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Abstract
This paper presents a comprehensive investigation of the swelling behaviour of a compacted bentonite–sand mixture subjected 
to hydration under constant volume conditions. Contrary to previous studies, the tested sample was isotropically compacted 
before being hydrated under constant volume conditions until full saturation was reached. The total axial pressure, total 
radial pressures at four different heights of the sample, and injected water volume were recorded over time. The experimental 
data reveal a complex and non-uniform evolution of the axial and radial stresses over time, as well as anisotropy of the total 
stresses, which persist at the saturated equilibrated state. To gain further insights, a numerical analysis was performed using 
an advanced hydromechanical framework for partially saturated porous media, accounting for the evolving microstructure 
of the material. The complex evolution of the total axial and radial pressures with time is attributed to the advancing hydra-
tion and swelling front in the sample, along with the development of irreversible strains. The good agreement between the 
numerical results and the experimental data enables validation of the developed framework. Implications for engineered 
barriers in deep geological disposal of radioactive waste are discussed.

Highlights

• The swelling behaviour of an isotropically compacted 
bentonite-based material under constant-volume condi-
tions is investigated.

• Hydration of the sample generates stress heterogeneity 
and anisotropy, which persist at the saturated equilibrated 
state.

• Numerical modelling shows that the complex evolution 
of the total axial and radial pressures can be attributed to 
the advancing hydration and swelling front in the sample, 
along with the development of irreversible strains.

• The relationship between the local dry density and the 
radial stress seems to follow the global dry density-swell-
ing pressure trend determined on small-scale samples.

Keywords Compacted bentonite · Infiltration test · Hydro-mechanical modelling · Stress-path dependency

1 Introduction

The swelling pressure developed by an engineered barrier 
upon saturation is a key aspect of the design and safety 
assessment of geological disposal facilities for radioactive 
waste. The swelling pressure should be sufficiently high to 
create a good seal and close the fractures of the excavation 
damaged zone, but it should not exceed the natural stress 
of the geological formation. In that case, it could indeed 
damage the host rock and create preferential pathways for 
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radionuclides migration (Bucher and Müller-Vonmoos 1989; 
Pusch 1992; Sellin and Leupin 2013).

Three types of laboratory tests are typically performed to 
characterise the swelling behaviour of bentonites (Brackley 
1973; Sridharan et al. 1986): swelling pressure tests (Lloret 
et al. 2003; Agus and Schanz 2008; Villar and Lloret 2008; 
Gatabin et al. 2016; Middelhoff et al. 2020), swell-consoli-
dation tests (Cui et al. 2002; Rao and Thyagaraj 2007) and 
swell-under-load tests (Cui et al. 2002; Lloret et al. 2003; 
Rao and Thyagaraj 2007; Villar and Lloret 2008). The 
three experimental techniques, described in ASTM D4546 
(2014), provide three estimations of the swelling pressure. 
The swelling pressures determined by swell-consolidation 
tests have been found to be larger than those determined by 
swell-under-load tests (Brackley 1973; Sridharan et al. 1986; 
Cui et al. 2002; Wang et al. 2012), while swelling pressure 
tests give intermediate values (Sridharan et al. 1986). The 
difference between the different values has been attributed 
to stress path dependency of the mechanical behaviour of 
bentonites (Sridharan et al. 1986; Villar and Lloret 2008).

The above-mentioned laboratory tests have generally 
been performed on small (10- or 20-mm high) samples, 
mainly due to cell availability and time reasons. The very 
low permeabilities of compacted bentonites yield indeed 
very long saturation times. Accordingly, limited monitoring 
of the samples is possible, and the swelling capacity is char-
acterised by a single value, namely, the external axial stress, 
implicitly assuming the processes to be isotropic and homo-
geneous. In other words, the tests are considered as being 
element tests. Only in rare cases, the radial swelling stress 
was measured in addition to the axial component (Alonso 
et al. 2011; Lee et al. 2012; Saba et al. 2014a; Rawat et al. 
2019, 2020; Bernachy-Barbe 2021). However, at least two 
factors are likely to contribute to non-homogeneous swell-
ing of bentonite samples: the sample compaction procedure, 
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which is generally uniaxial, hence anisotropic, and the 
hydration procedure.

Tang and Cui (2010) showed that the free-swelling hydra-
tion of isotropically compacted bentonite was isotropic, 
while uniaxially compacted bentonite displayed anisotropic 
swelling. In that case, the axial strain was significantly 
higher than the radial strain. The same observation was 
made by Denis (1991) on Redhill smectite and by Gatabin 
et al. (2016) on a mixture of bentonite and sand. The swell-
ing anisotropy has been attributed to the uniaxial compac-
tion process used for the preparation of the samples, which 
induces a preferential orientation of the clay particles in the 
horizontal plane (Hicher et al. 2000; Sato and Suzuki 2003; 
Voltolini et al. 2009). Anisotropy of the mechanical behav-
iour of uniaxially compacted samples was also evidenced 
by Cui et al. (2002) on isotropic loading tests performed 
on isotropically and anisotropically compacted samples. 
Larger compression strains were observed along the virgin 
compression line on the anisotropically compacted samples, 
while the unloading line followed a slope close to the one 
of the isotropically compacted samples. Cui et al. (2002) 
attributed this behaviour to a progressive reorganisation of 
the material structure towards a more isotropic structure.

On the other hand, Saba et al. (2014b) emphasised the 
inhomogeneous swelling of larger, uniaxially compacted, 
bentonite samples (60- and 120-mm high) hydrated from 
one end. The authors showed that the radial stress developed 
upon hydration was significantly lower than the axial stress 
and varied along the sample height. The isochoric hydra-
tion of an anisotropically compacted sample thus leads to an 
anisotropic state of stress. Similar conclusions were drawn 
from laboratory tests investigating the closure of technologi-
cal voids (see, among others, Wang et al. 2013b; Harrington 
et al. 2020; Zeng et al. 2020, 2022; Villar et al. 2023). How-
ever, the relative contributions of the anisotropic material 
behaviour and of the hydration process on the induced ani-
sotropic state of stress has not been assessed.

This paper sheds the light on the anisotropic and hetero-
geneous swelling of a compacted bentonite-based material 
due to progressive hydration. For this purpose, the behav-
iour of an isotropically compacted sample subjected to 
water infiltration was investigated. The axial and radial total 
stresses at different distances from the wetting end, along 
with the injected water volume, were monitored until reach-
ing steady-state conditions. Numerical simulations, using a 
fully coupled hydromechanical framework, were performed 
to support test interpretation. In particular, the Barcelona 
Basic Model (Alonso et al. 1990) and a classic flow law for 
partially saturated porous media were extended to account 
for the important water retention capacity and specific dou-
ble-structure of compacted bentonites. Implications for the 
disposal of radioactive waste are finally discussed.

2  Infiltration Test

2.1  Material Properties and Sample Preparation

The material used in this study was a mixture of Wyoming 
MX-80 bentonite (commercially known as WH2 Gelclay) 
and quartz sand with a respective proportion of 70/30 in 
dry mass. MX-80 bentonite contains 92% of montmoril-
lonite and other minerals including quartz and feldspars 
(Tang et al. 2008). The cation exchange capacity (CEC) is 
76 meq/100 g and the major exchangeable cation is  Na+ 
(83%) (Wang et al. 2013a). To facilitate a homogeneous mix-
ture and compaction, the grain size distributions (obtained 
by dry sieving) were similar for both materials and in the 
range of 0.2–2 mm. The initial gravimetric water content of 
the bentonite/sand mixture was 12.4%.

The sample was compacted by cold isostatic press-
ing to reach a high degree of homogeneity. The compac-
tion pressure was slowly increased to a value of 30 MPa, 
corresponding to a final dry density of 1.78 Mg/m3. This 

Fig. 1  Schematic representation of the experimental setup

Table 2  Composition of the 
synthetic water used in the 
infiltration test

Compound Concen-
tration 
(mmol/L)

Cl− 39.61
Na+ 19.86
K+ 1.03
Ca2+ 7.36
Mg2+ 6.67
SO4

2− 3.00
Ag+ 10–3

pH 7.7
M 0.058
Salinity (%) 0.26
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dry density was selected to reach the estimated in situ dry 
density of the bentonite plug in the PGZ2 experiment per-
formed by the French National Radioactive Waste Manage-
ment Agency (Andra) in the Meuse/Haute-Marne Under-
ground Research Laboratory (de La Vaissière 2013). The 
core was then machined to a diameter of 120.0 mm and a 
height of 100.0 mm to fit the infiltration cell.

2.2  Experimental Setup

The infiltration test was performed under constant volume 
conditions using the experimental setup presented in Fig. 1. 
The bentonite plug was placed in a confining cell made of 
stainless steel and was sandwiched between two stainless 
steel porous discs with average pore diameter of 20 μm. 
The upper disc allowed fluid exchanges with the ambient 
controlled atmosphere, while the lower one was used for 
water supply. The piston was then placed, and the whole 
assembly was fixed in a high-rigidity frame. An external 
linear variable differential transducer was installed to record 
any displacement and check the constant-volume conditions. 
Finally, a vertical preload of 0.2 MPa was applied to ensure 
good contact between the materials.

To follow the hydromechanical state of the sample during 
hydration, the total vertical pressure and the injected water 
volume were recorded over time. The load cell used to moni-
tor the vertical total pressure had a maximum loading capac-
ity of 18 MPa with an accuracy of 0.9 kPa. Finally, the cell 
was equipped with four total radial pressure sensors, named 
PT1 to PT4, and placed at different heights of the sample. 
These sensors were piezoresistive flush diaphragm pressure 
transducers configured in a Wheatstone bridge circuit. They 
allowed a measurement range of 0–10 MPa with a sensitivity 
of 0.9 mV/MPa. The positions of the total radial pressure 
sensors are given in Table 1.

2.3  Experimental Protocol

The water used for hydration was a synthetic water repre-
sentative of the site of Bure, France. Its chemical composi-
tion is given in Table 2. Its salinity is 0.26% (0.058 M) and 
its pH is 7.7. Hydration was performed from the bottom 
end at a water pressure of 0.11 MPa for 1 year. During that 
time, the flushing line on the top was kept open to ensure 
evacuation of air during the hydration process. Then, a 
water pressure of 0.5 MPa was applied on the upper face 
of the sample to ensure full saturation of the sample. This 
pressure was maintained during 2 months. The experiment 
was performed in a climate room with a constant tempera-
ture of 20 °C.

3  Theoretical Formulation

To gain insight into the behaviour of the sample upon 
hydration, a fully coupled hydro-mechanical simulation of 
the test was performed. The finite element code Lagamine 
was used (Charlier 1987).

The balance equations are obtained for a mixture com-
posed of three species, namely, mineral, water and air, 
distributed in three phases, namely, solid, liquid and gas. 
Accordingly, the kinematics of the porous medium is 
described by its displacement field u , liquid pressure field, 
which is equivalent to the water pressure field uw and gas 
pressure field ug . In the present formulation, it is assumed 
that the mineral species and the solid phase coincide. The 
liquid phase contains both water and dissolved air, while 
the gas phase is a perfect mixture of dry air and water 
vapour. According to Dalton’s law, the total pressure of 
the gas phase is equal to the sum of the partial pressures of 
dry air and water vapour. This total gas pressure was fixed 
constant and equal to the atmospheric pressure throughout 
the simulation since the infiltration test was essentially 
performed under air-drained conditions (top flushing line 
open).

3.1  Balance Equations

The compositional approach (Panday and Corapcioglu 1989; 
Olivella et al. 1994; Collin et al. 2002) is adopted to establish 
the mass balance equations. It consists of balancing species 
rather than phases. For a given volume of mixture Ω , the mass 
balance of the solid phase reads

where �s is the density of the solids, � is the porosity and t 
denotes time.

The water and air mass balance equations are expressed as

and

where �w , �v , �a and �a
l
 are the densities of liquid water, 

water vapour, dry air and dissolved air, respectively, Sr is 
the degree of saturation, f w

l
 and f a

l
 are the mass fluxes of 

liquid water and dissolved air, and Qw and Qa are water and 
air source terms.

(1)
�

�t

[

�s(1 − �)Ω
]

= 0

(2)
�

�t

(

�wSr�
)

+ ∇ ⋅ f w
l

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Liquid water

+
�

�t

[

�v
(

1 − Sr
)

�
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Water vapour

= Qw

(3)
�

�t

[

�a
(

1 − Sr
)

�
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Dry air

+
�

�t

(

�a
l
Sr�

)

+ ∇ ⋅ f a
l

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Dissolved air

= Qa
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The balance of momentum is expressed for the entire mix-
ture. For quasi-static loading, the equation reduces to the equi-
librium of stresses

where �
t
 is the total Cauchy stress tensor (with compressive 

stress taken as positive) and b is the body force vector.

3.2  Material Microstructure

Compacted bentonites exhibit a bimodal pore size distribution, 
which evolves along with mechanical and hydraulic loads (see 
Romero et al. 2011; Della Vecchia et al. 2015; Sun et al. 2019, 
among others). For such materials, pores can be classified into 
two main classes, namely, intra-aggregate pores (hereafter 
referred to as micro-pores) and inter-aggregate pores (hereaf-
ter referred to as macro-pores), such that

where e is the (total) void ratio, em is the microstructural 
void ratio (micro-pores volume over solid volume) and eM 
is the macrostructural void ratio (macro-pores volume over 
solid volume). em is assumed to evolve with the water ratio 
(volume of water over solid volume), ew , according to the 
law proposed by Dieudonné et al. (2013)

(4)∇ ⋅ �
t
+ b = 0

(5)e = em + eM

where em0 is the microstructural void ratio for the dry mate-
rial ( ew = 0 ) and �0 and �1 are parameters that quantify the 
swelling potential of the aggregates. These parameters were 
determined by analysing pore size distributions obtained by 
mercury intrusion porosity and using the method described 
by Della Vecchia et al. (2015) to differentiate between intra-
aggregate and inter-aggregate pores.

3.3  Hydraulic Constitutive Equations

The advective flux of water is described by the generalised 
Darcy’s law for partially saturated porous media. It is related 
to the water pressure uw through

where �w is the water dynamic viscosity, K is the water per-
meability in fully saturated conditions and krw is the relative 
permeability function, which is a function of the degree of 
saturation according to

where nk is a model parameter. nk was determined equal to 
3.4 by back-analysis of the water infiltration test performed 

(6)em = �
0
e2
w
+ �

1
ew + em0

(7)qw = −
Kkrw

(

Sr
)

�w

∇uw

(8)krw = Snk
r

Fig. 2  Evolution of the water permeability of the MX-80 bentonite/
sand mixture with dry density. Experimental data and model calibra-
tion

Fig. 3  Water retention curves of the mixture of MX-80 bentonite and 
sand. Experimental data (Wang et al. 2013b; Gatabin et al. 2016) and 
model calibration

Table 3  Parameters of the 
hydraulic model for the mixture 
of MX-80 bentonite and sand

Microstructural model Water retention model

�0 �1 em0 Cads

(MPa−1)
nads A

(MPa)
n m

0.18 0.1 0.29 0.0053 0.79 0.2 3 0.15
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by Wang et al. (2013b) on the same material (Dieudonné 
and Charlier 2017).

Advective flow is mainly controlled by the inter-aggregate 
porosity. Accordingly, the permeability is expressed as

where K0 is a reference permeability measured on a mate-
rial with a macrostructural void ratio eM0 . Fig. 2 presents 
the model adopted together with experimental data from 
permeability tests performed on the same material com-
pacted to different dry densities. A reference permeability 
of K0 = 2.510

−20m2 was adopted for a reference macrostruc-
tural void ratio eM0 = 0.31.

Finally, the water retention model of Dieudonné et al. 
(2017) is used

where Cads and nads are material parameters controlling 
adsorption in the microstructure, and n , m and A are param-
eters controlling water retention in the macro-pores. These 
parameters were calibrated against water retention curves 
on the same material compacted to two dry densities (Dieu-
donné et al. 2017). The water retention curve corresponding 
to the initial dry density of the tested material is represented 
in Fig. 3.

The parameters of the microstructural and water retention 
models are presented in Table 3. Further details on their 
determination can be found in Dieudonné et al. (2017).

3.4  Mechanical Constitutive Equations

The Barcelona Basic Model (BBM) (Alonso et al. 1990) was 
extended to account for the important water retention capac-
ity of bentonite. The BBM is formulated in terms of net 
stress and suction and, for null suction, the model coincides 
with the Modified Cam-Clay Model (Roscoe and Burland 
1968). Accordingly, the model implicitly assumes that full 
saturation is achieved when suction is equal to zero and, 
along a wetting path, the model predicts elastic swelling 
strains due to suction decrease (and possibly irreversible 
pore collapse), regardless the saturation state of the material 
and until suction becomes null. However, bentonite-based 
materials are characterised by high air-occlusion values 

(9)K = K
0

e2
M

(

1 − eM
)0.2

(

1 − eM0

)0.2

e2
M0

(10)
Sr =

ew

e
=

em

e
exp

[

−
(

Cadss
)nads

]

+

(

e − em
)

e

{

1 +
[

(

e − em
) s

A

]n}−m and, along a saturation path, the materials are saturated 
before reaching zero suction. Agus et al. (2013) performed 
multi-step swelling pressure tests, where suction of benton-
ite specimens was reduced in a stepwise manner toward a 
zero value. The results show that there is a threshold suction 
below which the swelling pressure stabilises. The magnitude 
of the threshold suction is found to correspond to the air-
occlusion value of the material. Swelling of compacted ben-
tonites results indeed from the progressive intrusion of water 
within the interlayer space first (crystalline swelling), and 
then the interparticle space (osmotic swelling) (Jacinto et al. 
2012). Consequently, along a wetting path, limited swelling 
is to be expected once the material is saturated, i.e., when 
suction is below the (current) material air-occlusion value.

Based on these observations and that comprehension of 
the swelling mechanisms, a threshold suction, below which 
the sample does not experience swelling strains, is intro-
duced in the Barcelona Basic Model. It yields

where s∗ is a threshold suction which may be assimilated 
to the air-occlusion value. However, the water retention 
curve proposed by Dieudonné et al. (2017) does not explic-
itly define the air-occlusion value. The criteria s < s∗ in 
Eq. (11) is, therefore, replaced by a criterion on the degree 
of saturation

(11)𝜅s = 0 for s < s∗

(12)𝜅s = 0 for Sr > S∗
r

Table 4  Parameters of the 
mechanical model for the 
mixture of MX-80 bentonite 
and sand

� �s � c(0)

(MPa)
k �

(°)
�(0) p∗

0

(MPa)
pc
(MPa)

r �

(MPa−1)
S∗
r

0.025 0.073 0.35 0.1 0.046 25 0.12 1.40 0.01 0.8 0.09 0.96

Fig. 4  Water volume injected from the bottom end. Comparison 
between experimental data and model predictions
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where S∗
r
 is a threshold degree of saturation. For S∗

r
= 1 , the 

original formulation of the BBM is recovered. The complete 
formulation of the mechanical model is presented in Appen-
dix A, together with its calibration against experimental data 
from controlled-suction oedometer tests. The parameters are 
given in Table 4.

4  Experimental Results, Analysis 
and Numerical Simulation

4.1  Injected Water Volume

Fig. 4 presents the evolution of the injected water volume 
over time. The experimental curve is characterised by a 
rapid increase in the injected water volume, corresponding 
to water filling of the dead volume (tubing) and saturation of 
the bottom porous disc. This volume was measured equal to 
20  cm3 prior to the test and is used to correct the numerical 

Fig. 5  Stress paths followed by 
a point located at a distance of 
37.5 mm from the bottom face 
(numerical results)

Fig. 6  Strain paths followed by 
a point located at a distance of 
37.5 mm from the bottom face 
(numerical results)
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curve. As observed in Fig. 4, the numerical model compares 
well with the experimental curve. As water injection pro-
ceeded, the injection rate decreased, both as a result of the 
smaller pressure gradient and of the decrease in the mate-
rial permeability (due to the expansion of the clay aggre-
gates, leading to a decrease in the macro-pore volume). The 
injected water volume reached 188.5  cm3 at the end of the 
first injection stage.

4.2  Typical Stress and Strain Paths Within 
the Sample

Before proceeding any further with the comparison between 
experimental data and numerical results, the stress and strain 
paths undergone by the sample are detailed. It is worth not-
ing that, since hydration was not uniform within the sample, 
the followed stress and strain paths differed depending on the 
axial position of the point under consideration. Yet, one can 
identify common features and trends in these paths.

In the following, the paths followed by a point located 
at a height of 37.5 mm from the bottom end are thoroughly 
described. This point corresponds to the location of the total 
radial stress sensor PT2. The stress and strain paths followed 
by the considered point are represented in Figs. 5 and 6, 
respectively. In particular, the state of stress is described in 
terms of mean net stress p and deviatoric stress q (defined 
as the difference between the axial and radial stress). Let A 
be the initial state of the material at time t = 0 . As hydration 
of the bentonite sample proceeded ( t > 0 ), the stress and 
strain states moved progressively from A to H according to 
the following sequence:

(a) From A to B: the suction decrease imposed at the bot-
tom of the sample has hardly impacted the considered 
point (Fig. 5a). However, as a result of hydration and 
swelling of the lower part of the sample, the vertical 
stress increases and the point undergoes elastic load-
ing (Fig. 5b). As a result, the void ratio decreases, with 
a slope in the ( lnp − e ) plane (= 0.021) close to the 
elastic compressibility (= 0.025) (Fig. 6a). In addition, 
this increase in vertical stress comes with an increase 
in deviatoric stress (Fig. 5b). In particular, the slope 
of the path in the ( p − q ) plane is equal to 0.58, which 
is hardly lower than the slope of oedometer loading. 
Finally, the decrease in void ratio at almost constant 
suction yields an increase in the degree of saturation 
(Fig. 5a).

(b) From B to C: the effects of hydration become promi-
nent and control the compressibility behaviour. The 
considered point undergoes elastic swelling due to 
suction decrease. The swelling entails an increase in 
both void ratio (Fig. 6) and mean net stress (Fig. 5c). 
Indeed, while swelling is prevented at the global scale 

(as a result of the imposed confined conditions), local 
swelling within the sample is possible. Yet, radially, 
the sample is not able to swell (the hydration front is 
assumed to be homogeneous). It yields an increase 
in radial stress, which becomes higher than the verti-
cal stress, and thus a decrease in the deviatoric stress 
(Fig. 5b). Finally, since the behaviour is elastic, the 
preconsolidation pressure for saturated conditions 
remains constant (Fig. 5d). However, the decrease in 
suction leads to an important decrease in the apparent 
preconsolidation pressure and a reduction of the elastic 
domain.

(c) C: the decrease in the apparent preconsolidation pres-
sure is such that the stress path reaches the Loading–
Collapse (LC) curve (Fig. 5b). Note that, in Fig. 5c, the 
LC curve is plotted for a deviatoric stress equal to 0, 
which is the reason why the point C is apparently not 
on the yield surface.

(d) From C to D: the behaviour is now elastoplastic. 
While hydration continues (Fig. 5a), plastic collapse 
is observed and the void ratio at the considered point 
decreases (Fig. 6b). The vertical stress, hence mean 
stress, remains increasing as hydration and swelling 
of the sample proceeds. However, laterally, the stress 
increases at a lower rate due to collapse, so that the 
deviatoric stress increases (Fig. 5b). Finally, yield-
ing comes along with hardening of the LC curve and 
increase in the preconsolidation pressure (Fig. 5d).

(e) From D to E: hydration continues and the behaviour 
is still elastoplastic. However, from point D on, elas-
tic swelling due to suction decrease becomes more 
important than the plastic collapse and the void ratio 
increases again (Fig. 6). In addition, the radial stress 
raises and the deviatoric decreases to become negative.

Fig. 7  Total axial pressure. Comparison between experimental data 
and model predictions
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(f) E: the threshold degree of saturation Sr = 0.96 is 
reached and any further decrease in suction does not 
produce volumetric strain.

(g) From E to F: swelling of the upper elements leads 
to compressive strain at the considered point (Fig. 6). 
Moreover, the stiffness loss associated with the absence 
of elastic swelling, yields a decrease in the mean net 
stress. In Fig. 5d, the difference between the appar-
ent and saturated preconsolidation pressures becomes 
smaller as suction decreases.

(h) From F to G: water is injected from the top side of 
the sample and hydration of the material proceeds. As 
a result, the mean effective stress decreases, and the 
point follows an elastic (unloading) stress path. The 
saturated preconsolidation pressure is constant, while 
the apparent preconsolidation stress decreases as suc-
tion reduces.

(i) G: the decrease in the apparent preconsolidation pres-
sure is more important than the decrease in mean stress. 
The LC curve is activated once more and the behaviour 
is elastoplastic.

(j) From G to H: hydration of the material proceeds with-
out much volume changes at the considered point.

(k) H: the material has reached full saturation at the con-
sidered point.

4.3  Total Axial Stress

The evolution of the total axial pressure developed upon 
hydration is presented in Fig. 7. The development of the 
vertical swelling pressure exhibited a first stage with a high 
swelling rate (from the start until day 70 on the experimen-
tal curve and day 43 on the numerical one). After that, a 
significant change of the slope occurred, and a lower swell-
ing rate was observed on both experimental and numeri-
cal curves. The numerical simulation can be used to gain 
a better understanding of the underlying mechanisms. In 

Fig. 8  Total radial pressure 
along the sample. Comparison 
between experimental results 
and numerical predictions

Fig. 9  Evolution over time of the sample dry density (numerical 
results)
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particular, it shows that hydration of the sample led to a 
progressive yielding of the material, and that the observed 
change of swelling rate corresponds to yielding of the entire 
bentonite sample.

As hydration proceeded and the rate of water intake 
decreased, a progressive stabilisation of the swelling pres-
sure was observed. After 1 year of water injection, the total 
vertical pressure developed by the sample was equal to 
6.42 MPa, which is in agreement with the swelling pressure 
determined on smaller samples by Gatabin et al. (2016). 
Water was then injected from the top end to ensure full satu-
ration of the sample. An increase in the total axial pressure, 
corresponding approximately to the water injection pressure 
of 0.5 kPa, was recorded, and the axial pressure reached a 
value of 6.75 MPa. On the other hand, the numerical curve 
shows a decrease in the vertical pressure with stabilisation 
at 6.26 MPa. This drop of the vertical pressure results from 
further yielding (pore collapse) of the not-yet fully saturated 
sample.

4.4  Total Radial Stress

The radial total pressure developed by the sample during 
hydration was measured at different heights. Fig. 8 compares 
the experimental and numerical results in terms of total lat-
eral stress. As shown in the figures, the numerical model 
represents well the experimental data, both qualitatively and 
quantitatively. The evolution of the radial pressure followed 
a different trend from the vertical pressure. Although the 
total radial stress reached after full saturation of the sam-
ple was not homogeneous along the sample height, a com-
mon trend is observed. The radial pressure was first marked 
by a rapid elastic increase. Then, the point reached the LC 

curve and elastoplastic deformations were generated. The 
curve is marked by a peak corresponding to the reaching 
of the threshold degree of saturation Sr = 0.96 . As a conse-
quence of the loss of stiffness, the pressure decreased. After 
1 year of hydration from the bottom end, water was injected 
from the top at 0.5 MPa. Accordingly, the water pressure 
increased and plastic deformation developed. The total radial 
pressures exhibited decrease, contrary to the vertical pres-
sure. This decrease is all the more important for sensors 
close to the top injection front. Finally, the numerical simu-
lations show that full saturation was quickly attained result-
ing in a stabilisation of the total radial pressures.

4.5  Dry Density Distribution

The numerical simulation provides some insights into the 
impact of hydration on the sample dry density distribution, 
while experimental data are not available. Fig. 9 shows 
that, as soon as hydration started, an important decrease 
in dry density was observed at the bottom of the sample. 
Accordingly, the dry density increased in the upper part of 
the sample as global swelling of the sample was prevented 
(swelling at the bottom of the sample yielded compressive 
strains in the upper part). As hydration proceeded and suc-
tion decreased within the sample, elements more and more 
distant from the wetting end tended to swell, and an impor-
tant redistribution of the dry density was noticed. However, 
the development of irrecoverable strains resulting from 
hydration led to a non-uniform distribution of dry density 
that persisted at the saturated equilibrated state.

It is worth noting that this conclusion is consistent with 
other experimental observations made at laboratory scale 
(Villar et al. 2008; Wang et al. 2013a; Saba et al. 2014b) and 
field scale (Villar and Lloret 2007). In particular, Wang et al. 
(2013a) measured relative changes of dry density ranging 
between − 3 and 6% of the initial (and average) value, on 
the same compacted bentonite–sand mixture saturated under 
constant-volume conditions.

5  Discussion

The experimental observations and numerical modelling 
revealed that the progressive and non-uniform hydration of 
an initially homogeneous bentonite sample led to hetero-
geneities in both the stress state and density distributions. 
These heterogeneities evolve during hydration, but persist at 
the final equilibrated state. In particular, the radial stress var-
ies considerably along the sample height. The evolution of 
the radial stress was satisfactorily reproduced by the numeri-
cal model, without considering possible friction between the 
sample and the cell wall.

Fig. 10  Comparison between swelling pressure tests performed on 
small samples (Gatabin et al. 2016) and radial stress predicted by the 
model
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To complement the infiltration test, small-scale (30 mm 
high) swelling pressure tests were performed on the same 
material uniaxially compacted to different dry densities 
and with different initial water contents (ranging from 7.1 
to 12.4%). Samples were then placed in swelling cells and 
hydrated using a synthetic water representative of the site 
of Bure. Only the vertical swelling pressure was monitored, 
using kilogram-accurate load sensors, inserted between the 
top piston and the upper flange. Fig. 10 shows that the swell-
ing pressure increases exponentially with the dry density. 
The final radial stress at 12.5, 37.5, 50 and 75 mm from the 
wetting front of the injection column, as obtained by the 
numerical model, are also represented as a function of the 
material dry density at the corresponding height. Interest-
ingly, these points seem to follow the same trend curve as the 
swelling pressure tests. While the axial pressure measures 
the overall swelling potential of the sample, the radial stress 
reflects the local state of the sample.

6  Concluding Remarks

This paper presents a comprehensive experimental and 
numerical study of the swelling behaviour of isotropically 
compacted bentonite subjected to hydration under constant-
volume conditions. To track the evolution of the mechanical 
state of the sample during hydration, the axial and radial 
total stresses at different distances from the wetting end were 
recorded over time. The experimental data show a complex 
and non-uniform evolution of the axial and radial stresses 
over time, as well as anisotropy of the total stresses, which 
persists at the saturated equilibrated state. In particular, the 
radial stress appeared to be much lower or higher than the 
axial stress, depending on the distance from the hydration 
end.

To help understand the test results, the experimental test 
was modelled using an advanced hydromechanical frame-
work for partially saturated porous media, accounting for 
the evolving microstructure of the material. The evolution 
of the total axial and radial stresses with time is explained by 
an advancing hydration and swelling front in the bentonite 
sample, and by the development of irreversible deforma-
tions. While the axial stress reflects the overall state of the 
stress of the sample, the radial stress reveals the local state of 
the sample. The numerical simulation further showed that, 
despite the initial sample homogeneity, hydration from one 
end generated not only inhomogeneities in the stress state, 
but also in the dry density distribution. This conclusion 
drawn from the numerical analysis is consistent with other 
experimental observations for laboratory and field tests (Vil-
lar and Lloret 2007; Villar et al. 2008; Wang et al. 2013a; 
Saba et al. 2014b). Interestingly the relationship between 
the local dry density and the radial stress seems to follow 

the global dry density–swelling pressure trend determined 
on small-scale samples.

Finally, this study highlights the importance of reliable 
coupled numerical modelling for the design of engineered 
barriers in deep geological disposal of radioactive waste. In 
particular, the present study demonstrates that the swelling 
capacity of bentonite-based materials cannot be character-
ised by a unique swelling pressure. Reliable predictions for 
the swelling pressure field within bentonite seals are essen-
tial as good contact between the disposal elements should be 
guaranteed to avoid preferential pathways for radionuclides 
migration along interfaces. On the other hand, the radionu-
clide retention capacity and the water and gas permeabilities 
of bentonites seals, which are key parameters for the safety 
assessment, strongly depend on the material dry density.

Appendix A

The mechanical model used in this work is an extension 
of the Barcelona Basic Model proposed by Alonso et al. 
(1990). The model belongs the family of elastoplastic strain-
hardening models and adopts the net stress � and suction 
s as stress variables. In the elastic domain, the net stress 
increment is related to the increments of strains and suction 
through

where De is the global elastic tensor and �
s
 is the elastic ten-

sor for suction changes, given, respectively, by

and

In these equations, K  and G are the bulk and shear 
moduli, given by

and

with � , the slope of the unloading–reloading line, e , the void 
ratio, p , the mean net stress and � , the Poisson’s ratio. Ks is 
the bulk modulus for changes in suction and is expressed as

(A1)d� = D
e ∶ d�e + �

s
ds

(A2)De
ijkl

= 2G�ik�jl +
(

K −
2

3
G
)

�ij�kl

(A3)�
s
=

1

Ks

D
e ∶ I.

(A4)K =
(1 + e)p

�

(A5)G =
3(1 − 2�)K

2(1 + �)
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where �s is the slope of the reversible wetting–drying line 
and uatm is the atmospheric pressure.

The elastic domain is bounded by the following yield 
surface

where

• J2 is the second invariant of the deviatoric stress tensor,
• M� is the slope of the critical state line, which depends 

on the Lode’s angle according to van Eekelen (1980) 
formulation,

• ps considers the dependence of shear strength on suc-
tion and is given by

where c(0) is the cohesion under saturated conditions, k 
is a parameter controlling the increase in cohesion and � 
is the friction angle,

(A6)Ks =
(1 + e)

(

s + uatm
)

�s

(A7)fLC ≡ 3J2
2
+M2

�

(

p + ps
)(

p − p
0

)

= 0

(A8)ps(s) =
c(0) + ks

tan�

• p0 is the apparent preconsolidation pressure at a suction 
s according to

where pc is a reference net pressure, p∗
0
 is the preconsoli-

dation pressure under saturated conditions and �(s) is the 
slope of the virgin consolidation line, which is a function 
of suction according to

where r and � are material parameters, r is related to the 
maximum stiffness of the soil (for an infinite suction) 
and � controls the rate of increase in the soil stiffness 
with suction.

The formulation of the mechanical model is completed 
with a non-associated flow rule. The corresponding flow 
surface is given by

with

(A9)p
0(s) = pc

(

p∗
0

pc

)

�(0)−�

�(s)−�

(A10)�(s) = �(0)[(1 − r)���(−�s) + r]

(A11)gLC ≡ �3J2
2
+M2

�

(

p + ps
)(

p − p
0

)

= 0

Fig. 11  Controlled-suction 
oedometer tests on an MX-80 
bentonite/sand mixture com-
pacted at a dry density �

d
 = 

1.67 Mg/m3. Calibration of 
the mechanical model against 
experimental data (Wang et al. 
2013a, b)
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The model parameters were calibrated against experimen-
tal data from hydration tests under oedometer conditions and 
controlled-suction oedometer tests from Wang et al. (2013a, 
b) (Fig. 11).
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