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ABSTRACT: Advanced modelling is fundamental for reproducing complex behaviours in expansive soils, especially in unsaturated
and non-isothermal conditions. We present an overview of a modelling approach based on the theory of hypoplasticity, specialised for
expansive clays by including a double-structure framework, and enhanced with thermo-hydraulic and thermo-mechanical couplings at
both structural levels. The model, implemented in a single-element driver, was calibrated on element-volume experiments on
bentonites that are being considered for buffer layers in deep geological repositories of radioactive waste. The relatively simplicity of
the hypoplastic formulation proved successful in model simulations, with reasonable match between the predicted and experimental
trends of saturation, volume change, and swelling pressure development. Within the framework of ongoing collaborative projects,
further model improvements are underway, with the aim to offer better formulations of microstructural behaviours and improved
computational efficiency.

RESUME : La modélisation avancée est fondamentale pour reproduire des comportements complexes dans les sols expansifs, en
particulier dans des conditions non saturées et non isothermes. Nous montrons une stratégie de modélisation basée sur la théorie de
I'hypoplasticité, spécialisée pour les argiles expansives incluant une formulation a double structure, et enrichie de couplages thermo-
hydrauliques et thermo-mécaniques aux tous les deux niveaux structurels. Le modéle, implémenté dans un logiciel a élément unique a
¢lément unique, a été calibré sur des expériences de laboratoire sur diverses bentonites qui sont considérées comme des barriéres dans les
dépots géologiques profonds de déchets radioactifs. La relative simplicité de la formulation hypoplastique offre une correspondance
raisonnable entre les tendances prédites et expérimentales de la saturation, du changement de volume et du développement de la pression
de gonflement. Dans le cadre des projets collaboratifs en cours, des améliorations du mode¢le sont en cours, dans le but d'offrir de
meilleures formulations de comportements microstructuraux et une efficacité de calcul améliorée.
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1 INTRODUCTION 1.2 Thermo-hydro-mechanical modelling

The physico-chemical processes and interactions at particle and

1.1 Th -hydro-mechanical ling i jve cl . ;
CrmoTyGro-mechanicar CoUpTng i expansive ciys aggregate levels in expansive clays are complex. Coupled

The smectite-rich composition of bentonite results in high hydro-mechanical processes are generally well studied and
specific surface and surface charge, high compressibility and described in constitutive models for saturated soils. However,
water adsorption capacity, and low shear strength and accurate predictions of the behaviour of compacted expansive
permeability.  Bentonites exhibit pronounced coupled clays require more advanced approaches, some of which use
behaviours, which make them suitable for engineering double-structure frameworks to explain complex volume
applications where long-term hydro-chemical insulation is change behaviours, water retention, and strength (Gens and
required, including in deep geological repositories of Alonso 1992; D’onza et al. 2011; Masin 2013a). Variations in
radioactive waste (e.g., Villar et al. 2005). stress, strain, fluid pressure, and fluid flow due to thermal,
The effect of temperature on the hydro-mechanical response electrical, and chemical gradients, as well as changes in
of bentonites has long been recognised. Temperature affects the thermal, chemical and electrical fields induced by hydraulic or
compressibility and water retention behaviour of compacted mechanical forcing (Mitchell and Soga 2005), require even
bentonite, as well as its permeability (Villar and Lloret 2004a, b; more specialised models.
Villar et al. 2010). The latter depends not only on changes in The need of ensuring the long-term performance of
water properties, but also on temperature-dependent physico- bentonite buffers in deep geological radioactive waste
chemical mechanisms at particle level, such as the transfer of repositories has prompted extensive research, which resulted in
interlayer water to the macropores. These mechanisms might various modelling approaches being proposed to simulate
also explain the reduction of suction under constant water coupled behaviours under various boundary conditions (e.g.,
content as temperature increases (Villar and Lloret 2004a), and Gajo et al. 2002; Gens et al. 2010; Cui and Tang 2013; Ma et al.
the decrease of swelling and swelling pressure in constant- 2017; Masin 2017). To reproduce, in particular, the main
volume and free-volume conditions, respectively (Romero et al. coupled thermo-hydro-mechanical (THM) behaviours, a THM

2005; Villar and Lloret 2004a; Tang et al. 2008). Temperature model within the framework of soil hypoplasticity has been
also affects the shear strength of expansive clays. However, the developed (Masin 2013a, 2014, 2017). Various studies have
results in the literature have been so far inconsistent illustrated the capability and performance of the isothermal
(Kuntiwattanakul et al. 1995; Shibasaki et al. 2016). hydro-mechanical hypoplastic framework and its specialisations
for both granular soils and clays in various stress paths (e.g.,
Masin 2013a, 2014; Jerman et al. 2018). The model
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performance in non-isothermal paths has thus far received less
attention. Here, we provide an overview of some model
calibration results at the element-volume scale, and discuss the
main limitations and challenges.

2 MATERIALS AND METHODS

2.1 The B75 bentonite

The B75 is a naturally occurring bentonite, extracted at Cerny
vrch in the north-western Czech Republic. The properties of
this clay are generally intermediate between those of the more
active MX80, the FEBEX, and the GMZ bentonites (Villar
2005; Chen et al. 2018; Fabien et al. 2020). The B75 has a
content of Ca-Mg-montmorillonite around 60%. The plastic
limit, liquid limit, and specific gravity of the solids Gg vary
slightly with the batch, but remain close to 65%, 230%, and
2.85, respectively. The total surface area is ~400 m%/g and the
external surface area, evaluated by BET, is ~75 m?/g (Brazda
and Cervinka 2016). The cation exchange capacity (CEC, in
mmol/100 g associated with the main cations is as follows:
Ca?", 36.9; Mg?", 26.8; Na*, 6.6; K*, 3.0; H" < 0.5 (Sun et al.
2017). The swelling pressure, evaluated at room temperature, at
a dry density ps = 1.5 t/m® and hygroscopic water content of
7.5%, is p = ~3 MPa. The thermal conductivity, measured at p4
1.45 tm?, is x = 0.4 W/(mK). The saturated hydraulic
conductivity at room temperature, measured at pa = 1.5 t/m’, is
k = 5-10"'2 m/s. Further characterizations of the k—pa4 and p—pd
relationships suggest k decreasing by one order of magnitude
with pg varying from 1.2 t/m? to 1.75 t/m? and p increasing
more than tenfold in the same range of pa (e.g., Hausmannova
and Vasicek 2014).

Sun et al. (2018a) identified two domains of porosity using
mercury intrusion porosimetry. The pore size marking the
transition between microporosity and macroporosity was found
to be negatively correlated with the total suction (st), with
values from 0.07 to 0.30 um for s decreasing from ~300 to ~3
MPa. The micropores were practically unaffected by
compaction, whereas the macropores were sensitive to both
compaction and suction. The macropores remained practically
dry during wetting up to low st (~3 MPa), while saturation of
the micropores occurred at 10-60 MPa. Volume change upon
wetting—drying cycles was reversible for the microstructure, but
irreversible for the macrostructure to some extent.

Sun et al. (2018b) studied the dependence of the water
retention behaviour of unconfined B75 samples on temperature
(T = 20-80 °C), compacted at various pd, using the vapour
equilibrium technique (VET) for st = 4-300 MPa. Results
showed a water retention capacity decreasing with temperature
increasing, particularly in drying paths, in a way practically
independent of pq.

2.2 The hypoplastic model for expansive clays

The constitutive formulation used herein is that of Masin
(2017), which couples the effect of temperature to the hydro-
mechanical hypoplastic formulation for expansive clays of
Masin (2013a).

The model uses a double-structure approach, accounting for
experimental evidence that expansive soils have two
identifiable structural levels: a macrostructure (M), i.e. the
fabric of clay aggregates and the resulting macropores, and a
microstructure (m), i.e. the internal arrangement of the
aggregates, composed by stacks of clay platelets and the
resulting micropores. Mechanical (G) and hydraulic (H)
behaviours at the two levels are modelled separately, and G—H
coupling is realised at each level (denoted as GVH™ and G"H™).
The link between the two levels is ensured by a double-
structure coupling function, fm, accounting for the level of
compaction so that when f» = 1 a volume change of the
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aggregates corresponds to an equal global volumetric response,
while when f» = 0 changes of volume of the aggregates occur at
the expense of the macropores, without triggering a global
volumetric response (Masin 2017).

In the formulation, the A model accounts for variable
saturation through a hysteretic water retention model depending
on the void ratio (¢) (Masin 2010, 2013a). The GM model
features an explicit formulation of the asymptotic state
boundary surface, as well as stiffness anisotropy (Masin 2013b,
2014). The behaviour of the microstructure is simplified: the ™
model is assumed always fully saturated — which is reasonable
for st < ~100 MPa (Masin and Khalili 2015) — and the
mechanical behaviour G is assumed reversible and isotropic.

The model accounts for the fact that temperature affects
both the hydraulic and mechanical behaviours at both structural
levels (Masin 2017, 2019). In particular, the position of the
normal compression line (NCL) depends on T. The GM model
thus considers a parallel shift of the NCL, towards lower values
of e as T increases. At the microstructural level, the effect of T
is non-unique: changes in basal spacing, hydration state,
dielectric constant, and diffuse double layer thickness may
result in net shrinkage (or swelling pressure decrease), or
swelling (or swelling pressure increase), or substantial no effect
as T increases (Villar and Lloret 2004a; Romero et al. 2005;
Tang et al. 2008). As for the water retention behaviour, the
effect of T on H™ is assumed to depend only on the change in
surface tension of water, while changes in contact angle at the
grain-water interface are neglected. In the microstructure, which
may remain saturated up to very high values of suction,
temperature-induced volume changes (G™) induce changes in
water retention capacity (H™).

The general rate formulation of the model is as follows
(Masin 2017):

oM = fs[*C (€ — fm€™) + delle - fmem”] + fuH;
where 6M is the effective stress rate of the macrostructure, € is
the global Euler stretching tensor, €™ is the strain rate of the
microstructure, f,, is the double-structure coupling factor, £
and N are the 4™ and 2" order hypoplastic tensors, respectively,
H; controls wetting-induced collapse, and f;, f;, and f, are
scalar factors for barotropy, pyknotropy, and collapsible

behaviour. The following parameters are required (Masin
2017):

@. Macrostructural critical state friction angle

A*  Slope of the isotropic NCL (INCL) in In(p™ /p,.) —
In(1+e) coordinates, where p™ is the
macrostructural effective mean stress, and p, =
1 kPa is a reference stress

k*  Macrostructural volume strain upon p™ unloading

N Position of the INCL in In(p™/p,) —In(1+ e)
coordinates

v Stiffness in shear

ns  Effect of s on the position of the INCL

I Effect of s on the slope of the INCL

ny  Effect of T on the position of the INCL

ly  Effect of T on the slope of the INCL

m  Parameter controlling how wetting-induced and
heating-induced compactions are affected by the
distance from the state boundary surface, and how
wetting—drying and heating—cooling cycles affect e
through f,,

a;  Effect of T on the microstructural volume strain

K,  Effect of p™ (the microstructural effective mean
stress) on the microstructural volume strain

Sy Reference value of suction for e™

et Reference value of e™ at zero total stress, reference
suction s,., and reference temperature T

¢sp Value of f;,, in compression

eM  Reference eM at the reference air-entry value s,

Seo  Reference air-entry value of s at e}}!



T,  Reference value of T

a Parameter controlling how T affects s,q

b Parameter controlling how T affects s,q

a.  Ratio between air-entry and air-expulsion s values
Ao Slope of the main drying-wetting curve in InSH —

Ins coordinates, where SM is the macrostructural
degree of saturation, considered equal to Bishop’s
effective stress parameter y as described in Masin
(2013a)
Details of the mathematical formulation of the model can be
found in Masin (2017, 2019).

The model is implemented in a C++ routine incorporated in
an in-house single-element program (TRIAX). The program
features various constitutive models and can simulate various
loading conditions, which may be combined to form complex
loading paths. The source code of TRIAX and precompiled
executables are  freely available on  Soilmodels
(https://soilmodels.com/triax/). The general solving algorithm is
provided in Janda and Masin (2017), and specialised for the
THM double-structure model in Masin (2017). The C++ routine
is also plugged into SIFEL, an in-house multi-purpose finite-
element solver (Koudelka et al. 2017, 2018). SIFEL’s source
code is also freely available (http://mech.fsv.cvut.cz/~sifel/).

2.3 Element-volume calibration experiments

Various experimental results on the B75 bentonite were used for
model calibration. However, owing to the unavailability of
experiments exploring some key conditions, and given an
expected similarity of behaviours between the B75 and MX-80
bentonites, some results on the latter were also used. These
results were presented in Masin (2013a, 2017), and utilised in
Janda and Masin (2017) and Masin (2017) to illustrate a model
calibration for the MX-80 bentonite.

2.3.1 Water adsorption under free-swelling

Bentonite powder at ambient moisture (Wwo 10%) was
compacted uniaxially in 50 mm diameter moulds to obtain 10
mm high samples with ps = 1.27, 1.60, 1.90 t/m? (Sun et al.
2018a). The compacted samples were oven-dried at 105 °C for
24 hours; then, the VET was used for water adsorption, using
sealed containers in a temperature-controlled room at 20 °C and
maintaining st values of 3-300 MPa.

2.3.2 Swelling pressure and hydraulic conductivity

Bentonite powder at ambient moisture was compacted
uniaxially in 30 mm diameter moulds to obtain 10 mm high
samples with ps = 1.20-1.75 t/m* (Hausmannova and Vagitek
2014). The compacted samples were then transferred to an
experimental device capable of measuring the hydraulic
conductivity and swelling pressure simultaneously. The
samples were placed between porous plates in a stainless steel
cell and confined axially to hinder volume changes. Distilled
water was first injected through the bottom plate at 1 MPa to
saturate the samples, and drained at atmospheric pressure from
the top plate. During the experiments, water injection pressures
up to 6 MPa were applied from the bottom plate. The inflow
was measured at the inlet, and the force exerted by the sample
through the top plate was measured by a load cell. The swelling
pressure was obtained from the reading of the load cell,
corrected for the effect of the injection pressure through a
coefficient o = 0.40-0.85, which was evaluated empirically.

2.3.3 Constant-load swelling

Bentonite powder at ambient moisture was compacted
uniaxially in 50 mm diameter moulds to obtain §-10 mm high
samples with pa = 1.24, 1.80, 1.95 t/m3 (Sun et al. 2018¢). The
samples were placed in oedometer and loaded to vertical
stresses up to 7.8 MPa; then, water was added to the cell and
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swelling was allowed under constant vertical load until
equilibrium.

2.3.4 Saturated oedometric compression

After the procedure of §2.3.3, some samples underwent a
loading—unloading cycle up to 4-7.5 MPa. Each new loading or
unloading step was performed only after primary consolidation
had been achieved in the previous step.

2.3.5 Water adsorption—desorption under free swelling

These experiments were performed by Tang and Cui (2005) on
MX-80 bentonite powder at ambient moisture (wo = 17%),
which was first placed in a sealed container at 20 °C above a
saturated K2COs solution (st = 110 MPa). Then, the powder was
compacted uniaxially and placed back in the container for
further equilibration, finally obtaining samples with 20.2 mm
diameter, 8.7 mm height, and ps = 1.68 t/m>. The samples were
then placed in different containers with constant relative
humidity (RH =26-97%) and T = 20-80 °C until equilibrium.

2.3.6 Heating—cooling isotropic compression

The experiments were performed by Tang et al. (2008) on
samples of MX-80 bentonite under constant mean net stress
(pnet = 0.1, 5 MPa) and total suction (st =9, 39, 139 MPa) at T =
25-80 °C. Samples with 80 mm diameter and 10—-15 mm height
were used, which were kept in a controlled RH environment,
confined isotropically by compressed air through a neoprene
interface, and placed in a T-controlled bath, the temperature of
which was increased/decreased to achieve cyclic thermal
forcing while keeping the pret and total suction (quasi) constant.

2.4 Calibration procedure

The calibration was performed in TRIAX (for equilibrium
states) and in SIFEL (for the time evolution of some tests).
Expert judgement was preferred to quantitative error metrics
and algorithms to seek optimal solutions as a trade-off between
the possible gain of accuracy through optimisation and the
inherent difficulty in selecting appropriate control points to
construct the metrics.

Reasonable values of ¢, and v were assumed, and the
reference values s,, el!, and T, were chosen to be in the range
relevant to the experiments. As pointed out by Masin (2017),
these values can be selected arbitrarily, together with e, which
can be adjusted to optimise the prediction of the water retention
behaviour. The parameter k,,, was chosen so as the swelling
behaviour could be predicted.

Results of isotropic compression tests on MX-80 bentonite
were used to calibrate the parameters of the basic hypoplastic
model A* and k* (Masin 2013a); then, N, ng, ny, and Iy were
corrected to achieve a proper prediction of the INCL, as well as
of heating-induced volume changes. Adjustments were made to
improve the prediction of the behaviour of the B75 bentonite in
oedometer condition. The parameter ag was calibrated from
heating tests under high suction. On the other hand, s, and a,,
having little effect on the behaviour under high suction, were
simply assumed. The values of a and b also were assumed
under the simplification that the effect of T on water retention
capacity is caused only by changes of surface tension of water
(Masin 2017).

3 RESULTS
The values of the parameters assumed or calibrated from

experiments carried out on the B75 bentonite are reported in
Table 1, together with corresponding values for the MX-80.



Table 1. Calibrated values of the parameters of the THM hypoplastic
models for the MX-80 and B75 bentonites.

Parameter Unit MX-80 B75

@ ° 25 25

A - 0.230 0.130
K* — 0.055 0.060
N - 2.70 1.73
v - 0.25 0.25
ng — 0.020 0.012
lg - 0 -0.0050
nr - -0.07 -0.07
Iy — 0 0

m - 0.2 1

ag 1/K 0.00015 0.00015
Km — 0.12 0.07
Sy kPa 2700 2000
ers - 0.90 0.45
Con — 0.002 0.002
Seo kPa 1000 2700
el - 0.10 0.50
T, K 294 294

a N/m 0.118 0.118

b N/(mK) -0.000154 -0.000154
a, - 0.50 0.75
A — 0.55 0.70

D0

Among the basic hypoplastic parameters (¢., 1%, k*, N, v,
ng, Ly, m), comparable values were chosen across the soils for
¢ and for the dependence of the INCL on s (through ng and
l); a larger slope of the INCL (A*) and larger volumetric strains
upon unloading (x*) were evaluated for the B75 to account for
the observed pronounced volume-change behaviour under
mechanical forcing. Significant adjustment was also made for
the position of the INCL (N). A larger stiffness in shear (v) was
assigned to the B75 compared to the MX-80 bentonite, whereas
a much smaller value was assigned to m.

The temperature-dependent parameters (nr, Iy, ag, Ty, a, b)
of the B75 bentonite were taken equal to those of the MX-80
bentonite, in absence of a specific calibration through
experiments on the former at various temperatures. This way of
proceeding should be reasonable for a and b on the basis of the
model hypothesis that the effects of temperature on water
retention capacity are caused solely by the effect of temperature
on surface tension (Villar and Lloret 2004a), ignoring the effect
on the grain-water interface contact angle and possible other
effects. As for T, it is a reference value that can be chosen
arbitrarily together with s,., e, and e}, so as to be consistent
with the experimental boundary conditions. With respect to ny
and [y, which adjust the position and slope of the INCL with T,
there are no elements to decide whether these should be
different for the B75 compared to the MX-80. Regarding the
parameter for the microstructure (ay), its value was assumed
equal to that of the MX-80, in account of a likely similar
thermal response of the microstructure (fully saturated and with
similar mineralogy). The other microstructural mechanical
parameter (k,;) was adjusted from the advised default value
(0.10) to better predict the swelling behaviour. The value of the
double-structure coupling factor in compression (cg, ) was
assumed equal to that of the MX-80 bentonite.

As for the remaining parameters describing the hydro-
mechanical response, the air-entry value of suction (s.q) was
determined on the water retention curve at the reference
macrostructural void ratio (e}!), obtained at the reference
temperature (7;.). The slope of the main drying-wetting curve
(Apo) inIn SM —In s coordinates also was evaluated based on
water retention experiments.

Figure 1 shows the experimental and simulated results of
water adsorption tests in free-swelling condition at room
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temperature (§2.3.1). The model captures the effect of initial
compaction, which is appreciable in terms of S; vs. st (Fig. 1a),
but practically absent in terms of w (Fig. 1b). The model is
especially capable of simulating the behaviour at relatively high
values of suction (> 20 MPa), corresponding to Sr < 50%, at
relatively high initial compaction (pa = 1.6, 1.9 t/m3). The
saturation of loosely compacted samples is underestimated for
10 <'st <100 MPa, while at lower suction the model predictions
quickly go to full saturation, overestimating the experimental
values. Note, however, that the model predictions remain good
in terms of w (Fig. 1b) also for st < 0.5 MPa.

@@ 1
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Figure 1. Experimental results and simulations of free-swelling water
adsorption tests on B75 bentonite samples compacted at various dry
densities (1.2, 1.6, 1.9 kg/m®): (a) degree of saturation and (b) water
content as a function of total suction.

Figure 2a shows the results of swelling pressure tests
(§2.3.2), whereas Fig. 2b shows the constant-load swelling of
samples prepared at different ps while subjected to different
oedometric loads (§2.3.3). The model is able to capture well the
magnitude of the swelling pressure (Fig. 2a), albeit with some
overestimation for intermediate values of initial void ratio (0.7
< eo < 1.0). Swelling is well predicted under relatively high
loads (> 0.2 MPa), but significantly underpredicted at lower
loads. This is expected from the model formulation and is one
of its limitations, because the volumetric behaviour of the
microstructure had been assumed elastic and isotropic (§2.2),
while anisotropic swelling of the microstructure might well
occur under anisotropic external loading.

The tests were conducted under prescribed hydraulic
gradients, thus the hydraulic conductivity k could also be
evaluated (§2.3.2). The latter is not strictly a parameter of the
THM hypoplastic model, which is formulated for a volume
element, nor it is coupled to any of the parameters (e.g., there is
no dependence of k on void ratio or stress state). However, k is
a relevant parameter in finite-element implementations to
predict time-dependent behaviours. In Fig. 3, the development
of swelling pressure with time, evaluated using SIFEL’s finite-
element implementation, is shown for samples at three values of



pd, subject to a water injection pressure of 1 MPa from the
bottom of the sample, with the top open to the atmosphere. The
value of k in the simulations was adjusted for each pd to obtain
predictions matching with the experimental results.
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Figure 2. Swelling pressure (a) and swelling (b) tests on B75 bentonite
samples compacted at various pq.
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Figure 3. Development of swelling pressure with time in selected
samples, compacted at ps = 1.30,1.50,1.75 t/m’ and subjected to an
injection pressure of 1 MPa from the bottom of the sample, while the
top of the sample was kept at atmospheric pressure.

Results of oedometric compression tests on saturated
samples (cf. §2.3.4), comprising both unloading and unloading
phases, are shown in Fig. 4. The model was calibrated so as to
reproduce the compression line very closely. However, in
unloading, it does not perform as well owing to the
aforementioned limitations deriving from the simplified (elastic
isotropic) microstructural model. If oedometric conditions are
assumed in the model, swelling is underpredicted; on the other
hand, predicting the void ratio as if swelling occurred in
isotropic condition yields a satisfactory result.

The results of the non-isothermal tests performed on the

MX-80 bentonite (cf. §2.3.5 and §2.3.6) are discussed in detail
in Tang and Cui (2005) and Tang et al. (2008), while Masin
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(2017) discussed the results of the model calibration. As an
example, the volume change behaviour due to heating and
cooling under an isotropic compression of 0.1 MPa is shown in
Fig. 5. The model is able to capture the different behaviour - net
shrinkage or reversible swelling — depending on the value of
suction.
15 — .
14 |
13 |
1.2

1.1
@ 1

~ model
.model, isotropic
experiment

0.9

0.8

0.7 |

0.6 — :

0.1 1

o, [MPa]

Figure 4. Oedometer tests on saturated samples. The samples were
prepared by compaction at ambient moisture to various values of py,

loaded and then saturated under constant load, and finally subjected to a
loading-unloading cycle.

exp., s=110 MPa —=—

exp., s=39 MPa =

exp., s=0 MPa - i

model, s=110 MPa

model, s=39 MPa -
model, s=9 MPa

80 T T T T
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Temperature [°C]
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20
-

€y [0/01
Figure 5. Volume change due to heating and cooling under constant

total suction at total isotropic stress of 0.1 MPa. Data from Tang et al.
(2008), simulations from Masin (2017).

4 CONCLUSION

A thermo-hydro-mechanical hypoplastic formulation for
expansive clays has been utilised to simulate complex
experimental behaviours of compacted B75 and MX-80
bentonites. With appropriate calibration, the model was able to
reproduce a variety of isothermal and non-isothermal
experimental results reasonably well. Nonetheless, challenges
remain as some model simplifications (such as the use of a
saturated and isotropic microstructural model) result in
imperfect predictions (such as the underprediction of swelling
under small loads).

The single-element model implementation has also been
plugged in the finite-element code SIFEL, to predict the time
evolution of laboratory tests on homogeneous samples, but also
to describe the behaviour of heterogeneous samples and
complex geometries. Full-scale thermo-hydro-mechanical
modelling of mock-up tests simulating the behaviour of
bentonite barriers surrounding nuclear waste cannisters also are
underway within the framework of ongoing national and
international projects. Upscaling from single-element to finite-



element simulations and from laboratory to field tests, however,
brings additional complications, related in particular to moisture
flows and homogenisation. Finally, challenges in simulating the
behaviour of pellet assemblies are being faced, as the additional
structural level is not well captured by the current double-
structure formulation. Investigations and model improvements
to overcome these issues are currently underway.
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