
Vol.:(0123456789)

Rock Mechanics and Rock Engineering 
https://doi.org/10.1007/s00603-024-03974-8

ORIGINAL PAPER

Bentonite Swelling into Voids: Different Modelling Approaches 
for Hydration with Technological Gaps

Liliana Gramegna1 · Gabriele Della Vecchia1 · Robert Charlier2

Received: 23 December 2023 / Accepted: 8 May 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2024

Abstract
Bentonite-based materials have emerged as a highly promising choice for engineered barriers in nuclear waste deep geological 
disposal. These materials are characterised by low permeability, high swelling capacity and effective radionuclide retarda-
tion, making them suitable for sealing underground galleries and canisters containing nuclear waste. However, the presence 
of technological gaps within the bentonite or the host rock can significantly influence their hydromechanical behaviour, 
potentially creating preferential pathways for radionuclide migration, thus affecting the overall performance of the engineered 
barrier. In this study, two different modelling strategies (namely, “gap” and “no-gap”) to reproduce technological gaps and 
their effect on the hydromechanical behaviour of bentonite-based materials during intermediate saturation stages are pro-
posed. The numerical model is used to simulate laboratory tests, and the numerical results are compared with experimental 
data coming from hydration test conducted under overall constant volume (isochoric) conditions. It is noteworthy that the 
specimen used in the experimental study is characterised by a localised gap between its side and the cell wall. The paper 
highlights the benefits of the “gap” numerical model, which employs interface elements to reproduce technological gaps at 
the side of the cell and exhibits satisfactory capabilities in reproducing the experimental swelling pressure evolution during 
bentonite hydration, especially during the transient wetting stages. Significant implications are expected for predicting site 
performance of engineered barrier systems in nuclear waste disposal applications.

Highlights

•	 The effect of technological gaps on the hydro-mechanical behaviour of bentonite-based materials for nuclear waste 
disposal is investigated.

•	 Two different modelling strategies, “gap” and “no-gap”, are proposed to simulate the presence of technological gaps in 
the bentonite.

•	 The numerical results are compared with experimental data from a hydration test under constant volume conditions.
•	 The advantages of the “gap” numerical model, which can reproduce the experimental swelling pressure evolution more 

accurately, are demonstrated and its implications are discussed for the performance of engineered barrier systems.

Keywords  Bentonite hydration · Technological gaps · Nuclear waste disposals · Finite element · Modelling

1  Introduction

Bentonite-based materials have been identified as one 
of the most reasonable choices for engineered barriers in 
the context of deep geological disposal of nuclear waste. 
These materials can be used to seal underground galler-
ies and shafts, as in the French CIGEO concept (Labalette 
et al. 2013), but also placed in direct contact with canisters 
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containing nuclear waste, as in the EB experiment (Alonso 
et al. 2010). The sealing capacity of these expansive clays 
is commonly related to their very low permeability in satu-
rated conditions, high swelling ability and effective radionu-
clide retardation capacity (Cui 2017; Pusch 1979; Sellin and 
Leupin 2013). However, the efficiency of bentonite barriers 
can be severely compromised by the presence of unavoidable 
technological gaps within the bentonite itself or between the 
bentonite plug and the host rock (e.g. Mokni et al. 2016). 
These technological gaps are, for instance, the openings 
created during the construction of the repository, and can 
represent potential preferential pathways for water, gas and 
radionuclides migration (Villar et al. 2023). Moreover, both 
permeability and swelling pressure are related to dry density, 
which is expected to decrease upon swelling in technological 
voids. Technological gaps have been quantified at 6.6, 12 
and 14% of the total volume of the galleries in the FEBEX 
mock-up test (Martin et al. 2006), PGZ2 in situ tests in the 
Underground Research Laboratory (URL) at Bure (Gatabin 
et al. 2016) and SEALEX in situ test (Wang et al. 2013; Saba 
et al. 2014), respectively.

However, during the early lifetime of the barrier, ground-
water coming from the surrounding host rock progressively 
hydrates the bentonite, inducing its swelling and the filling 
up of these voids (Villar and Lloret 2008). As the gaps close 
and contact is formed, swelling pressure begins to develop 
under confined conditions. The initial free swelling followed 
by isochoric hydration can lead to an inhomogeneous distri-
bution of the bentonite dry density and a subsequent reduc-
tion in the overall swelling pressure of the repository. This 
inhomogeneity can significantly influence the local benton-
ite hydraulic and mechanical properties, for instance creat-
ing preferential flow path for radionuclides, and potentially 
impacting the performance of the engineered barrier (Bian 
et al. 2019). Therefore, a thorough understanding of the 
behaviour of bentonite upon hydration under various con-
straints (e.g. free swelling or constant volume) is paramount 
to assess the long-term stability and performance of such 
sealing structures. Due to its relevance, numerous research-
ers have recently examined the impact of technological voids 
on the hydromechanical behaviour of bentonite, especially 
from an experimental point of view (e.g. Daniels et al. 2021; 
Harrington et al. 2020; Villar et al. 2023; Wang et al. 2021; 
Watanabe and Yokoyama 2021; Zeng et al. 2022, amongst 
others). However, numerical hydromechanical analyses are 
also of paramount importance, especially for the evaluation 
of the long-term behaviour of the barrier: nevertheless, the 
numerical hydromechanical analysis of the bentonite hydra-
tion process in the presence of voids still poses significant 
challenges. In this paper, two hydromechanical numerical 
models have been developed to reproduce the response of a 
bentonite sample upon hydration when a technological gap 
between the specimen side and the cell wall is present. In 

particular, the “gap” model considers the presence of the gap 
via the introduction of suitable interface elements, whilst the 
“no-gap” model neglects the presence of the technological 
gap. Although these assumptions in the numerical model 
have a significant impact on the evolution of the numerical 
predictions, to the authors’ knowledge, they have not been 
thoroughly investigated. The hydromechanical numerical 
model is implemented in the numerical code LAGAMINE 
(Collin et al 2002), and takes advantage of the Barcelona 
Basic Model (BBM, Alonso et al. 1990) to reproduce the 
bentonite mechanical behaviour in unsaturated conditions. 
Despite some models specifically developed to reproduce 
the hydromechanical behaviour of expansive clay behaviour 
are available (see, e.g. Gens and Alonso 1992, Alonso et al. 
1999, Musso et al. 2013, Della Vecchia and Musso 2016, 
Navarro et al. 2020), BBM is here preferred due to its sim-
plicity, robustness, efficiency and limited number of mate-
rial parameters. The influence of the interaction between 
intra- and inter-aggregate voids (often named micropores 
and macropores) for the compacted bentonite is explic-
itly considered just in terms of water retention behaviour 
and water permeability evolution, according to the double 
porosity model proposed in Della Vecchia et al (2015) and 
Dieudonné et al. (2017). The experimental activity has been 
developed in the framework of the BEACON project (Ben-
tonite Mechanical Evolution): in this paper, an experimental 
test considering overall isochoric hydration conditions, but 
characterised by a technological gap between the specimen 
side and the cell wall, has been exploited. The test results, 
already cited in Bernachy-Barbe (2021) and Gramegna et al. 
(2022), are here enhanced with further experimental infor-
mation, allowing a qualitative and quantitative evaluation of 
the performance of the two modelling approaches proposed.

Using both experimental data, including swelling pres-
sure and suction measurements, and the results of numerical 
simulations, this work aims to highlight the relevance of 
different modelling assumptions in the context of compacted 
bentonite swelling for nuclear waste disposal applications. 
In particular, the combination of experiments and numerical 
analyses contributes to a comprehensive understanding of 
the consequences of modelling assumptions on the hydro-
mechanical behaviour of bentonite-based materials during 
intermediate saturation phases when surrounded by tech-
nological gaps, which can contribute to a safer design of 
large-scale in situ structures.

2 � Material and Experimental Testing 
Methodology

The test presented in this paper is part of an experimental 
campaign conducted to study the hydration process, spe-
cifically under isochoric conditions, of several bentonite 
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samples with similar overall dry density, but with different 
initial pore size distribution and hydration length (Bernachy-
Barbe 2021). The bentonite material considered is Wyoming 
bentonite (MX-80 type) supplied by Laviosa MPC, which 
contains a significant amount of smectite (77%) along with 
minor inclusions of non-clay minerals such as micas (~ 1%), 
quartz (~ 8%), gypsum (~ 1%), calcite (~ 1%) and feldspars 
(~ 12%) (Tang et al. 2008; Guerra et al. 2017). The cation 
exchange capacity of the bentonite is equal to 98 meq/100 g 
(Saba et al. (2014), Guerra et al. (2017)). The experiments 
were conducted with the aim of identifying the role of initial 
heterogeneous dry density distribution on the development 
of swelling pressure upon wetting (Baryla et al. 2019).

In particular, the test C_6 (as named in Bernachy-Barbe 
(2021) and Gramegna et al. (2022), Fig. 1) of the BEACON 
project is here considered. A MX-80 bentonite block was 
compacted in isotropic conditions at an initial dry density of 
�d = 1.75 Mg/m3 and an initial water content of w = 7.44% . 
To achieve isotropic compaction, the clay, first placed in a 
neoprene tube (diameter 90 mm, length 120 mm, thickness 
1.2 mm), underwent compression in an isotropic cell up to 
an all-around stress of 40 MPa, until the achievement of the 
target dry density of ρd = 1.75 Mg/m3 . The specimen was 
then removed from the isotropic cell and shaped to fit into 
another cell, called in the following ‘equipped cell’. After 
shaping, the final block height was 45.82 mm and the final 

diameter was 52.8 mm (the diameter of the isotropic cell 
was 57 mm). Once placed in the equipped cell, the radial 
gap between the bentonite block and the side of the cell was 
filled with 3.35 g of loose bentonite powder (w = 7.44%). 
Bentonite powder indicates the bentonite material obtained 
by crushing large pellets at their hygroscopic water con-
tent, selecting only the grains passing through the 2-mm 
sieve, as in Bernachy-Barbe (2021). In particular, for the 
bentonite powder, a passing fraction of 60% corresponds to 
D60 = 1 mm, whilst a passing fraction of 10% corresponds 
to D10 = 0.06 mm. Being the volume of the gap 16.3 cm3 
and assuming a homogeneous powder distribution inside the 
gap, the average dry density of the powder can be estimated 
as 0.191 Mg/m3. The target final average dry density of the 
sample (i.e. made of the block and the gap) in the cell, if 
assumed homogeneous, was ρd ≈ 1.52Mg∕m3 . 

The reason for the introduction of loose powder in the gap 
is twofold: on the one hand, it is necessary to minimise the 
risk of instantaneous flooding of the injected water along the 
discontinuity between the block and the cell, which would 
undermine the results of the test; on the other hand, its very 
low dry density guarantees the development of negligible 
swelling pressure upon wetting, resembling the behaviour 
of a gap from the mechanical point of view. The initial suc-
tion of the bentonite and the powder is approximately equal 
to 100 MPa, as obtained by published water retention curve 
data (e.g. Villar 2004, see Table 1 in Sect. 3). The con-
stant volume cell used in the experiments has been already 
described in Imbert and Villar (2006) and it is only briefly 
summarised herein. The device, a multi-sensor oedometric 
cell of 57 mm diameter and 47 mm height, was equipped 
with sensors at different heights, allowing the measure-
ment of the radial total stress, the relative humidity and 
the temperature. In particular, the three relative humidity 
sensors were placed at three different heights (z = 6.6 mm, 
z = 23.3 mm and z = 40 mm from the bottom of the sam-
ple), whilst the nine total pressure sensors were placed at 
three heights (z = 6.6 mm, z = 23.3 mm and z = 40 mm from 
the bottom of the sample) and three angular positions (see 
Bernachy-Barbe (2021) for further details). A water column 
and a tank were positioned on a continuous weighing device 
and hydration was imposed by applying a water pressure 
of 7 kPa, corresponding to a water column of 70 cm. The 
water level in the column has been kept constant by adding 
water when necessary. Synthetic site water was introduced 

Fig. 1   Schematic of the experimental device

Table 1   Initial conditions Domain “No gap” model “Gap” model

Hydraulic Mechanical Hydraulic Mechanical

ABCD uw = − 100 MPa σz = 0.020 MPa, 
σr = 0.020 MPa

uw = − 91 MPa σz = 0.06 MPa, σr = 0 MPa

BB’C’C – – uw = − 91 MPa σz = 0.06 MPa, σr = 0 MPa
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in the specimen through porous plates placed at the bot-
tom of the chamber. The synthetic water was composed of 
0.281 g NaHCO3, 0.426 g Na2SO4, 0.614 g NaCl, 0.077 g 
KCl, 1.082 g CaCl × 2H2O, 1.356 g MgCl × 6H2O, 0.0001 g 
AgCl per litre of solution. This composition resembles the 
Callovo–Oxfordian site porewater found at the Andra Under-
ground Research Laboratory (Vinsot et al. 2008; Bernachy-
Barbe et al. 2020).

The opposite side of the sample was maintained at labora-
tory conditions (controlled temperature 21 ± 1 °C.) to facil-
itate the evacuation of entrapped air. Further details with 
respect to test conditions can be found in Bernachy-Barbe 
et al. (2020) and Gramegna et al. (2022).

3 � Numerical Model: Assumptions, 
Geometry, Constitutive Modelling

The numerical simulations are conducted using the finite 
element code LAGAMINE (Collin et al. 2002), according 
to the 2D axis-symmetric modelling framework introduced 
in Gramegna et al. (2020, 2023a), which consists in the solu-
tion of the linear momentum balance and water mass bal-
ance equations using the Barcelona Basic Model (BBM) 
as mechanical stress–strain relation and using a density-
dependent water retention curve. The relevant equations 
will be recalled in Sects. 3.1, 3.2, 3.3 and 3.4. Since gas 
pressure is assumed to coincide with atmospheric pressure 
throughout the whole numerical simulation, just the equi-
librium equations of the solid skeleton and the water mass 
balance equation are considered. The experimental test is 
simulated by means of two different modelling approaches:

1.	 “No-gap” model: in this approach, the model neglects 
the presence of the technological gap and just one equiv-
alent homogeneous material is considered from the sym-
metry axis to the cell wall, with an initial uniform dry 
density of ρd = 1.52Mg∕m3 , corresponding to the aver-
age dry density between the one of the bentonite block 
and the one of the radial gap space filled with powder. 
Oedometer conditions are, thus, imposed on the equiva-
lent homogenous material disregarding the presence of 
the radial gap, as shown in Fig. 2a. The specimen is 
simulated using 25 eight-noded isoparametric elements.

2.	 “Gap” model: in this approach, the gap is explicitly 
introduced in the numerical simulation, considering 
the actual heterogeneity of the sample. The real initial 
density of the bentonite block ρd = 1.75Mg∕m3 is con-
sidered, and the presence of the radial gap filled with 
low-density powder is reproduced by interface elements 
(Fig. 2b). The sample is simulated using 800 eight-
noded isoparametric elements, whilst the interface was 
modelled with 40 three-noded isoparametric elements.

3.1 � Field Equations, Initial Conditions 
and Boundary Conditions

The experimental hydration test has been reproduced via 
the integration of two balance equations, namely the linear 
momentum balance and the water mass balance. The linear 
momentum balance equation is written as:

where �t is the total (Cauchy) stress tensor and b is the body 
force vector. Water mass balance equation reads:

(1)∇ ⋅ �t + b = 0

Fig. 2   Simplified schematisa-
tion of the numerical samples: 
(a) "no-gap" model; (b) "gap" 
model
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where �w is the unit weight of liquid water, � is the poros-
ity, Sr is the degree of saturation, Qw is the external water 
supply, and qw is the Darcy velocity vector, which in turn 
depends on the water pressure uw gradient evolving during 
the hydration via:

being �w the water dynamic viscosity, Kw the water perme-
ability in saturated conditions (Sr = 1), and krw the relative 
permeability function. On the other hand, the air mass bal-
ance equation is not required due to the fact that the air 
pressure value, ua , is considered constant and equal to the 
atmospheric one during the whole development of the test.

Hydration of the samples is imposed from the bottom face 
(red line, Fig. 1), by assuming a linear suction decrease in 1000 
s from the initial value (s = ua−uw = 100 MPa for the “no gap” 
model and 91 MPa for the “gap” mode) to s = − 0.0068 MPa, 
corresponding to a water level in the water column equal to 
70 cm from the bottom of the cell. A uniform initial suction is 
considered for each specimen, evaluated as a function of the 
initial water content and the initial dry density according to 
the water retention model described in Sect. 3.33.3. The two 
models having the same initial water content w = 7.44%, but 
different initial dry densities (ρd = 1.52 Mg/m3 for the “no-gap” 
model and ρd = 1.75 Mg/m3 for the “gap” model), the initial 
suction is different. As for the mechanical initial conditions, 
in the “gap” model, a vertical stress equal to the vertical one 
applied in the laboratory is considered, i.e. σz = 0.06 MPa. Due 
to the negligible constraint provided by the powder (as also 
confirmed by the experimental data shown in Figs. 3, 4, 5), 
the initial radial stress is set equal to zero. As for the ‘no-gap’ 
model, the rationale for the choice of the initial stress state is 
to have an initial mean net stress equal to the one of the “gap” 
model, i.e. p = 0.02 MPa, which is the stress variable that influ-
ences the mechanical response of the BBM model. Being a 
null radial stress non-consistent with the modelling framework 
proposed in the “no-gap” approach, an isotropic initial stress is 
assumed, i.e. σz = σr = 0.02 MPa. The whole set of initial and 
boundary conditions are summarised in Tables 1 and 2, respec-
tively, with reference to the simplified geometrical sketch of 
the test shown in Fig. 2. In Table 2, wz and wr indicate the 
displacement in the vertical and radial direction, respectively.

3.2 � Mechanical Constitutive Model

The stress–strain relation is here modelled via the Bar-
celona Basic Model (BBM) (Alonso et al. 1990), which 
has been already used in the literature to reproduce the 

(2)
�

�t

(
�wϕSr

)
+ ∇ ⋅

(
ρwqw

)
= Qw

(3)qw = −
krw

(
Sr
)
Kw

μw

(
∇uw + ρwg

)

mechanical response of bentonite upon hydration (see, e.g. 
Dieudonné et al. 2023; Toprak et al. 2017) and whose main 
characteristics are just briefly recalled in the following. 
The stress variables employed in the model are the net 
stress σ and the matric suction s, defined as the different 

Fig. 3   Swelling stress in axial direction vs. time. Comparison 
between experimental data and model simulations

Fig. 4   Swelling stress in radial direction at z = 6.6 mm vs. time. Com-
parison between experimental data and model simulations
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between pore air and water pressure. The net stress is 
defined as

where σT is the Cauchy total stress tensor, ua, the air pres-
sure, and I the identity tensor. The evolution of elastic volu-
metric strain is related to the mean net stress p and matric 
suction s changes according to (5), by means of the elastic 
logarithmic compressibility coefficients for changes in stress 
( �) and suction (�s):

where uatm is the atmopheric pressure, equal to 0.1 MPa. To 
reproduce the hydromechanical response of expansive clays, 
the original model can also be modified to incorporate the 
stress dependency of wetting-induced swelling strain (Dueck 

(4)� = �T − uaI,

(5)dεe
v
=

κ

1 + e

dp

p
+

κs

1 + e

ds

s + uatm
,

and Nilsson 2010), as shown in (6), where the dependence 
of κs on the mean net stress is introduced:

where κs0 is the elastic logarithmic compressibility coeffi-
cients for changes in suction at null mean stress and αp is 
a parameter that rules the dependence of κs on the applied 
stress. The increase of preconsolidation pressure ( p0 ) with 
respect to suction (s) is introduced to model the expansion of 
the elastic domain with suction (7), together with the change 
of the elasto-plastic compressibility coefficient (λ(s)) with 
suction (8):

3.3 � Water Retention Model

The water retention model presented in Dieudonné et al. 
(2013, 2017) is used in this study. Accordingly, the water 
ratio ( ew ), which is defined as the product of the void ratio 
( e ) and the degree of saturation ( Sr ), is split into two addi-
tive components: the water ratio adsorbed in the micropores 
( ewm ) and the water ratio stored in macropores ( ewM ), which 
in turn depend on suction:

Cads and nads are two material parameters related to reten-
tion properties of the micropores. The parameter nads con-
trols the curvature of the water retention curve in the high 
suction range, whilst Cads is associated with the air-entry (or 
air-occlusion) suction of the intra-aggregate voids. A, m, n 
are the material parameters related to the retention properties 
of the macropores, according to the classical van Genuchten 
formulation. In particular, A controls the dependence of the 
air-entry pressure on the macrostructural void ratio.

(6)�s(p) = �s0 ∗ exp
(
−�p ∗ p

)
,

(7)p0(s) = pc

(
p∗
0

pc

) λ(0)−κ

λ(s)−κ

(8)λ(s) = λ(0)
[
(1 − r)exp(−ωs) + r

]

(9)
ewm = emexp

(
−
(
Cadss

)nads)

ewM =
(
e − em

)[
1 +

(
s

A

(
e − em

))n]−m

Fig. 5   Swelling stress in radial direction at z = 23.3 mm vs. time. 
Comparison between experimental data and model simulations

Table 2   Boundary conditions L [mm] “No gap” model “Gap” model

Hydraulic Mechanical Hydraulic Mechanical

AB/AB’ 28.5 uw = 6.86 kPa wz = 0 uw = 6.86 kPa wz = 0
BC 45 qwx = 0 wr = 0 qwx = 0
B’C’ 45 qwx = 0 wr = 0
CD/C’D 28.5 uw = 0 kPa wz = 0 uw = 0 kPa wz = 0
DA 28.5 qwx = 0 wr = 0 qwx = 0 wr = 0



Bentonite Swelling into Voids: Different Modelling Approaches for Hydration with Technological…

The model also accounts for the evolution of aggregate 
size with changes in water content, according to:

where em0, β0 and β1 are model parameters. In particular, 
em0 is the microstructural void ratio for the dry material 
(ew = 0), and β0 and β1 are parameters that quantify the swell-
ing potential of the aggregates. The differentiation between 
micropores and macropores was based on experimental 
observations and theoretical interpretations presented in 
the works of Romero et al. (2011) and Della Vecchia et al. 
(2015).

3.4 � Permeability Model

The saturated water permeability evolution was determined 
by employing an extended Kozeny–Carman model, which 
considers the presence of both micropores and macropores 
in compacted bentonite-based materials. As suggested by 
Romero (2013) and Gramegna et al (2023b), the macro-void 
ratio eM (expressed as eM = e − em ) was used to replace the 
total porosity in the original model:

where Ck is a reference permeability and N is a parameter 
that controls the dependence on the macro-void ratio. This 
model allows predicting the reduction in permeability upon 
isochoric conditions, characterised by a constant value of e 
and an increase of em according to (10). The dependence of 
the relative permeability and Sr is expressed by a power law, 
where the exponent γ is a model parameter:

(10)em = em0 + �0ew + �1e
2
w
,

(11)Kw = Ck

eN
M

(
1 − eM

)N

3.5 � Material Parameters

The mechanical parameters of BBM (see Table 3) have 
been calibrated on both swelling and consolidation tests 
in isotropic conditions performed by Tang et al. (2008) 
on MX80 bentonite, compacted at ρd = 1.78 Mg/m3 and 
w = 10%. The detailed calibration procedure is reported 
in Gramegna (2021). All the parameters presented in 
Gramegna et al. (2020) are kept also for the simulation 
reported in the present paper, except κ and κs0. In particu-
lar, κ has been recalibrated to obtain better predictions in 
the relevant dry density range, whilst κs0 has been adjusted 
to account for the dry density dependence of the swelling 
strain, which is not covered by Eq. 6. In this way, it is 
possible to focus the attention on comparing the develop-
ment of swelling strain upon hydration in the intermedi-
ate hydration stage, once the final swelling strain is well 
caught. It is worth noting that κs0 is the only parameter 
that is different for the “gap” and the “no gap” model. The 
parameters for Eq. 10 have been taken from Dieudonnè 
et al. (2017), who exploited experimental data presented 
in Delage et al. (2006), Wang (2012) and Seiphoori et al. 
(2014).

The same set of water retention curve parameters are 
used for both the “gap” and the “no-gap” models, due 
to the built-in capability of the Dieudonné et al. (2017) 
model to account for different dry densities, as shown in 
Table 4. The parameters governing the water permeability 
evolution (Table 5) has been calibrated by best fitting the 
evolution of water content during the first inflow stage.

(12)krw = S�
r

Table 3   Parameters and initial values of the internal variable for the BBM model

Symbol Unit Meaning Value

κ [−] Elastic compressibility coefficient for changes in mean net stress 0.03
κs0 [−] Elastic compressibility coefficient for changes in suction No-gap 0.220 Gap 0.250
αp [MPa−1] Parameter controlling the stress dependency of the swelling strain for 

change in suction
3.5 × 10–1

p0* [MPa] Pre-consolidation pressure for saturated state 0.3
pc [MPa] Reference pressure controlling the shape of the LC curve 0.086
λ(0) [–] Slope of the saturated virgin compression line 0.25
r [–] Parameter defining the minimum soil compressibility 0.32
ω [MPa−1] Parameter controlling the soil stiffness 0.51 × 10–1

M [–] Critical state obliquity 20
ν [–] Poisson ratio 0.17
c(0) [MPa] Cohesion in saturated conditions 0.10
k [–] Parameter controlling the increase of cohesion due to suction 0.0046
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3.6 � Interface Model

The initial radial gap is simulated in the “gap” model via 
the hydromechanical zero-thickness element implemented 
in LAGAMINE (see Cerfontaine et al. 2015), by employ-
ing 40 3-noded isoparametric elements (green line Fig. 2). 
Being the cell wall  very rigid, it acts a normal constraint 
for the swelling bentonite block, whilst, in the tangential 
direction, the material is vice versa considered free to slide, 
and thus interface friction and cohesion are neglected. As 
for the hydraulic behaviour of the interface, the experimen-
tal evidence excludes the presence of concentrated water 
flow along the interface, probably due to the swelling of 
the bentonite block upon wetting and the presence of the 
powder. As a consequence, the interface model is set to pre-
vent water flow in the gap, along both the normal and the 
tangential directions. The block–wall interaction is reduced 
to a merely mechanical interaction. The formulation of the 
interface element is summarised in Appendix A. The inter-
face mechanical parameters used in the simulation are given 
in Table 6 (please refer to Appendix A for the description 
of the parameters). The initial gap thickness gN (t = 0) has 
been set equal to 2.1 mm (see also Fig. 1). In particular, the 
choice of the appropriate penalty coefficients KN and KT 
is crucial: in fact, if the penalty coefficients are too small, 
the constraints may not be adequately enforced, leading to 
inaccurate results. Conversely, if the penalty coefficients are 
too large, they can lead to ill-conditioning of the system 
equations and numerical instability (Li and Zhang (2015)). 
Following the approach proposed by Cerfontaine (2014), the 
penalty coefficients were selected as 3 × 109 N/m3.

4 � Numerical Results and Comparison 
with Experimental Data

4.1 � Stress Evolution During Hydration Process

Figure 3 shows a comparison between the experimental 
data and the numerical predictions of the evolution of the 
axial stress over time throughout the whole experimental 
test. According to the experimental data, the two numerical 
simulations evidence three stages, which can be linked to 
the elasto-plastic mechanical behaviour of the swelling soils:

1.	 Initial rapid increase of swelling pressure related to the 
elastic response of the material;

2.	 Slower increase, or even a decrease, of the swelling pres-
sure, once the yield locus is reached;

3.	 A final swelling pressure increase, up to a final station-
ary value.

The initial swelling axial stress development occurs with 
a higher rate in the “no-gap” model compared to the “gap” 
approach. This discrepancy primarily stems from the dif-
ferent radial constraints applied in the two models, which 
influence the effective stress path and thus the intersection 
with the yield surface. The second stage occurs once the 
yield locus is attained: the different material stiffness results 
in a significant change in the swelling pressure evolution. 
Remarkably, both the models are able to reproduce the grad-
ual decrease of the rate of swelling pressure development. 

Table 4   Parameters of water 
retention model

Symbol Unit Meaning Value

em0 [–] Microstructural void ratio for the dry material 0.31
β0 [–] Parameters quantifying the swelling potential of the aggregates 0.1
β1 [–] 0.48
Cads [MPa−1] Parameter associated to the air-entry pressure of micro-voids 0.0075
nads [–] Parameter controlling the WRC curvature in the high suction range 0.2
n [–] Material parameters 3
m [–] 0.45
A [MPa] Parameter controlling the dependence of the air-entry pressure on the 

macrostructural void ratio
0.2

Table 5   Parameters of the permeability model

Symbol Unit Meaning Value

Ck [m2] Reference permeability 1.8 × 10–20

N [–] Model parameters 0.4
γ [–] Parameter controlling the evolu-

tion of relative permeability
2

Table 6   Interface mechanical properties

Symbol Unit Meaning Value

KN [N/m3] Penalty coefficient in the normal direction 3 × 109

KT [N/m3] Penalty coefficient in the longitudinal 
direction

3 × 109

φi [°] Interface friction angle 0
c′i [MPa] Interface cohesion 0
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The third stage is characterised by low suction, high degree 
of saturation and a final swelling pressure increase: again, 
both the models are able to reproduce the experimental data 
satisfactorily. The boundaries of the stages are indicated in 
Figs. 3, 4, 5 and 6 with the symbols:

–	 “1–2”, corresponding to the end of stage 1 and the begin-
ning of stage 2;

–	 “2–3” corresponding to the end of stage 2 and the begin-
ning of stage 3.

Differences between the numerical results of the “gap” 
model and the experimental data are evident especially dur-
ing stage 1, where the rate of axial strain increase predicted 
by the model is lower than the experimental one. Due to 
the calibration procedure, the final swelling axial stress is 
very similar to the experimental one, corresponding approxi-
mately to 4.1 MPa. The time evolution of the radial stress 
shows similar characteristics to the evolution of the axial 
stress, as shown in Figs. 4, 5 and 6, where the radial stress 
is measured at three different heights z from the bottom end 
of the sample, namely 6.6 mm, 23.3 mm and 40 mm. In 
terms of radial swelling stress evolution upon hydration, the 
predictions of the “no-gap” model for the points located at 
a larger distance from the hydration face (z = 23.3 mm and 
40 mm, Figs. 5 and 6) are characterised by a marked peak, 
followed by an abrupt stress decrease. The peak is absent 
in the simulations performed with the “gap” model. After 
20 days, the predicted values by both the models match the 

experimental data in a satisfactory way, both from the quali-
tative and the quantitative point of view, and the final swell-
ing stress is well reproduced.

To have an insight on the numerical predictions of the 
“gap” model, the time evolution of the radial gap thickness 
at various locations is shown in Fig. 7. From the experimen-
tal point of view, the gap is defined as the normal distance 
between the cell wall and the sample. The initial gap thick-
ness is related to the initial geometrical configuration, as the 
difference between the cell radius (28.5 mm) and the sample 
radius (26.4 mm), i.e. 2.1 mm (see Figs. 1 and 2b). This 
value is necessary to initialise the gap function gN (t = 0). 
As long as the simulation proceeds, the current value of the 
radial gap thickness coincides with the current value of gN, 
updated according to Eq. 13. The radial gap thickness evo-
lution, i.e. the distance between the bentonite sample side 
and the cell wall, enables evaluating the ‘time of contact’, 
namely the time corresponding to the closure of the gap, as 
well as the deformation kinetics. At z = 6.6 mm, closure of 
the gap occurs after 3 days since the beginning of the hydra-
tion process, whilst it occurs at day 7 and day 8 at z = 23.3 
mm and z = 40 mm, respectively. Before the time of contact, 
the void ratio evolution in time for the “gap” model exhibits 
an initial increase, corresponding to swelling in the radial 
direction (not reported here for the sake of brevity). It is 
worth noting that the predictions of the “gap” and the “no-
gap” models shown in Figs. 5 and 6 differ significantly for 
time lower than the time of contact (indicated with a blue 
vertical dashed line), i.e. when the deformation responses 
of the specimens are different according to the different 

Fig. 6   Swelling stress in radial direction at z = 40 mm vs. time. Com-
parison between experimental data and model simulations

Fig. 7   Radial gap thickness at several heights z as function of time 
(“gap” model)
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kinematic constraints. Subsequently, when contact between 
the cell wall and the specimen side is completely developed, 
the model predictions of the “no-gap” and the “gap” models 
tend to converge.

4.2 � Stress Paths

To gain a deeper understanding and to clarify the different 
predictions of the two numerical models, the stress paths 
corresponding to a point located at z = 6.6 mm on the sym-
metry axis of the specimen are shown in Fig. 8, in the plane 
(σa–σr) vs. net mean stress pnet (being σa and σr the axial and 
radial stress, respectively), Fig. 9 (suction s vs. mean net 
stress pnet), Fig. 10 (void ratio e vs. suction s) and Fig. 11 
(axial stress vs. radial stress), following the approach pre-
sented in Dieudonné et al. (2023).

4.2.1 � “No‑gap” Model

–	 From A’ to B’: the suction decrease imposed at the bot-
tom face causes a local volume increase, whilst the whole 
sample is characterised by global isochoric conditions. 
As long as hydration takes place from the bottom, suc-
tion decreases, the degree of saturation increases and 
both the axial and the radial swelling stress develop. The 
radial stress evolution rate is larger than the axial one, 
due to the one-dimensional hydration conditions from 
the bottom end: despite isochoric conditions hold glob-
ally, local swelling is allowed in the axial direction, but 

not in the radial one. This causes an almost linear stress 
path in the (σa–σr)− pnet plane, with an inclination −1.31, 
which is slightly smaller than − 1.5 (i.e. the inclination of 
the stress path in oedometer conditions at constant axial 
stress). The material behaviour up to point B’ is elastic.

Fig. 8   Stress path in the 
(
�a − �r

)
−q plane for the point located at 

z = 6.6 mm from the hydration face. Comparison between experimen-
tal data and model simulations

Fig. 9   Stress paths in the pnet−s plane for point located at z = 6.6 mm 
from the hydration face. Comparisons between experimental data and 
model simulations

Fig. 10   Stress paths in the e−s plane for point located at z = 6.6 mm 
from the hydration face. Comparisons between model simulations
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–	 From B’ to C’: in B’, the stress path reaches the yield sur-
face. The elastic swelling upon hydration is still present, 
together with a dilatant plastic strain increment related 
to the current stress obliquity, which is associated with 
material softening. Despite locally the material swells 
as a whole (local void ratio increase), the effect of the 
development of deviatoric plastic strain is a reduction 
of pnet and an increase in (σa–σr). Along the whole B’C’ 
path, the stress state remains on the yield surface, which 
is in turn reducing in size. In point C’, the net mean stress 
reaches a local minimum.

–	 From C’ to D’: again, the hydration mechanism contin-
ues to induce elastic volumetric expansion, but the stress 
obliquity is such that compressive volumetric plastic 
strain also develops. This induces a slight expansion of 
the yield surface, together with an increase in net pres-
sure and again a local void ratio increase. In point D’, 
the difference between the axial and the radial stress is 
almost equal to zero and the stress state almost lies on 
the Loading Collapse curve.

–	 From D’ to E’: compressive volumetric strain upon 
hydration (also known as wetting-induced collapse) 
develops. This contribution starts to be more relevant 
than the elastic swelling due to suction reduction. The 
global effect is a local void ratio reduction, associated 
with a further increase in (σa–σr) and a negligible change 
in pnet, indicating a higher axial swelling stress than the 
radial one. In point E’, the size of the yield surface is 

minimum and the material is still unsaturated (s = 10 
MPa, Sr = 68%).

–	 From E’ to F’: the material point is still subjected to wet-
ting, but the advancement of the hydration front is such 
that the points placed above z = 6.6 mm starts in turn to 
swell. Due to the global isochoric conditions, the effect of 
the swelling of the upper layers is a mean stress increase, 
associated to a local void ratio reduction (compaction) 
in z = 6.6 mm, at almost constant (σa–σr). In point F’, the 
maximum reduction in void ratio is achieved.

–	 From F’ to G’: the further reduction in suction implies 
a slight increase in void ratio, due to the lower tendency 
of the upper layers to swell. As a consequence, (σa–σr) 
starts to decrease again, upon point G’.

–	 From G’ to H’: material hydration continues with rel-
evant development of axial swelling stress, until the sam-
ple reaches full saturation.

4.2.2 � “Gap” Model

–	 From A’’ to B’’: the reduction in suction applied at the 
bottom face induces elastic volumetric expansion. Unlike 
the “no-gap” case, the material can swell locally in both 
the axial and radial directions. As a whole, the bentonite 
block is subjected to a constrain in the development of a 
global axial strain, whilst the global radial strain is pre-
vented just when the contact between the block side and 
the cell wall is completely developed. As a consequence, 
the hydration induces an increase in the axial swelling 
stress, whilst the radial net stress remains null until the 
block is not in contact with the cell wall. The stress path 
in the (σa–σr)− pnet plane exhibits a slope almost equal 
to 3, corresponding to a purely axial compression path. 
At this stage, the increase in axial stress is lower than 
0.25 MPa (see Fig. 3). At B’’, the block comes in con-
tact with the cell wall in the radial direction and the free 
radial swelling condition switches to a local oedometer 
condition. The stress point in B’’ is still inside the yield 
surface.

–	 From B’’ to C’’: during this stage, radial strain in z = 6.6 
m is prevented. As a consequence, radial swelling stress 
starts to develop and (σa–σr) starts to decrease. The incli-
nation of the stress path is − 1.34 in the (σa–σr)− pnet 
plane, which is close to what expected for swelling in 
oedometer conditions. Despite the reduction in suction 
and the purely elastic response (which would induce 
material swelling), the local void ratio decreases, due 
to the effect of the hydration and swelling of the upper 
layers which causes local compression at the considered 
depth, as testified by the increase in pnet. During this 
stage, material behaviour is still elastic. In point C’’, the 
stress path reaches the yield surface.

Fig. 11   Stress paths in the �a − �r plane for point located at z = 6.6 
mm from the hydration face. Comparisons between experimental data 
and model simulations
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–	 From C’’ to D’’: suction decrease promotes elastic swell-
ing volumetric strains (via Eq. 5), whilst the current 
stress state obliquity together with the increase of pnet 
induces compressive volumetric plastic strains, accord-
ing to the flow rule. The plastic volumetric compression 
induces a lower increase of radial stress, and thus to an 
increase of (σa–σr). During this stage, the size of the 
yield surface is increasing. For the sample as a whole, 
see Fig. 3, the local void ratio reduction is, however, hin-
dered by the swelling of the upper layers, which induces 
a continuous increase of the axial swelling stress. In point 
D’’, the local void ratio reaches a minimum.

–	 From D’’E’’: the hydration continues and the deforma-
tion mechanism comes to be again just elastic, with an 
increase in radial stress and a decrease in (σa -σr).

–	 From E’’ to F’’: as the material is hydrated, significant 
volume changes occur locally at various heights of the 
sample. The mean net pressure keeps raising until the 
sample reaches full saturation. Throughout this stage, 
(σa–σr) experiences first a decrease, followed by an 
increase similar to the one of the “no-gap” model.

5 � Discussion

In Sect. 4, the numerical results of two distinct modelling 
strategies, namely the “no gap” and “gap” models, have been 
employed to get an insight into the hydromechanical behav-
iour of compacted bentonite, with a particular focus on the 
role of the presence of technological gaps during intermedi-
ate saturation stages. The two models are calibrated to cor-
rectly reproduce the final axial swelling stress. The “no-gap” 
model is not able to reproduce the whole experimental evi-
dence: despite satisfactory predictions are obtained in terms 
of axial stress and in terms of radial stress evolution near 
the hydration boundary, the radial stress time evolution at 
higher locations—differently from the experimental data—is 
characterised by a sudden increase, followed by a decrease 
and a final increase up to stabilisation. Since the numerical 
approach of the “no gap” model considers isochoric condi-
tions since the beginning of the simulation (i.e. the radial 
gap between the block and the cell wall is disregarded), it 
fails to capture all the aspects related to the initial possibility 
of the specimen to develop radial strains, largely overesti-
mating the rate of radial stress increase in some locations. 
The very high initial radial pressure peak predicted by the 
“no gap” model can be, thus, related to the different stress 
path followed, which in turn impacts on the subsequent plas-
tic response. As for the “gap” model, both axial and radial 
swelling stress evolve with time in a non-linear monotonic 
way upon hydration. Despite the prediction near the hydra-
tion boundary in terms of radial stress is comparable, if not 
slightly worse, to the “no gap” model, radial swelling stress 

predictions do not show any peak during the early hydration 
stage (e.g. day ~ 4, see Figs. 5 and 6). Moreover, at day 4, 
radial swelling stress is still zero at z = 23 mm and z = 40 
mm, because the contact between the bentonite block and 
the cell wall has not been established yet. Also in the follow-
ing stages, the “gap” model reproduces well the experimen-
tal results, both in terms of final swelling stress magnitude 
and kinetics. This aspect is particularly relevant, because the 
information about stress development in engineered barriers 
during the whole hydration process is a fundamental input 
for good design practises of in situ facilities. Stress devel-
opment is in fact related not only to the creation of good 
sealing and to fracture closure, but also to the possibility of 
further damaging of the host-rock’s EDZ or of the contain-
ing concrete liners, and thus to the creation of preferential 
pathways for radionuclides.

The comparison between the stress paths in the pnet−s 
plane at z = 6.6 mm (Figs. 8 and 9) is also insightful. The 
experimental results appear consistent with a constant vol-
ume hydration, probably due to an already developed con-
tact between the cell wall and the bentonite block related to 
the specimen preparation procedure (i.e. implying that the 
contact with the cell wall and the block has already taken 
place, possibly due to the accumulation of bentonite powder 
at the bottom of the gap). Consistently, the “no-gap” model 
seems to better reproduce the experimental results. Con-
versely, for z = 40 mm (Figs. 12 and 13), the experimental 
stress path appears consistent with the presence of the gap, 
mostly similar to one of the swelling at constant stress, as 
correctly reproduced by just the “gap” model, whilst the “no 
gap” one seems neither to get, from a qualitative point of 
view, the physical process.

As a further comparison between the modelling 
approaches, Fig. 14 shows the spatial evolution of radial 
stress for the same hydration time, compared with the exper-
imental data. The evolution with sample height observed in 
the experimental results during the early stages of hydration 
(t < 7 days) is well reproduced by “gap” model. According 
to Fig. 14, at day 4.7, since the beginning of the test, a radial 
stress of 2.7 MPa was measured at z = 6.6 mm, whilst the 
sensor placed at z = 40 mm did not measure any change. 
Though both “gap” and “no-gap” model underestimate the 
experimental radial swelling stress value at z = 6.6 mm, the 
“gap” model is capable of predicting the negligible radial 
swelling stress for at z > 23 mm, which is largely overesti-
mated by the “no gap” model. At day 7, despite the “no-gap” 
model has already passed the predicted peak in radial stress 
(see Figs. 4, 5, 6) and it is on the descending branch for 
every height, it still overestimates the experimental radial 
swelling stress. Again, the prediction of the “gap” model is 
better from the qualitative point of view. As the hydration 
time progresses, the radial stress distributions of the two 
models tend to coincide (see day 105 in Fig. 14), as long as 



Bentonite Swelling into Voids: Different Modelling Approaches for Hydration with Technological…

the radial stress develops in both models with the advance-
ment of the hydration.

6 � Conclusion

This work focuses on the investigation of the role of techno-
logical gaps upon bentonite hydration, which holds utmost 
significance in the realm of successful engineered barrier 
design and performance assessment for nuclear waste dis-
posal. The presence of these gaps can indeed exert sub-
stantial influence on the hydromechanical behaviour of 
bentonite-based materials, not only in terms of preferential 
pathways for the migration of water, gas and radionuclides, 
but also in terms of stress development upon hydration. In 
this study, an experimental test consisting in the hydration 
of a compacted bentonite sample in oedometer condition 
is reproduced by two different numerical modelling strate-
gies, named “no-gap” and “gap” models. The test is charac-
terised by the presence of a technological gap between the 
compacted sample and the cell wall and by the application 
of a constraint in terms of vertical displacements. The “no-
gap” model is essentially a simplified representation of an 
equivalent uniform medium (where the localised gap is not 
modelled, but an average density is considered) subjected 
to isochoric hydration conditions: the absence of an explicit 
model for the gap implies a full contact between the com-
pacted bentonite and the cell wall since the beginning of the 

hydration. The “gap” model vice versa explicitly considers 
the presence of the gap and the real geometry of the ben-
tonite block, reproducing the interface with ad-hoc finite 
elements.

The outcomes of the two proposed modelling strategies 
were thoroughly examined and compared with experimental 
data not only in terms of time evolution of swelling pres-
sure—as in most of the technical papers on the subject—but 
also in terms of mean net stress vs. suction, void ratio vs. 
suction, and remarkably in terms of stress paths at different 
heights. All that information provides an enhanced under-
standing on the phenomena taking place during bentonite 
isochoric hydration with both “no-gap” and “gap” models. In 
particular, this work highlights the relevance of the complex 
effects of the radial gap on the mechanical response upon 
hydration, especially with respect to the initial and interme-
diate hydration phases. The analyses performed highlight the 
fact that the existence of a localised void space influences 
the development of swelling stress at the beginning of the 
hydration stage, with relevant effects on the stress path direc-
tion and consequently the intersection with the yield surface. 
The “gap” numerical model provides remarkable good pre-
dictions of the experimental results during the whole test 
development. On the other hand, the disregard of the existing 
gap (“no gap” model) leads to strong overestimation of the 
radial swelling stresses in some locations during the early 
hydration phase, which makes their use less reliable for 
nuclear waste disposal facilities, especially at the beginning 
of the repository’s life. In fact, when the nuclear waste is at 

Fig. 12   Stress path in the 
(
�a − �r

)
− pnet plane for point located at 

z = 40 mm from the hydration face. Comparison between experimen-
tal data and model simulations

Fig. 13   Stress paths in the pnet−s plane for point located at z = 40 mm 
from the hydration face. Comparisons between experimental data and 
model simulations
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the maximum of its radioactivity, the bentonite structure is 
expected to effectively seal and close the fractures within the 
excavation damaged zone, which may serve as preferential 
pathways for radionuclides, ensuring at the same time that its 
swelling stress does not overcome the natural stress levels of 
the geological formation. Thus, swelling stress-reliable pre-
diction during every phase of disposals use, which spans for 
tens of centuries, is of paramount importance for its short-
term and long-term stability assessment.

A conscious employment of numerical models for ben-
tonite materials in underground facilities is also fundamen-
tal for the design of the layouts of blocks: it has been in 
fact proved that, if the full contact is established since the 
very beginning of the hydration to limit preferential path-
ways for radionuclides migration, large stress peaks may be 
achieved, potentially exceeding the natural stress level of 
the geological formation, causing extreme damage. On the 
other hand, configurations in which technological gaps exist 
at the beginning of the nuclear waste emplacement may be 
dangerous with respect to the risk of radioactive substances 
leakage, but inducing lower stress values and reducing the 
risk related to the interaction with the geological host rocks 
and gallery liners.

Appendix A

Interface Element

See (Eqs. 13–19) here.
The hydromechanical zero-thickness element imple-

mented in LAGAMINE (Cerfontaine et al. 2015) is here 
briefly described with regard to its application in this study. 
The element classification is limited to two-dimensional 
analysis under isothermal conditions, as well as, in its 

mechanical characteristics. Two deformable porous bodies 
denoted B1 and B2, in their current configuration at time t, 
are considered in the description of a general mechanical 
problem. Between B1 and B2, a gap function can be defined, 
denoted gN:

where x1 represents the projection of the point x2 belonging 
to the boundary of B2 on the closest point on the bound-
ary of B1. e1 is a unit normal vector at point x1 . If there is 
no contact, gN is positive; for gN equal to zero, the contact 
is termed ideal (i.e. contact without interpenetration of the 
solid bodies); for negative gN , an interpenetration distance 
can be defined. Interpenetration is necessary to produce 
contact pressure when the penalty method is used. Contact 
between two solids induces non-zero stress vectors �c along 
their common boundary. The vector �c is described in the 
corresponding local system of coordinates at each contacting 
point such that:

where pN is the normal pressure and τ is the shear stress in 
the plane of the interface and e2 is the unit tangential vec-
tor at point x1 . According to the penalty method, in case 
of contact, the relation between the pressure and the gap 
function reads:

where the minus sign ensures a positive increment of contact 
pressure when interpenetration occurs, i.e. gN < 0 and ġN 
< 0. If the penalty method is employed, interpenetration is 
necessary to generate contact pressure and the gap function 
becomes negative. When the solids are in contact, the ideal 
tangential behaviour of the interface distinguishes between 

(13)gN =
(
x2 − x1

)
⋅ e1,

(14)�
c
= −pNe1 + �e2 =

[
−pN �

]T
,

(15)ṗN = −KNġN ,

Fig. 14   Radial swelling pressure profiles at several times (from left to right days: 4.7, 7 and 105): comparison between experimental data and 
model simulations
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the stick and slip states. In the stick state, two points in con-
tact are not allowed to move in the tangential direction, so 
that the increment in the tangential relative displacement is 
null, i.e. ġT = 0 , and they keep stuck together. On the other 
hand, in the slip state, a relative tangential displacement gT 
exists between both sides of the interface. From a compu-
tational point of view, once a plasticity criterion fc

(
�c
)
 is 

defined (identifying a threshold of admissible shear stress):

where ġsl
T
 is the variation of the non-recoverable displace-

ment in the tangential direction, which is related to the vari-
ation of tangential displacement by:

with sign(τ̇) the sign function of τ̇ . In this work, the Cou-
lomb frictional criterion is adopted as plasticity criterion:

where |τ| is the norm of the shear stress τ , and c′i and �i 
are the interface cohesion and friction angle, respectively. 
Furthermore, perfect plasticity is considered at the interface: 
once that the Coulomb criterion is reached, relative displace-
ment of the interfaces continues without any further increase 
of the shear stress, unless the normal stress is increased. The 
penalty method allows also relative elastic displacement for 
the stick state. Shear stress and tangential variation of dis-
placement are linked linearly by the penalty coefficient KT ∶
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