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Abstract
This paper presents a numerical analysis of the mechanical performance of a
bentonite clay buffer for the containment of nuclear waste in the context of
deep geological disposal. The design of the buffer is based on the Swiss concept
where the waste canisters are emplaced on pedestals of compacted bentonite
blocks and the remaining space between the tunnel and the canister is back-
filled with grains of highly compacted bentonite. A complete analysis of the
long-term performance of the repository requires a good understanding of the
mechanical evolution of the bentonite upon heating from the radioactive waste
and hydration from the host rock. Despite its importance, the implications of
the initial heterogeneous bentonite layout, characterised by blocks and grains,
on the final dry density at the repository scale in the steady state have not been
previously studied. The present study aims to shed light into these processes
by means of finite element modelling using an advanced constitutive model
for the bentonite behaviour that considers several thermo-hydro-mechanical
couplings. The constitutive model is shown to be able to reproduce several
laboratory tests involving saturation of block and pellets at different dry den-
sities. The model predictions, extended up to 100,000 years, indicate that the
bentonite blocks and grains tend to homogenise in terms of dry density as
the buffer reaches full saturation. Due to the different swelling potential of
the block pedestal and the granular backfill, the canister is subjected to move-
ments, although these remain relatively small. The impact of initial segregation
of the granular bentonite is also studied and it is seen to not to affect substan-
tially the mechanical evolution of the buffer, although it might reduce canister
displacements.
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1 INTRODUCTION

Many designs of deep geological repositories for high level radioactive waste (HLW) involve the use of bentonite as backfill
and sealing material of tunnels and galleries where the waste will be emplaced. As a result of different functions that
bentonite has to fulfil, while ensuring relatively easy emplacement, some designs envisage the emplacement of bentonite
in different forms and layouts.1 Some examples include the SKB concept in Sweden and Finland in which block bentonite
will be used as a buffer between the crystalline rock and the nuclear waste canisters (Borgesson2, SKB3) and the CIGEO
concept in France in which bentonite mixtures (such as compacted pellets and crushed claystone produced from the
repository excavation)will be used to seal the access galleries to the disposal boreholes.4,5 In the Swiss concept of repository,
the canister will be supported by a pedestal of bentonite blocks and the remaining space between the canister and the
tunnel will be filled by a granular bentonite mixture (GBM). The bentonite pedestal will provide support for the canisters
in the early stages, while the granular bentonite allows to optimise the backfilling operation.6 This disposition of block-
GBM results in an inherently initially heterogeneous buffer, whose heterogeneity could be accentuated by the possible
segregation of GBM during the backfilling operation.7
Since the main safety functions of bentonite, such as swelling pressure and hydraulic conductivity, depend on its dry

density,8,9,10–12 the design of the system requires an understanding of the effects of the initial heterogeneous disposition
on the performance of the overall buffer, ensuring for instance that upon saturation the two forms of bentonite will
tend to homogenise as it has been observed in laboratory experiments.13–15 This homogenisation would avoid prefer-
ential flow paths for water flowing from the host rock or gas generated from canister corrosion. Another consequence
of the heterogeneous bentonite relates to canister movements induced by the differential swelling pressure of the block
and GBM as a result of the different initial dry density.16 Hydraulic conductivity and thermal conductivity of the two
materials are also different, thereby further differences in behaviour between the two materials in early stages are
expected.
Although many studies have investigated the THM performance of different repository concepts in the short and long

term (Gens et al.17 Dupray et al.,18 Zheng et al.19), the mechanical evolution of the bentonite buffer, such as swelling
pressure and dry density, is usually either simplified or not reported.20 In addition, while most of these studies have
been devoted to the analysis of block bentonite buffers, mainly driven by the large amount and quality of data provided
by the FEBEX test,18,21,22 very few modelling efforts have been directed towards the Thermo-Hydro-Mechanical (THM)
analysis of buffers involving GBM in addition to bentonite blocks. Among them, Alonso and Hoffmann23 modelled the
EB experiment that involved artificial hydration under isothermal conditions of a block-GBM buffer, and Dupray and
Laloui24 studied numerically the movement of the canister induced by the THM evolution of a buffer representative of
the Swiss concept. However, no specific conclusions were drawn in these studies regarding the spatial evolution of the dry
density. In a recent numerical benchmark, Gens et al.25 concluded that further research is needed to elucidate the causes
of redistribution of bentonite density upon saturation.
The present study aims to advance towards understanding the mechanical interaction between bentonites emplaced

at different dry densities, such as blocks and GBM, and to provide new insights on their mechanical homogenisation
upon saturation in terms of dry density and swelling pressure. The core of the analyses is the application of a recent
THM constitutivemodel especially suitable for themechanical evolution of bentonite from unsaturated to saturated states
including non-isothermal conditions.26 This has been implemented in the finite element code LAGAMINE27 and has been
used to perform the analyses. The focus of the study lies on the buffer, without considering mechanical interaction with
the tunnel liner and host-rock, which are included in the simulations in order to obtain meaningful thermo-hydraulic
boundary conditions for the bentonite buffer.
The paper starts by reviewing full scale experiments regarding block and GBM buffers under both isothermal (EB-

experiment16) and non-isothermal (FE-experiment30) conditions, which motivates the present study. Afterwards, the
numerical framework used for the analysis is described, as well as the finite element model set up, which is largely based
on the FE experiment. The calibration of material parameters plays a central role in providing reliable predictions, and
accordingly a specific calibration strategy for bentonite compacted at different dry densities is outlined based on recent
interpretations, in particular, that the saturated state behaviour of bentonite does not depend on its as-compacted state.26,28
The suitability of the constitutive model for reproducing bentonite behaviour is demonstrated by simulating experimental
tests at the laboratory scale within the range of dry densities used in the buffer.
The THM finite element simulationswere performed up to 100,000 years and two cases of initial dry density distribution

in the buffer were analysed. A base case is considered in which the GBM has a uniform distribution of dry density. A het-
erogeneous distribution of GBM density is studied for the first time with the alternative case, based on observations from
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BOSCH et al. 1981

F IGURE 1 Schematic representation of the buffer components in the Swiss concept of deep geological repository. HLW stands for high
level radioactive waste (modified from NAGRA31).

a full-scale emplacement experiment,7,29 in order to assess the consequences of GBM segregation during its emplacement
on the capacity of the buffer to homogenise.

2 BACKGROUND

The repository design, that is, analysed in this work corresponds to the Swiss concept for high-level radioactive waste
disposal. A schematic view of the bentonite buffer design is shown in Figure 1, that includes the canister supported by
a bentonite pedestal and the GBM backfill.31 The tunnels will be excavated at high depth in the Opalinus Clay forma-
tion, which will act as a geological barrier, and a concrete liner will be installed to ensure tunnel stability at early stages.
Over time, as bentonite hydrates, mechanical stability will be further ensured by the swelling pressure developed by the
bentonite buffer.
Large scale tests have been performed in order to assess the technical feasibility and performance of bentonite buffers

using similar dispositions. The EB Experiment, reported in Mayor et al.,16 demonstrated the feasibility and advantages of
using GBM as buffer material in order to optimise the backfill procedure. In that experiment the buffer was artificially
hydrated under isothermal conditions, in order to reach full saturation in less than 10 years. Upon dismantling of the test,
it was verified that the bentonite blocks and GBM reached a relatively homogeneous state in terms of dry density.32 Based
on lessons learned from the EB experiment, a new backfilling machine was designed and tested in an emplacement test,
which demonstrated the feasibility of achieving a target dry density of at least 1.45 Mg/m3 for the overall GBM backfill,7
with local values derived from CPT measurements between 1.4 and 1.6 Mg/m3.
Since 2014, the Full-Scale Emplacement (FE) experiment in the Mont-Terri rock laboratory30 has been under operation

with the aim of verifying the construction feasibility and to further understand repository-induced THM effects on the
buffer and host-rock. Accordingly, it involves natural hydration and artificial heating. After 5 years of operation a settle-
ment of the heaters of around 10 mm had been observed,31 which is in the opposite trend that was measured from the
EB experiment, where an upward movement of the dummy steel canister was registered.16 The latter result was expected,
due to the different swelling potential between the pedestal and the GBM, and the initial settlement observed in the FE
experiment is analysed in the present work.

3 MODELLING FRAMEWORK

3.1 THM formulation

The THM coupled formulation used in this work is described in detail in Collin33 and a variety of relevant applications
are reported in Collin et al.34,35 For the sake of conciseness only a summary is given in the following. The equations are
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1982 BOSCH et al.

formulated based on the theory ofmixtures following the compositional approach.36 The balance equations are established
in terms of three species that are solid, water and dry air; and four primary state variables that are water pressure 𝑝𝑤, gas
pressure 𝑝𝑔, temperature T and the displacement vector 𝐮.
The equations are derived considering large deformations using an updated Lagrangian formulation.27,35 Changes in

porosity, 𝑛 in a volume of mixture V, are computed from the mass balance of solids in the current configuration:

𝜕

𝜕𝑡
[𝜌𝑠(1 − 𝑛)𝑉] = 0 (1)

where 𝜌 refers to density and the subscript 𝑠 to the solid species. The mass conservation equations for the water (subscript
𝑤) and dry air (subscript 𝑎) species are, respectively:

𝜕

𝜕𝑡
(𝜌𝑤𝑛𝑆𝑟) + div(𝜌𝑤𝐟𝑙) − 𝑄𝑤 +

𝜕

𝜕𝑡
[𝜌𝑣𝑛(1 − 𝑆𝑟)] + div(𝐢𝑣 + 𝜌𝑣𝐟𝑔) − 𝑄𝑣 = 0 (2)

𝜕

𝜕𝑡
[𝜌𝑎𝑛(1 − 𝑆𝑟)] + div(𝐢𝑎 + 𝜌𝑎𝐟𝑔) − 𝑄𝑎 +

𝜕

𝜕𝑡
(𝐻𝜌𝑎𝑛𝑆𝑟) + div(𝐻𝜌𝑎𝐟𝑙) − 𝑄𝑑𝑎 = 0 (3)

where the subscript 𝑙 stands for liquid phase, the subscript 𝑣 stands for vapor phase, the subscript 𝑎 for dry air and the
subscript 𝑑𝑎 for dissolved air in the liquid phase, 𝐟 indicates advective fluxes, 𝐢 diffusive fluxes, 𝑄 stands for the external
sources and 𝐻 refers to the Henry constant which indicates the proportion of dissolved air in the liquid. Assuming that
the temperature is in equilibrium across the different components, the energy balance equation reads:

𝜕𝑆𝑇
𝜕𝑡

+ 𝐿
𝜕

𝜕𝑡
[𝜌𝑣𝑛 (1 − 𝑆𝑟)] + div (𝐟𝑇) + 𝐿

𝜕

𝜕𝑡

(
𝐢𝑣 + 𝜌𝑣𝐟𝑔

)
− 𝑄𝑇 = 0 (4)

where 𝐿 is the latent heat of water vaporisation, 𝐟𝑇 is the thermal flux, 𝑄𝑇 refers to the heat source and 𝑆𝑇 is the enthalpy
of the system, given by:

𝑆𝑇 =
[
(1 − 𝑛) 𝜌𝑠𝑐𝑝,𝑠 + 𝑛𝑆𝑟𝜌𝑤𝑐𝑝,𝑤 + 𝑛 (1 − 𝑆𝑟)

(
𝜌𝑎𝑐𝑝,𝑎 + 𝜌𝑣𝑐𝑝,𝑣

)]
(𝑇 − 𝑇0) (5)

where 𝑐𝑝,𝑖 corresponds to the heat capacity of the species 𝑖. The equilibrium of the medium is established as:

div (𝝈) + 𝐛 = 0 (6)

where 𝝈 is the total stress tensor (considering compression positive) and 𝐛 = 𝜌𝐠 is the body force vector.
The equations above are implemented in the computer code LAGAMINE27 integrated using finite elements in space

and finite differences in time.

3.2 Thermal and hydraulic constitutive laws

The following thermo-hydraulic (TH) constitutive relations are assigned to all materials in the simulation except for the
steel canister.
The bulk density of liquid water is assumed to depend on 𝑝𝑤 and 𝑇 according to:

𝜌𝑤 = 𝜌𝑤0[1 + 𝜒𝑤(𝑝𝑤 − 𝑝𝑤0) − 𝛽𝑤(𝑇 − 𝑇0)] (7)

where 𝜌𝑤0 = 1Mg/m3 is the bulk water reference density at a reference pressure 𝑝𝑤0 = 0.1MPa, and reference tempera-
ture 𝑇0 = 20 ◦C, 𝜒𝑤 = 4.54 × ⋅10−10Pa−1 is the water compressibility and 𝛽𝑤 = 1.8−4∕◦C is the water thermal expansion
coefficient. The dynamic viscosity of bulk water 𝜇𝑤 evolves with 𝑇 according to the empirical equation:

𝜇𝑤 = 0.6612(𝑇 − 229)
−1.56 (8)

where 𝜇𝑤 is expressed in Pa⋅s and 𝑇 in Kelvin degrees.
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BOSCH et al. 1983

Liquid flow is modelled by means of Darcy’s law assuming an isotropic permeability tensor:

f𝑙 = −
𝐈𝑘𝑓𝑘rw

𝜇𝑤
𝐠𝐫𝐚𝐝 (𝑝𝑤 + 𝑔𝜌𝑤y) (9)

where 𝑘𝑓 is the water saturated intrinsic permeability, 𝑘𝑟𝑤 is the relative permeability and 𝑦 is the vertical coordinate.
Gas pressure is kept constant (atmospheric pressure) in the simulations and vapor is assumed to flow according to Fick’s

law in porous medium:

𝐢𝑣 = −𝑛 (1 − 𝑆𝑟) 𝜏𝐷𝜌𝑔𝐠𝐫𝐚𝐝 (𝜌𝑣) (10)

where 𝐢𝐯 is the vapor flow, 𝐷 is the diffusion coefficient and 𝜏 the tortuosity. The gradient of vapor density is computed
as34:

𝐠𝐫𝐚𝐝 (𝜌𝑣) =
𝜌0𝑔𝑅𝐻

𝑅𝑇
𝐠𝐫𝐚𝐝

(
−𝑠

𝜌𝑤𝑔

)
+ RH

[
𝜕𝜌0
𝜕𝑇

+
𝜌0

𝜌𝑤𝑅𝑇2

]
𝐠𝐫𝐚𝐝 (𝑇) (11)

where 𝜌0 is the saturated density of water vapor, 𝑅 = 8.314 J/mol K, is the gas constant, RH is the relative humidity and
𝑠 = 𝑝𝑎 − 𝑝𝑤 stands for suction.
Heat transport is governed by both conduction and convection:

𝐟𝑇 = −Γ𝐠𝐫𝐚𝐝 (𝑇) +
[
𝑐𝑝,𝑤𝜌𝑤𝐟𝑤 + 𝑐𝑝,𝑎

(
𝐢𝑎 + 𝜌𝑎𝐟𝑔

)
+ 𝑐𝑝,𝑣

(
𝐢𝑣 + 𝜌𝑣𝐟𝑔

)]
(𝑇 − 𝑇0) (12)

where Γ is the thermal conductivity of the mixture.

4 FINITE ELEMENTMODEL

4.1 Modelling setup

Themodel presented in this work is based on the FE experiment so that the early response of the buffer can be compared to
experimental results. The finite element mesh of the buffer analysed is shown in Figure 2, which includes a concrete liner,
bentonite pedestal, GBM backfill and canister. The model involves 2D plane-strain conditions, which are representative
of a mid-section in the canister. The rock around the tunnel is assumed to be representative of the Opalinus Clay in the
Mont-Terri rock laboratory where a marked bedding orientation with a dip of 34◦ towards the south-east.30 As the focus
of the study is on the bentonite buffer evolution, the boundaries of the model were defined at 100 m from the tunnel axis,
which avoided undesired boundary effects.
The initial water pressure and temperature of the host-rock before the excavation takes place were set at 2.1 MPa and

18◦C respectively, that is, representative of the FE tunnel in Mont Terri and homogeneous all throughout the Opalinus
Clay domain. For the purposes of this study, the mechanical response of the Opalinus Clay was simplified and it was
assumed that the liner is stiff enough that this does not impact the stress state inside the buffer. The stress state before the
excavation was set isotropic at 5 MPa of effective stress. The excavation is simulated assuming that the liner is installed
immediately. After excavation, a period of 2 years of ventilation is considered, that is, simulated by imposing a 𝑝𝑤 on the
liner surface consistent with the measured water content of 8% at the tunnel surface after ventilation.30 Using the water
retention relationship of Opalinus Clay measured by Ferrari et al.37 the pressure is set to 𝑝𝑤 =−30 MPa.
After the ventilation period the buffer and canister are emplaced all simultaneously and the heating sequence, con-

trolled by power in the canister, is applied. The heating power evolution (Figure 3) is representative of the average expected
for a MOX/UO2 canister.38 To account for the spacing between canisters in 2D conditions the power was scaled down to
75%.24 The GBM is emplaced with a 𝑤 = 5% that corresponds to a RH = 33% while the bentonite blocks are emplaced at
a higher water content of 𝑤 = 18%, corresponding to a RH = 80%. A specific gravity value of 𝐺𝑠 = 2.7439 is considered in
order to compute the void ratio, 𝑒 from the dry density. In the base case (Figure 2B) a homogeneous initial dry density of
the GBM is set at 1.5 Mg/m3, corresponding to an 𝑒 = 0.83, that is, assuming that during emplacement a Fuller-type distri-
bution is achieved without significant segregation.39 The initial dry density of the bentonite pedestal is set to 1.69 Mg/m3
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1984 BOSCH et al.

F IGURE 2 (A) Finite element mesh of the buffer analysed including boundary conditions in the outer zone. (B) Detailed view of the
buffer mesh, with the initial distribution of void ratio for the Base case. (C) Distribution of the case simulating an initial segregation of the
granular bentonite.

(𝑒 = 0.62), that is, the average value including the technological gaps between blocks.30 The simulation is performed up
to 100,000 years representing the time for the canister to dissipate most of its radioactivity.
The initial distribution of 𝑒 in the segregation case (Figure 2C) is based on the estimated profiles of dry density from

the Emplacement test.7,29 Above the canister, a higher dry density of 1.54 Mg/m3 (𝑒 = 0.78) results from the configuration
of the backfilling machine, whereas a lower density of 1.39 Mg/m3 (𝑒 = 0.98) is considered around the pedestal. The
remaining area is supposed to be filled with a dry density of 1.5 Mg/m3 (𝑒 = 0.83).

4.2 Constitutive relations and material parameters for the buffer

In order to account for the implications of the different initial dry densities of the bentonite, suitable constitutive rela-
tionships must be adopted. An essential feature of the analysis presented concerns the THM stress–strain constitutive
model for the bentonite behaviour, which is based on the HM model presented in Bosch et al.26 extended to thermo-
elastoplasticity following the procedure proposed by Laloui and François.40 The constitutive framework is outlined in
the following, while the model equations are included in Appendix A. The model is formulated in the framework of a
generalised effective stress, 𝝈′ = 𝝈 − [𝑝𝑎 − (𝑝𝑎 − 𝑝𝑤)𝑆𝑟]𝐈, that is, linked to the mechanical elastic strains,41 and 𝑆𝑟, and
𝑇, which express the variation of elastoplastic compressibility under unsaturated conditions42 and the current yield pres-
sure respectively. As a result, the elastic domain depends on the stress history, the current temperature and the degree of

 10969853, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.3547 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [16/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BOSCH et al. 1985

F IGURE 3 Heating power emitted by the MOX/UO2 canister and equivalent power for the 2D plane strain model.

(A)

(B)

F IGURE 4 (A) Water retention calibration of granular bentonite (GBM) with data reported by Seiphoori et al.39 under constant volume
and free volume conditions. (B) Water retention of block bentonite calibrated with data obtained by Villar43 for different wetting (W) and
drying (D) paths at 20 and 60◦C.

saturation. A water retention model that takes explicitly into account the existence of adsorbed water is used to predict
the evolution of the degree of saturation with suction and deformation4547.
Figure 4 shows the fit of the water retentionmodel to experimental data. The water retention of the GBMwas calibrated

with data reported by Seiphoori et al.,39 which involved GBM at an initial void ratio of 𝑒 = 0.83, hydrated under free
volume conditions and constant volume conditions (Figure 4A). The division of water content into adsorbed water and
free water enables to reproduce both constant volume hydration and free swelling hydration. At high suctions most water
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1986 BOSCH et al.

(A)

(B)

F IGURE 5 (A) Calibration of the saturated hydraulic conductivity as a function of void ratio with experimental data (Exp.) from Villar43

and Karnland et al.10 (B) Calibration of the thermal conductivity as a function of the degree of saturation with experimental data from Tang
et al.46 and Wieczorek et al.44

is expected to be in adsorbed form and therefore independent on the void ratio,45 whereas at low suctions the water
held by capillarity and diffuse double layer is modelled as a dependency on the void ratio.47 The experimental data on
compacted MX80 bentonite reported by Villar43 was used to calibrate the water retention for the block pedestal, which
consisted on hydration under constant volume conditions at different temperatures and void ratios. On that material,
Villar43 did not observe significant hysteresis upon wetting after drying (Figure 4B), which is themost representative path
to which bentonite is subjected in the buffer, therefore no hysteresis in thewater retention is considered in the analysis. No
temperature dependency is included in the water retention curve, in accordance with the data fromMX80 block bentonite
at 60◦C, as it does not indicate significant differences with the bentonite tested at 20◦C (Figure 4B).
The hydraulic conductivity was calibrated with data reported by Villar43 and Karnland et al.10 obtained at ambient

temperature (𝑇 ≅ 20 ◦C) in a range of void ratio between 0.6 and 1.1 as shown in Figure 5A, where 𝑘𝑓,𝑠𝑎𝑡 = 𝑔𝜌𝑤0𝑘𝑓∕𝜇𝑤
with 𝜇𝑤 = 10−3 Pa⋅s. The dependency of 𝑘𝑓 on void ratio was taken into account bymeans of amodified Kozeny–Karman
formula:

𝑘𝑓 = 𝑘𝑓,0
(1 − 𝑛0)

𝑀𝐾𝐶

𝑛𝑁𝐾𝐶
0

𝑛𝑁𝐾𝐶

(1 − 𝑛)
𝑀𝐾𝐶

(13)

where 𝑘𝑓,0 is the initial intrinsic permeability for a porosity 𝑛0 and𝑀𝐾𝐶 and𝑁𝐾𝐶 arematerial parameters. In the absence
of additional experimental data, it was assumed that in saturated states there are no differences between the 𝑘𝑓 of theGBM
and the pedestal.
The thermal conductivity of the bentonite as a function of the degree of saturation was derived from data shown in

Figure 5B reported byWieczorek et al.44 on GBM and blocks and Tang et al.46 on compactedMX80 at different void ratios.
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BOSCH et al. 1987

TABLE 1 List of intrinsic material parameters for the MX80 bentonite.

Parameter MX-80
𝜅 0.068
𝜈 0.35
𝜆𝑠 0.112
𝑝′
𝑁𝐶𝐿(𝑒 = 1, 𝑆𝑟 = 1, 𝑇 = 𝑇𝑟 ) 2.2 MPa

𝜙′ 11o

𝛼 0.38
𝑝

′

𝑟 1 Pa
𝑎 0.9 MPa−1

𝑏 1.5
𝑛 1.8
𝑒𝑎𝑑𝑠 0.55
𝛾𝑇 0.15
𝛽𝑇0 1.5 ×⋅10−5

𝑘𝑓,0( 𝑒0 = 0.85) 10−20 m2

𝑀𝐾𝐶 6
𝑁𝐾𝐶 5
𝜏 0.8

The following expression was used to fit the data:

Γ = Γ0 + Γ1𝑆𝑟 (14)

Once the TH properties were defined for the bentonite materials, the mechanical behaviour was calibrated. One of the
main assumptions is that the parameters defining the saturated state behaviour of both GBM and block are coincident and
that, at isothermal saturated state, the position of the normal compression line (NCL) does not depend on the initial state
nor on the stress history of the material.4,26,28 The same parameters calibrated and reported in Bosch et al.26 for the MX80
at saturated states were used in this study (Table 1). Swelling pressure tests in mixtures of pellets and powder were used
to determine the loading collapse curve parameters of the GBM. In addition, a swelling pressure test in which bentonite
was emplaced at two different dry densities is considered. The same tests are used in order to back-analyse 𝑘𝑟𝑤 using an
exponential dependency on 𝑆𝑟:

𝑘𝑟𝑤 = 𝑆
𝛼𝑘
𝑟 (15)

where 𝛼𝑘 is a material parameter.
Figure 6 shows the calibration of the granular bentonite against the pellets and powder mixture that had an average

dry density of 1.49 Mg/m3. This test is further discussed in Bosch et al.26 and the same calibration was used in this study.
The nonlinear development of swelling pressure, which captures well the experimental measurements, results from the
coupling between the water retention behaviour and the generalised effective stress framework, involving the Bishop-
type stress and the dependency of plastic compressibility on 𝑆𝑟. Figure 7 shows the swelling pressure test presented by
Bernachy-Barbe13 where two compacted blocks at densities of 1.4 and 1.56Mg/m3 were placed in the same oedometer ring.
This test is of interest because these densities are close to the upper and lower bounds of dry density that was measured
in the backfill emplacement test.7 The lower density block was placed at the bottom, from where hydration took place
by means of constant water pressure. Although the average void ratio and height are very similar to the previous test,
and thus the swelling pressure, the significant difference in time required to reach equilibrium indicates that it is not
straightforward to analyse the problem with a single equivalent void ratio and hydromechanical properties.
The bentonite block pedestal is assumed to behave as MX80 bentonite. Its behaviour upon wetting was calibrated as

shown in Figure 8 with a swelling pressure test reported by Pusch48 on a sample with a height of 21 mm and a void ratio
of around 0.63, that is, representative of the overall void ratio of the pedestal including gaps between the blocks. Only the
parameters 𝜁, 𝜉, 𝑟, 𝑚 and 𝛼𝑘𝑤 differ from the GBM (Table 2).
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1988 BOSCH et al.

F IGURE 6 Calibration of the behaviour of granular bentonite with an initial void ratio e = 0.85 subjected to hydration under constant
volume at isothermal conditions (after Bosch et al.,26 with experimental data reported by Bernachy-Barbe13).

(A)

(C) (D)

(B)

F IGURE 7 Calibration of the behaviour of bentonite with an initial void ratio e= 0.78 and e= 0.98 subjected to hydration from the side at
e = 0.98 under overall constant volume at isothermal conditions. Experimental data reported by Bernachy Barbe.13 (A) Axial stress. (B) Radial
stress at 6 mm from the water uptake. (C) Radial stress at 21 mm from the water uptake. (D) Radial stress at 41 mm from the water uptake.
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BOSCH et al. 1989

F IGURE 8 Calibration of the behaviour of the bentonite pedestal with an initial void ratio e = 0.62 subjected to hydration under
constant volume at isothermal conditions. Experimental data reported by Pusch on MX80 bentonite (1980).

TABLE 2 List of parameters used for the pellets/powder mixture and the block bentonite

Parameter
GBM
(𝒆𝟎 = 𝟎.𝟗𝟖)

GBM
(𝒆𝟎 = 𝟎.𝟖𝟑)

GBM
(𝒆𝟎 = 𝟎.𝟕𝟖)

Block
(𝒆𝟎 = 𝟎.𝟔𝟐)

Γ0, Γ1 (Wm/◦K) 0.4, 0.75 0.4, 0.75 0.4, 0.75 0.85, 0.3
𝑟 0.35 0.29 0.23 0.22
𝜁 2.7 2.1 2.7 2.5
𝜉 0.9 0.9 0.8 0.5
𝛼𝑘𝑤 4 4 4 2.9
𝑚 0.65 0.65 0.65 1.0

TABLE 3 List of material parameters for the host rock (Opalinus clay) and concrete liner

Parameter Host rock Concrete
𝐤𝑓 (m2) 𝑘𝑓𝑝𝑎𝑟 = 5 × 10−20 𝑘𝑓𝑝𝑒𝑟 = 1 × 10−20 𝑘𝑓 = 1.7 × 10−17

𝚪 (Wm/◦K) Γ𝑝𝑎𝑟 = 2.1 Γ𝑝𝑒𝑟 = 1.2 Γ = 2

𝛼𝑉𝐺(MPa) 30 1
𝜆𝑉𝐺 1.8 1.25
𝐸 (GPa) 7 30
𝜈 0.27 0.20
Initial porosity 𝑛 0.183 0.23

Some studies have reported a decrease in swelling pressure of bentonites as a result of a temperature increase49 which
is a response that the thermo-plastic formulation allows to take into account through the thermal collapse curve.40 For
both GBM and pedestal blocks, a thermal plasticity parameter of 𝛾𝑇 = 0.15was used, which implies a decrease of swelling
pressure of 20% from 20 to 70 ◦C according to data presented by Pusch et al.50 All intrinsic material parameters for the
bentonite are reported in Table 1, while Table 2 summarises the parameters that depend on its initial state.

4.3 Constitutive relations and parameters for the canister, liner and host-rock

The main THM parameters for the host rock and the concrete liner are summarised in Table 3. Mechanical interac-
tions between the buffer and the tunnel support and the host rock are beyond the scope of this study and therefore their
mechanical response is assumed to be isotropic linear elastic. The thermal and hydraulic parameters for the host rock are
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1990 BOSCH et al.

representative of theOpalinus Clay in theMont-Terri rock laboratory.51–53 As in the FE experiment the principal directions
of thermal conductivity and hydraulic conductivity were considered to be rotated 33◦ with respect to the tunnel horizontal
axis.54 A van-Genuchten form of water retention curve and relative water permeability55 was adopted for the Opalinus
Clay:

𝑆𝑟 =

[
1 +

(
𝑠

𝛼𝑉𝐺

)𝜆𝑉𝐺
] 1

𝜆𝑉𝐺
−1

(16)

𝑘𝑟𝑤 =
√
𝑆𝑟

⎡⎢⎢⎣1 −
(
1 − 𝑆

1

𝜆𝑉𝐺
𝑟

)𝜆𝑉𝐺⎤⎥⎥⎦
2

(17)

where 𝛼𝑉𝐺 and 𝜆𝑉𝐺 are material parameters that were calibrated with data from Ferrari et al.37 The same constitutive
equations are used for the concrete lining and its parameters have been either derived fromMuller et al.30 or assumed as
representative values. Properties representative of steel are assigned to the canister, characterised by a thermo-elastic law
with 𝐸 = 210 GPa, 𝜈 =0.25 and a volumetric thermal expansion coefficient of 4 × 10−4◦C−1.

5 BASE CASE RESULTS

5.1 Comparison between the FE results and the model

In this section model results are compared to the temperature, relative humidity and heater displacement measurements
that are available from the operation of the FE experiment. The objective of the comparison is to support the model
assumptions by verifying that the trend and order of magnitude of the processes are captured.
Temperature andRHmeasurements from a section corresponding to the heater #3, close to the heater surface are shown

in Figure 9 together with the model predictions. The evolution of temperature is well captured by the model for both the
GBM and the pedestal. In terms of relative humidity, the model predicts a strong drying of the bentonite blocks in line
with the experimental measurements from the initial state of RH = 80%, to values that are close to the GBM. A small
initial increase in RH was measured both in the pedestal and the GBM. The model captures this increase for the pedestal
as a result of vapour transfer from the canister contact, but not for the GBM, which could be partially due to the initial
exposure of the GBM with the initial RH in the tunnel gallery. Figure 10 shows the measurements of temperature and
RH in two points close to the shotcrete and the respective model predictions. While the trend is also well captured some
quantitative discrepancies are observed. Nevertheless, taking into account that the 3D nature of the problem has been
simplified to plane strain conditions the modelling predictions are considered satisfactory.
Figure 11 shows themonitored heater position through LVDTs,31 togetherwith themodel results, both of them revealing

a settlement of the heater. This result is essentially linked to the strong drying of the bentonite blocks in the early stage and
the stress paths that lead to this model prediction are discussed afterwards. The difference between the top and bottom
displacements is due to the dilation of the steel and is in qualitative agreement with the experimental measurements.

5.2 Long-term prediction of temperature, saturation and swelling pressure

The predicted temperature evolution in the long term is shown in Figure 12. The maximum temperature at the canister
surface, around 120◦C, is reached after 7 years. The heat dissipates faster through the bentonite pedestal as a consequence
of the higher water content and initial 𝑆𝑟 that involves a higher conductivity on average. Conversely, in the cooling phases
the GBM and the pedestal show similar rates of temperature decrease mostly due to the saturated state that leads to a
more homogeneous thermal conductivity. The sudden changes in temperature during the cooling phase are related to the
discrete steps of the power output sequence.
The evolution of the degree of saturation is shown in Figure 13 for the same points. The block pedestal is subjected

to a substantial drying close to the canister, as noted also from the measurements of RH. Initially emplaced at 𝑆𝑟 = 0.8,
they are subjected to drying up to values lower than 𝑆𝑟 = 0.2. This drying is limited to the first few years, before the
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BOSCH et al. 1991

F IGURE 9 Experimental results from the FE experiment31 at monitoring points close to a heater (denoted by Exp.) and corresponding
model results.

F IGURE 10 Experimental results from the FE experiment31 at monitoring points close to the concrete support (denoted by Exp.) and
corresponding model results.
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1992 BOSCH et al.

F IGURE 11 Measured displacements of one of the heaters in the FE experiment31 and model results of the upper and lower part of the
canister.

F IGURE 1 2 Long-term prediction of the temperature evolution at six points of the buffer.

temperature peak is reached and afterwards the buffer is globally hydrated. Although 𝑆𝑟 quickly increases at external
points of the buffer for the first years, the saturation rate tends to decrease substantially, and full saturation is reached
at fairly the same time all throughout the barrier. This is a result of the coupled hydro-mechanical behaviour; while the
external bentonite hydrates, the void ratio increases and therefore the 𝑆𝑟 tends to evolve slower. The opposite occurs at
internal points, where 𝑆𝑟 increases not only due to hydration but also due to compression from the external bentonite.
The complete saturation of the buffer is predicted to be achieved after 80 years of operation.
The development of swelling pressure, expressed as the normal pressure close to the canister and the tunnel liner,

is shown in Figure 14. The saturation phase is characterised by a non-monotonic development of stresses, including a
period in which the total pressure of the block pedestal is lower than the pressure developed by the GBM as a result of the
initially strong drying, which starts to compensate by hydration after around 5 years of operation (Figure 14A). Around
the liner (Figure 14B), the swelling pressure is observed to be practically the same at points C and D, which indicates that
the anisotropic thermal and hydraulic conductivity of the host rock do not play a relevant role in its development. This
was further verified by comparing the hydration in the points aligned with the principal directions of anisotropy, which
showed negligible differences.
Once full saturation is attained a significant stress build-up develops. This is linked to the thermal pressurisation of pore

water as a consequence of the very low permeability of the geological and engineered barriers, and it has been described
in a previous TH study by Senger et al.56 The water pressure build-up is depicted in Figure 15, along with the initial value
(before excavation) where it can be observed that once saturated, pore pressure evolves simultaneously throughout the
buffer. The pressure in excess of the initial state is predicted to be around 3.5 MPa and it is dissipated after 1000 years, as
the initial field of temperature is recovered towards a steady state.
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BOSCH et al. 1993

F IGURE 13 Predicted evolution of the degree of saturation in the buffer.

(A)

(B)

F IGURE 14 Predicted developement of total stress (swelling pressure) in the buffer. (A) Normal stress acting on the canister. (B)
Normal stress acting on the concrete liner.

It can be seen that at steady state, the difference in swelling pressure between the block zone and the GBM is not as
significant as the laboratory tests on the materials alone would suggest, being instead an intermediate value. This can be
better observed in Figure 16, which shows themean swelling pressure and final dry density predicted by themodel in each
element of the buffer, divided into two categories: elements belonging to the pedestal and to the GBM. Indeed, contrary
to the constant volume tests, bentonite blocks have the capacity to swell and the GBM is compressed by the blocks. The
final dry density in the buffer varies from 1.5 to 1.6 Mg/m3 and the swelling pressure developed ranges from 4.2 to 8.0MPa,
which is between the range of swelling pressure measurements reported for MX80 bentonite.
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1994 BOSCH et al.

F IGURE 15 Predicted development of pore water pressure in the long term.

F IGURE 16 Local dry density-swelling pressure (in terms of mean effective stress) predicted in the buffer (Base case) at steady state
compared to experimental swelling pressure test results from literature (Refs. 9, 10, 28, 57).

5.3 Evolution of dry density and canister displacement

Figure 17 shows the spatial evolution of the void ratio and the degree of saturation at four times during the saturation
phase, allowing the visualisation of the interaction between the pedestal and GBM as well as their trend to homogenise.
The heterogeneity of the initial state is characterised by 𝑆𝑟 = 0.8 and 𝑒 = 0.62 in the pedestal, as opposed to 𝑆𝑟 = 0.2 and
𝑒 = 0.83 in the GBM. After 40 years of operation (Figure 17B) no significant differences are observed in terms of void
ratio, except for some asymmetric hydration from the host rock. In contrast the spatial variability of 𝑆𝑟 is significant,
mostly induced by the thermal and hydraulic gradients. The low variability in void ratio at this stage is related to the high
stiffness and low swelling pressures of the bentonite at high suctions. As the saturation of the buffer proceeds (Figure 17C),
it is observed that the interface between the pedestal and GBM starts to converge in terms of void ratio, as a result of the
swelling of the block, and the increased compressibility of the saturated GBM. Once the internal zones of the buffer
become saturated, they swell and tend to compress the outer zones, although the initial state is not recovered as a result
of the stress-path dependency of bentonite behaviour. Consequently, a rather homogeneous state is achieved at saturation
in comparison to the initial state (Figure 17D).
The non-uniform swelling and compression upon heating, drying and hydration result in movements of the canister

as already described. Figure 18 shows the displacement of the canister over the course of time. It is observed that the
initial movement downwards is restricted to the first years, and that a change in trajectory develops as hydration proceeds
and temperatures decrease. The overall higher swelling strains developed by the pedestal implies that the canister moves
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BOSCH et al. 1995

(A) (B) (C) (D)

F IGURE 17 Predicted evolution of the spatial distribution of the void ratio and degree of saturation (Base case). (A) Initial state. (B)
After 40 years. (C) After 70 years. (D) After 100 years.

F IGURE 18 Long-term displacement of two points corresponding to the top and lower sides of the canister.

upwards and reaches a steady state position 20 mm higher from its initial position. It can be noted as well that the pore
water pressure build-up at saturation (Figure 15) does not significantly affect the position of the canister.
In order to better understand the sources of the displacement, the stress path to which the pedestal is subjected at two

points are represented in Figure 19 in terms of the constitutive variables of the stress–strain model (𝑝′, 𝑆𝑟, 𝑒, 𝑇). It can
be identified the decrease in 𝑆𝑟 close to the canister, that is, induced by the elevated temperatures, which results in an
increase of 𝑝′ trough an increase in 𝑠𝑆𝑟. Although the external point tends to swell as a result of hydration, the increase
in 𝑝′ of the inner point results in an overall shrinkage of the pedestal. Once the peak temperature is reached, after about
10 years of operation, 𝑆𝑟 of the inner point increases due to both temperature decrease and suction decrease, resulting in
swelling for both points and a heave of the canister. As it can be observed, the void ratio is close to equilibrium after about
100 years and does not change significantly throughout the cooling process, suggesting that most mechanical changes are
expected to occur during the saturation stage.

5.4 Effects of segregation upon emplacement

The effects of an initial non uniform distribution of GBM dry density are compared to the base case in terms of saturation
rate, swelling pressure on the canister, spatial evolution of void ratio and canister displacement.
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1996 BOSCH et al.

F IGURE 19 Generalised stress paths in terms of (p’,Sr,e,T) of two points in the bentonite block pedestal.

Figure 20 shows the evolution of 𝑆𝑟 and total normal stress in three points close to the canister for both the base case
and the segregation case. The buffer becomes saturated around 5 years earlier in the case of segregated GBM, without
significant differences in the rate of saturation of the pedestal. While the intrinsic permeability is lower for higher dry
density, the lower void ratio implies a higher air entry value and saturation is reached faster as a result of a higher relative
permeability for a given suction. This result indicates again the importance of considering awater retentionmodel coupled
to the mechanical state, in this case through the current dry density of the bentonite.
A comparison of the swelling pressure development between the base case and the segregation case can be made in

Figure 20. As a consequence of the higher dry density on the top part, the swelling pressure increases about 1 MPa. The
swelling pressure on the lower part is not affected by the different distribution of dry density. Conversely, the lateral
pressure during the saturation phase is slightly lower in the segregation case despite that the initial dry density is the
same at this area in both cases, although this difference reduces as full saturation is approached.
The spatial distribution of the void ratio and the degree of saturation at t= 10, 40, 70 and 100 years is shown in Figure 21.

The initial distribution is not significantly modified until 𝑆𝑟 approaches 1 locally, and once saturated, the void ratio dis-
tribution tends to homogenise. Comparing it with the base case (Figure 17) it appears that GBM segregation, at least in
the studied configuration, does not significantly impact the void ratio distribution after saturation and therefore does not
degrade the buffer performance from a mechanics point of view. A more quantitative comparison between the two cases
can be done based on Figure 22 which shows the profiles of dry density in the vertical section centered with the canister.
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BOSCH et al. 1997

F IGURE 20 Evolution of the normal stress on the canister in the base case and in the segregated granular bentonite case at three points.

(A) (B) (C) (D)

F IGURE 2 1 Evolution of the spatial distribution of the void ratio and degree of saturation in the initially segregated buffer case. (A)
Initial state. (B) After 40 years. (C) After 70 years. (D) After 100 years.

While the profile in theGBMdisplays similar shape between the two cases, but with higher density for the segregated case,
the difference in density after saturation is around three times lower than after emplacement, indicating the tendency of
bentonite to homogenise upon saturation. However, negligible differences exist between the final profiles in the middle
of the pedestal.
The displacement of the canister in both the base and the segregation cases can be compared in Figure 23.While at early

stage the displacement is quite similar, after saturation it is observed that in the segregation case the upwards displacement
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1998 BOSCH et al.

F IGURE 22 Initial profiles and profiles after saturation (t = 100 years) of dry density in the vertical section centred with the canister of
the two cases.

F IGURE 2 3 Canister displacement (point A) in the segregated granular backfill case as compared to the base case.

is significantly prevented. This is somehowan opposite result from the evolution of void ratio, that is,most differenceswith
the base case arise after the saturation phase instead of during the saturation phase. It is explained by the fact that at early
stage is the thermal process that affects the mechanical response of the pedestal through drying and shrinkage, while
the GBM is practically unaffected due to its lower water content at emplacement. Once full saturation is approached,
the swelling pressure starts to develop significantly and the higher swelling potential of the upper GBM, added to the
lower swelling potential of the GBM close to the pedestal, prevents canister heave while enhancing homogenisation by
compressing the GBM at lower density.

6 CONCLUSIONS

This study analysed the THM performance of a clay buffer for nuclear waste disposal composed by bentonite blocks, that
support the HLW canister, and a granular bentonite mixture (GBM), that allows for an efficient backfill. The mechanical
response up to hydraulic steady state of this layout, that is, achieved after around 4000 years of its emplacement, has been
numerically analysed using a fully coupled THM finite element formulation. Because of its importance, the stress–strain
constitutive model for the bentonite, as well as the thermo-hydraulic constitutive parameters, have been calibrated using
several experimental datasets from the literature.
Two initial distributions of the void ratio of the granular backfill have been analysed. The base case scenario supposes

that the void ratio distribution of the granular pellet mixture is uniform, while the alternative case assumes a void ratio
distribution affected by segregation during the emplacement.While the three-dimensional nature of the problemhas been

 10969853, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.3547 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [16/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BOSCH et al. 1999

simplified to two-dimensional plane strain conditions, comparison with experimental results of a large scale in situ test
provided a satisfactory validation of the model hypothesis.
In spite of higher overall density, that implies lower saturated permeability, full saturation of the buffer is reached after

75 years in the GBM segregated case as compared to 80 years in the homogeneous GBM case. At the time of saturation,
the temperature is between 60 and 80◦C. Although there are significant differences between the swelling potential of the
block pedestal and the GBM, the swelling pressure developed in the buffer is relatively homogeneous, with peak values of
12 MPa as a result of thermal pressurisation of water after saturation. Segregation of the GBM does not influence the final
swelling pressure neither its spatial distribution. In both cases the model predicts a more homogeneous distribution of
void ratio after saturation with respect to the initial state, with the upper and lower part of the canister presenting higher
density.
Although in both cases the canister moves downwards in the early stage as a result of the drying induced shrinkage of

the pedestal, after 10 years the hydration and swelling of the pedestal blocks starts to compensate this settlement. At full
saturation, the canister equilibrates about 20mm above its initial position in the homogeneous GBM case while it remains
close to the initial position in the segregated GBM case.
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APPENDIX A
The constitutive model for the behaviour of bentonite is formulated using the theory of elasto-plasticity, that is, the total
strain tensor 𝜖 is divided into elastic strains and plastic strains:

d𝜖 = d𝜖𝑒 + d𝜖𝑝 (A1)

where the superscripts 𝑒 and 𝑝 denote elastic and plastic strains respectively. Elastic strains evolve as a function of the
following Bishop-type stress41:

𝝈′ = 𝝈 − [𝑝𝑎 − (𝑝𝑎 − 𝑝𝑤) 𝑆𝑟] 𝐈 (A2)

where 𝝈 is the total stress tensor, 𝑝𝑎 is the pore air pressure, 𝑝𝑤 is the pore water pressure and 𝑆𝑟 is the degree of sat-
uration. The equations of the model are written in terms of the stress invariants 𝑝′ = 1

3
tr(𝝈′), 𝑞 =

√
3 𝐽 and sin(3𝜃) =

3
√
3 det 𝐬∕2𝐽3 , where 𝐬 = 𝝈′ − 𝑝′𝐈 and 𝐽 =

√
1

2
tr(𝐬2) . Likewise, the strain invariants 𝜖𝑣 = tr(𝜖) and 𝜖𝑑 =

√
1

3
tr(𝜸2) ,

where 𝜸 = 𝜖 −
1

3
𝜖𝑣𝐈, are defined.

The elastic strains are related to changes in the effective stress and temperature, 𝑇 according to:

d 𝜖𝑒𝑣 =
𝑝′

𝜅
d𝑝′ +

1

3
𝛽𝑇0d𝑇, d 𝜖

𝑒
𝑑
=

9(1 − 2𝜈)

2(1 + 𝜈)

𝑝′

𝜅
d𝑞(18𝑎, 𝑏) (A3)

where 𝜅 and 𝜈 are elastic material parameters, 𝑇𝑟 is a reference temperature and 𝛽𝑇0 is a thermo-elastic parameter.40 The
yield surface, 𝑓𝑌 in the stress space is58:

𝑓𝑌 = 𝑞2 −𝑀2

[
𝛼 + (1 − 𝛼)

(
2𝑝′

𝑝′𝑌

)]2 (
𝑝′𝑌 − 𝑝′

)
𝑝′ = 0 (A4)

where𝑀 is the critical stress ratio, 𝛼 is a material parameter and 𝑝′𝑌 corresponds to the yield pressure.𝑀 is a function of
sin(3𝜃)59:

𝑀 (𝜃) = 𝑀𝑐

[
1 + 𝑏𝐿 sin(3𝜃)

1 + 𝑏𝐿

]−0.229
(A5)
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where 𝑏𝐿 is defined as:

𝑏𝐿 =
(𝑀𝑐∕𝑀𝑒)

1∕−0.229
− 1

(𝑀𝑐∕𝑀𝑒)
1∕−0.229

+ 1
(A6)

where𝑀𝑐 =
6 sin 𝜙′

3−sin 𝜙′
,𝑀𝑒 =

6 sin 𝜙′

3+sin 𝜙′
and 𝜙′ is the shear strength angle at failure

The yield pressure, 𝑝′𝑌 depends on the degree of saturation according to:

𝑝′𝑌

𝑝′𝑟
=

(
𝑝′𝑇𝑌
𝑝′𝑟

) 𝜆𝑠−𝜅

𝜆(𝑆𝑟)−𝜅

(A7)

where 𝑝′𝑇𝑌 is the saturated yield pressure at current temperature, 𝑝′𝑟 is a reference stress, 𝜆𝑠 defines the elastoplastic
compressibility for saturated states and 𝜆(𝑆𝑟) is a function expressing the evolution of elastoplastic compressibility with
the degree of saturation:

𝜆 (𝑆𝑟) = 𝜆𝑠 − 𝑟 (𝜆𝑠 − 𝜅)
(
1 − 𝑆

𝜁
𝑟

)𝜉
(A8)

where 𝑟, 𝜁 and 𝜉 are material parameters. The dependency of yield on temperature is introduced after Laloui and
François40:

𝑝′𝑇𝑌 = 𝑝′𝑌𝑠

[
1 − 𝛾𝑇 ln

(
𝑇

𝑇𝑟

)]
(A9)

where 𝑝′𝑌𝑠 is the hardening variable (corresponding to the yield pressure at 𝑆𝑟 = 1 and 𝑇 = 𝑇𝑟 for a fixed 𝜖𝑝𝑣 ) and 𝛾𝑇 is a
material parameter. Volumetric and deviatoric plastic strain increments are given by58:

d𝜖
𝑝

𝑑

d𝜖
𝑝
𝑣

=
𝑞

𝑀2
(
𝑝′ − 𝑝′𝑌∕2

) [
𝛼 + (1 − 𝛼)

(
2𝑝′∕𝑝′𝑌

)]2 (A10)

𝑝′𝑌𝑠 evolves according to the hardening law:

d𝑝′𝑌𝑠

𝑝′𝑌𝑠
=

d𝜖
𝑝
𝑣

𝜆𝑠 − 𝜅
(A11)

The water retention model is formulated in terms of the water ratio, 𝑒𝑤 (ratio of water volume with respect to volume
of solids) which is divided into free water ratio, 𝑒𝑤,𝑓 (volume of non-adsorbed water with respect to volume of solids) and
adsorbed water, 𝑒𝑤,𝑎 (volume of adsorbed water with respect to volume of solids), that is, 𝑒𝑤 = 𝑒𝑤,𝑓 + 𝑒𝑤,𝑎. The degree of
saturation is computed as 𝑆𝑟 = 𝑒𝑤∕𝑒 . The evolution of free water ratio 𝑒𝑤,𝑓 is modelled as:

𝑒𝑤,𝑓 =
(
𝑒 − 𝑒𝑤,𝑎

) [
1 +

(
𝑎
(
𝑒 − 𝑒𝑤,𝑎

)𝑏
𝑠
)𝑛]1∕𝑛−1

(A12)

where 𝑛, 𝑎 and 𝑏 are material parameters and 𝑠 stands for matric suction. 𝑒𝑤,𝑎 follows a Freundlich isotherm:

𝑒𝑤,𝑎 = 𝑒𝐶𝑤,𝑎

[
exp

(
−

𝑀𝑤

𝜌𝑤,𝑎𝑅𝑇𝑟
𝑠

)]1∕𝑚
(A13)

where 𝜌𝑤,𝑎 is the density of adsorbed water,𝑀𝑤 is the molar mass of water, 𝑒𝐶𝑤, 𝑎 is the adsorption capacity parameter and
𝑚 is a material parameter.
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