,[i’trEero(,9—190)+a(mR —Mg,) (0.12)

_ Vs _ _ _ c
U= =ty +str(E-E,)+a(9-9)+u(ng) (0.13)
omg

hy =—LmVu—MV 9 (0.14)
dr =KV I-NVu (0.15)

Here, k,, is the bulk modulus (at constant bound water content and temperature), J, =trF, the

volumetric Jacobian of the elastic distortion, G,, the shear modulus (at constant bound water content
. _ 1 od -

and temperature), S =-3k,,a (for small deformations) with o :Eﬁ the coefficient of thermal

expansion, 9, the reference temperature, S = -3k, (for small deformations) with the coefficient of

1 db 1
chemical expansion y = ——— due to bound water intake ( y = —— with water density p,, for small

R w
swelling deformation), C the bentonite heat capacity (at constant bound water content), a the chemical-
. . ¢ Owg .
thermal interaction modulus, M;, the reference bound water content, f =-—— the adsorption

R

isotherm of bentonite powder at zero stress, E, = }/(mR —mRO) the chemical strain due to swelling,

L the mass transport coefficient for adsorbed water diffusion driven by chemical potential gradient, M
the mass transport coefficient for thermal diffusion driven by temperature gradient, kK the thermal

conductivity for bentonite (including solid material and water) and N the heat transfer coefficient for
heat transfer driven by chemical potential gradient.

The correction for the swelling back-coupling derived by using the multiplicative decompaosition and the
following intermediate configurations for linearisation is utilised (Pulkkanen, 2019) meaning that the
chemical strain is subtracted from the Green-St.Venant strain in the constitutive relation for the bound

r =)
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water chemical potential. Also, linear volumetric strain in the mechanical constitutive equations has been
preplaced by a modified logarithmic strain formulation.

The large deformation flow rule, the yield surface and the hardening/softening laws are not derived here
and simple parameter dependency on the temperature is assumed. It simply stated here that, for now,
Cam clay yield surface (Gens and Alonso, 1992)

f,=q*+M?(p-p,)p=0, (0.16)
with the hardening law

P. = Py —4INJ, (0.17)

1
is assumed. Here = /3J, is the deviatoric stress, p = 3 |, the pressure, M a parameter, p, the

previous highest compression (in the direction of p ) of the material, p_, the initial value for p,, 4 a
material parameter and Jp the volumetric Jacobian of the plastic distortion. Parameter dependency on

bound water density and temperature are assumed.

3.35 Discussion on included thermal phenomena

Thermal phenomena have been added to the VMP model thermodynamically consistently. The
procedure has followed the similar principles as when building the original VMP model. The model now
consists of

e the mass balance equation for adsorbed water transport,
e force balance equation for mechanical behaviour and
¢ thermal balance equation including thermal terms.

The constitutive equations have been derived thermodynamically consistently (and taking principle of
frame indifference into account) such that they are as general as possible (compare to Pulkkanen, 2019,
and Gurtin et al. 2009). Consequently, the constitutive equation for the second Piola stress includes
(besides mechanical elasticity) swelling due to adsorbed water intake and thermal expansion. The
thermal expansion has been added using multiplicative decomposition of deformation gradient, although
linearisation at the swollen intermediate configuration would likely be enough due to the small effect in
comparison to adsorbed water induced swelling. Besides the standard term including temperature, the
constitutive equation for specific referential entropy includes mechanical term and a term arising from
water adsorption. Especially the latter is a novel addition and its importance (or lack of it) should be
studied experimentally. Similarly, the value or function for the thermal-chemical interaction coefficient
should be measured. The thermal term in the constitutive equation for chemical potential is a new
addition to the former VMP constitutive equation. Again, its importance and the value for the introduced
thermal-chemical interaction coefficient should be experimentally determined.

Beside the expanded energy balance equation (to include thermal phenomena) and the extended
constitutive equation, an important thermal effect is the constitutive equation parameter dependency on
the temperate. Moreover, the memory effect of elevated temperature may be important (if the
parameters are changed due to thermal treatment). These have been the topics for experimental Tasks
3.1and 3.2 for VTT.

3.4 Thermal dependency of mechanical constitutive models

The experimental results by VTT in Task 3.1 suggest that the effect of heat treatment at 105°C or 150°C
as powder for 6 months on the elastoplastic compressive behaviour of Wyoming sodium bentonite is
negligible. Consequently, the same parameters for elastic and plastic constitutive equation as for non-
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heat-treated bentonite could be used in the modelling. The rest of the experimental work for the
mechanical model dependencies on the temperature by VTT is still on-going when writing this
deliverable (October 2023).
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