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b Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT), Avd. Complutense 40, 28040 Madrid, Spain 
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A B S T R A C T   

Bentonite-based materials are employed in some nuclear waste disposal concept designs to seal underground 
tunnels and shafts. In some cases, these barriers consist of two parts: highly compacted blocks and granular buffer 
material consisting of pellets. These two components have highly distinct initial properties in terms of dry 
density, water content, and microstructure, but, at full water saturation, those tend to homogenise. However, the 
simultaneous application of pellets and blocks in the same barrier section creates challenges for understanding 
and modelling system performance that must be tackled. Therefore, this work merges experimental and 
computational approaches to better understand the hydro-mechanical processes that take place throughout the 
interaction of the various assemblies with one another and with the environment during hydration. 

Hence, the role of a variety of material configurations, considering simultaneously compacted blocks and 
pellets, and hydration boundary conditions is analysed giving great insight about intermediate saturation states. 
Discrepancies between experimental measurements and model results were explained by the effect of friction 
after a sensitivity analysis performed with the finite element code LAGAMINE. Results from experiments and 
calculations were in good agreement and offer supplementary knowledge about a relevant amount of the 
numerous phenomena (for instance related to dry density evolution and water distribution inside the sample) 
taking place during initial heterogeneous bentonite samples resaturation in isochoric conditions.   

1. Introduction 

Bentonite-based materials are chosen as the main component of 
engineered barriers in the context of nuclear waste geological disposal 
due to their large swelling capacity upon hydration, very low perme-
ability in saturated conditions, and radionuclide retention capacities 
(Cui, 2017; Pusch, 1979; Sellin and Leupin, 2014). Bentonite-based 
materials are considered to seal underground galleries and shafts, as 
in the French CIGEO concept (Labalette et al., 2009), yet, as employed in 
the EB experiment, those may also be placed in direct contact with 
canisters containing nuclear waste (Alonso et al., 2010). The latter one, 
in particular, is a good example of how compacted bentonite blocks and 
bentonite granular material can be used together. Although, most 
experimental research and constitutive models in the past have mostly 
focused on bentonite compacted blocks (in the following denoted CB) 
(Wang et al., 2013, Dixon et al. 2002, Mayor et al. 2005 among many), 

investigations on high density bentonite pellets combined with 
powdered bentonite are gaining increasing interest (Molinero et al., 
2017; Dardé et al., 2018; Liu et al., 2019; Liu et al., 2020a,b; Zhang et al., 
2020 Bernachy-Barbe et al., 2020), even though they were already 
proposed decades ago (Van Geet et al., 2005; Salo and Kukkola, 1989). 
Pellets combinations provide obvious benefits in terms of high-volume 
emplacements and the minimization of technological gaps in under-
ground shafts. This is due to the adoption of pneumatic stowing tech-
niques, which enable backfilling with a simpler and potentially 
robotized procedure, which is particularly relevant in the case of high- 
level radioactive waste (Alonso et al., 2010). The pore structure distri-
bution of such pellet combinations (due to the inherent nature of the 
assembly and this emplacement approach) can have an impact on the 
mechanical and hydraulic properties (Navarro et al., 2020). This pore 
structure distribution is made up of micro-pores (i.e. from high dry 
density pellets) and macro-pores (i.e. from the low dry density crushed 
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pellets component). 
The hydro-mechanical investigation of bentonite multi-structure 

assemblies during hydration is a difficult task. The goal of this article 
was to integrate experimental and numerical procedures in order to 
better understand the hydro-mechanical phenomena that occur during 
the interaction of the various assemblies between each other and with 
the experimental equipment when they are hydrated. Most of these in-
teractions have an impact on the formation and evolution of experi-
mental and numerical observations, but they have never been 
thoroughly studied. 

CIEMAT’s large-scale oedometer tests (MGR) were analysed for this 
purpose. This experimental study, reported in Villar et al. (2021) 
considered a variety of material configurations and hydration boundary 
conditions, and provided great insight about intermediate saturation 
states. 

In this paper, the MGR experimental tests are briefly explained and 
then numerically modelled. From both a hydraulic and a mechanical 
perspective, correlations between experimental and numerical results 
focused on intermediate saturation phases of the bentonite-based 
materials. 

Even though the analysed materials’ heterogeneous initial pore 
structure distributions are well-known, the numerical technique repre-
sented the layers in the framework of continuum mechanics. The Bar-
celona Basic Model (Alonso et al., 1990) for bentonite mechanical 
behaviour was preferred over other more advanced but complex avail-
able models owing to its great simplicity, robustness and efficiency. On 
the other hand, micro and macro pores features and influence is 
modelled in with a double porosity model for the water retention 
behaviour and water permeability evolution (Dieudonné et al., 2017). 

By integrating results of experimental data at dismantling and nu-
merical simulations, this work allowed assessing the validity of the 
proposed numerical model predictions. 

In addition, the development of friction between the material sam-
ples and the cell wall was identified as major responsible for unex-
pectedly lower pressure measurements by numerous authors (Molinero 
et al. (2018), Talandier (2018), Baryla et al. (2018)), it was evaluated in 
this work. Indeed, it was investigated thanks to the introduction of an 
interface element (similarly to Abed and Solowski, 2019 and Talandier, 
2018). 

2. Materials and experimental method 

The goal of this set of tests was to examine the saturation in isochoric 
conditions of a selection of FEBEX bentonite samples made up of one 
layer of pellets and one layer of compacted material with different initial 
dry densities and pore-structure distributions (Villar et al., 2021). 

The FEBEX bentonite was extracted from the Cortijo de Archidona 
quarry (Almería, Spain) and is composed in ~90% of a montmorillonite- 
illite mixed layer, with also variable quantities of quartz, plagioclase, K- 
felspar, calcite, and cristobalite-trydimite. The main exchangeable cat-
ions are calcium, magnesium and sodium (ENRESA, 2006; Villar, 2017). 
A detailed hydro-mechanical characterisation of the pellets mixture was 
performed by Hoffmann (2005). 

The experimental device consisted of a large-scale stainless steel 
oedometer cell with interior diameter of 100 mm and a sample length of 
100 mm. It is discussed in more detail in Villar et al. (2021). Deionized 
water was injected through the bottom surface with a very small hy-
draulic head of about 140 cm, while water intake was recorded 
continuously. The top side of the sample was open to laboratory con-
ditions to guarantee trapped air evacuation. The pellet layer (PL in the 
following) made up the bottom part of the samples in direct contact with 
the water source (tests MGR21, 23, 24, and 25), whereas test MGR27 
had an inverted configuration (i.e. bottom layer composed of compacted 
bentonite block). So, hydration proceeded through CB or through 
pellets. 

Five different tests were considered in this paper: tests MGR23 and 

MGR 27 stopped after more or less full saturation; tests MGR21, 23, 24, 
and 25 at the 34th, 210th, 14th, and 76th day after the beginning of 
hydration. Upon dismantling the dry density and water content of the 
bentonite, as well as the pore size distribution by mercury intrusion 
porosimetry, were determined at different positions along the length of 
the sample (Villar et al., 2021). This provided additional information 
about the evolution of dry density and water content during hydration. 
Further experimental samples specifications can be found in Fig. 1 and 
Table 1. 

Given similar initial states and hydration boundary conditions, the 
final states of tests MGR21, 24 and 25 were assumed to be intermediate 
states of test MGR23. 

3. Geometric configuration, constitutive modelling and material 
parameters 

The numerical simulations were done with the finite element code 
Lagamine (Collin et al., 2002) with the hydro-mechanical constitutive 
models employed in Gramegna (2020, 2022). 

The numerical bentonite samples consisted of 800 eight-noded iso-
parametric elements representing the bentonite materials (400 for the 
pellets and 400 for the CB). The problem was assumed to be axisym-
metric and subjected to oedometer conditions (Fig. 1). 

The pellet and CB-layers materials presented the same dry density in 
all the numerical simulations, but the water content of the PL fluctuated 
between the experimental tests, and was the same for the block com-
ponents in all the cases (Table 1). The pellets-mixture significant het-
erogeneity was well-known, but in the current modelling approach, the 
PL, as well as the CB-layer, was considered homogeneous, with the same 
hydro-mechanical characteristics and state throughout the domain. 
Same hydro-mechanical properties and hydro-mechanical state were set 
with initial uniform suction s related to the degree of saturation Sr, 
(obtained thanks to the corresponding water content w and dry density 
ρd) via the adopted dry density dependent water retention model. The 
numerical model’s initial water contents w were comparable to those 
found empirically at the initial condition. 

The samples were hydrated from the bottom face (red line, Fig. 1) 
assuming a 1000-s interval for the suction decrease from the initial value 
to the experimental boundary conditions. 

3.1. Mechanical behaviour 

The interrelated and simultaneous multi-physical and multi-scale 
phenomena that occur during bentonite hydration are characterised 
for their complexity and were reproduced via the Barcelona Basic Model 
(BBM) (Alonso et al., 1990). 

The model was formulated adopting as stress variables net stress σ 
and suction s: 

σ = σT − uaI (1) 

With σT the total stress tensor, ua the air pressure for s > 0 and I the 
identity tensor. 

With respect to isotropic stress conditions, the elastic strain evolu-
tion was associated to mean net stress p and suction s (Eq. (2)) via elastic 
compressibility coefficients for change in stress (κ) and in suction (κs): 

dεe
v =

κ
1 + e

dp
p
+

κs

1 + e
ds

s + uatm
(2) 

Stress dependence of the swelling strain for change in suction was 
also considered (Eq. (3)): 

κs(p) = κs0*exp
(
− αp*p

)
(3) 

The evolution of the preconsolidation pressure p0(s) was described 
according to the concept of increasing the elastic domain with 
increasing suction (Eq. (4)) as well as the rate of increase of the plastic 
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compressibility coefficient λ(s) with suction (Eq. (5)). 

p0(s) = pc

(
p*

0

pc

)
λ(0)− κ
λ(s)− κ (4)  

λ(s) = λ(0)[(1 − r)exp( − ωs)+ r ] (5) 

The parameters for the model were derived from swelling consoli-
dation oedometer tests performed by Lloret et al. (2003) on a similar dry 
density compacted FEBEX bentonite, whereas data from Hoffmann et al. 
(2007) were adopted for the PL (Table 2). 

3.2. Water retention behaviour 

The selected water retention model (Dieudonné et al., 2017) was 
expressed in terms of water ratio ew, defined as the product of void ratio 
e and degree of saturation Sr. It was then assumed that the total water 
content can be decomposed as the sum of two contributions, coming 
from the water adsorbed in micropores ewm and water stored in mac-
ropores ewM. Moreover, the model also accounted for the variation of 
micro-pores upon saturation via: 

em = em0 + β0ew + β1e2
w (6) 

The distinction between micro- and macro-pores relied on experi-
mental observations and theoretical interpretations provided in Romero 
et al. (2011) and Della Vecchia et al., (2015). The selected double 
porosity dry density dependent water retention model did not 

Fig. 1. Characteristics of the considered samples and boundary conditions of the model.  

Table 1 
Initial state and characteristics of the experimental samples and numerical simulations.  

Tests MGR21 MGR23 MGR24 MGR25 MGR27  

Exp Num Exp Num Exp Num Exp Num Exp Num 

Position of the PL Bottom Bottom Bottom Bottom Top 
Pellet height [mm] 49.7 49.6 50.0 49.6 50.2 49.6 49.9 49.6 50.0 50.4 
Pellet dry density [Mg/m3] 1.26 1.28 1.30 1.28 1.28 1.28 1.30 1.28 1.30 1.28 
Pellet water content [%] 9.50 9.80 3.5 4.90 5.7 4.90 3.17 4.90 3.5 4.90 
Position of the CB-layer Top Top Top Top Bottom 
Block height [mm] 50.1 50.4 49.8 50.4 49.7 50.4 50 50.4 49.8 49.6 
Block dry density [Mg/m3] 1.60 1.60 1.60 1.60 1.62 1.60 1.59 1.60 1.60 1.60 
Block water content [%] 13.3 13.6 14.2 13.6 13.7 13.6 14.10 13.6 14.2 13.6 
Diameter [mm] 100 100 100 100 100 100 100 100 100 100 
Total height [mm] 99.8 100 99.8 100 99.9 100 99.9 100 99.8 100 
Total dry density [Mg/m3] 1.43 1.44 1.45 1.44 1.45 1.44 1.44 1.44 1.45 1.44 
Total water content [%] 11.6 11.9 9.4 9.76 10.1 9.76 9.18 9.76 9.4 9.76 
Test duration [days] 34 34 210 210 14 14 76 76 278 278  

Table 2 
Parameters of the mechanical model.  

Symbol Unit Description CB Pellets 
mixture 

ρd 
[Mg/ 
m3] Dry density 1.60 1.28 

κ [− ] 
Elastic compressibility coefficient 
for changes in mean net stress 0.012 0.074 

κs [− ] Elastic compressibility coefficient 
for changes in suction 

0.12 0.075 

αp [− ] 
Parameter controlling the stress 
dependency of the swelling strain for 
change in suction 

4.4 ×
10− 8 3 × 10− 6 

p0* [MPa] 
Pre-consolidation pressure for 
saturated state 1.6 0.65 

pc [MPa] Reference pressure controlling the 
shape of the LC curve 

0.395 0.325 

λ(0) [− ] Slope of the saturated virgin 
consolidation line 

0.12 0.20 

r [− ] 
Parameter defining the minimum 
soil compressibility 0.55 0.70 

ω [Pa] 
Parameter controlling the soil 
stiffness 0.25 0.008 

φ [◦] Friction angle 20 26 
ν [− ] Poisson ratio 0.25 0.35 
c(0) [MPa] Cohesion in saturated conditions 0 0 

k [− ] 
Parameter controlling the increase 
of cohesion of increase of suction 0.0046 0.0046  
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distinguish the initial pore structure distributions of the considered as-
semblies, thus a unique set of parameters corresponding to the calibra-
tion proposed by Dieudonné et al. (2017) for Febex bentonite was 
selected (Table 3). 

3.3. Flow properties 

The permeability evolution was calculated using an extended 
Kozeny-Carman model to account for the double structure nature of 
compacted bentonite-based materials. According to Romero (2013), the 
macro-void ratio eM (given here as eM = e − em) should replace the total 
porosity used in the original model. According to Eq. (6), upon water 
saturation in isochoric conditions, macro porosity decreased, resulting 
in permeability decrease. 

The parameters for the water permeability evolution (Table 4) were 
calibrated by best fitting the responses of the water intake time evolu-
tion of test MGR23. Consequentially, the model was validated by 
comparing its prediction on the swelling pressure kinetics and final dry 
density and water content distributions with the experimental results. 

3.4. Interface properties 

Mechanical displacements, water pressure, and gas pressure can vary 
on either side of a discontinuity. However, since each side of the inter-
face communicates with each other, their mechanical and hydraulic 
evolution cannot be treated separately. Indeed, in this work, friction was 
considered between the material sample and the cell wall (i.e. a purely 
mechanical interaction), which was simulated via the hydro-mechanical 
zero-thickness element implemented in LAGAMINE (Cerfontaine et al. 
2015). 

Forty 3-noded isoparametric interface elements were used to repro-
duce the interaction between the bentonite materials and the cell wall 
(green line Fig. 1). 

The interface mechanical parameters are presented in Table 5. The 
choice of the friction angle is discussed further in this work. 

4. Results 

4.1. Hydration process 

The experimental and numerical evolution through time of water 
intake and top axial pressure for the considered tests is provided in Fig. 2 
and Fig. 3. 

Water income to reach full saturation was slightly dissimilar during 
experimental tests (250 ± 12 g), due to small unavoidable differences in 
initial dry density and water content, which were intrinsic to the 

materials nature and to samples preparation (Table 1). On the other 
hand, numerical simulations allowed setting identical features in the 
layers for all the tests avoiding reality’s inevitable dispersion. Tests 
MGR21, 23, 24 and 25 experimental outcomes were very difficult to 
distinguish in the first phase of hydration and the water injection curves 
nearly overlapped and totally coincided in the numerical case. Water 
intake evolution over time Fig. 2 appeared evidently different between 
the case of hydration provided from the PL (tests MRG21, 23, 24 and 25) 
and the one taking place through the CB part (tests MGR27), both from 
experimental and numerical points of view. In the tests in which hy-
dration was provided from the PL, water intake was quicker with respect 
to the case in which saturation took place from the CB part. This 
occurrence was certainly related to the different permeability between 
the initial low-density PL and the initial high-density CB-layer. 

Swelling pressures were measured axially on the top end of the 
samples. Experimental and numerical results showed similar charac-
teristics. Top axial swelling pressure experimental results of the first four 
tests Fig. 3 showed similar pressure evolutions with time, both experi-
mentally and numerically. An initial quick swelling pressure increase 
characterised all the tests, particularly evident in tests MGR21, 23, 24 
and 25 due to the larger top axial pressure magnitude. Indeed, these first 
pressure peaks were reached after 30–40 days for test MGR23 and 25. A 
second phase, which consisted in an intermediate phase of a small 
pressure decrease, was observed only in tests MGR23 and 25, since tests 
MGR21 and MGR24 were stopped far earlier. The last phenomenon, 
occurring for high level of saturation (Sr > 95%), eventually included a 
new increase of the swelling pressure until a final stabilisation. The 
experimental top final axial swelling pressure value for test MGR23 was 
equal to 3 MPa. On the other hand, for test MGR27, the recorded 
behaviour appeared quite different. The first pressure increase reached a 
lower pressure value equal to 1 MPa and it was not followed by the 
above-mentioned pressure decrease. The recorded top axial swelling 
pressure was almost constant, very slowly increasing until the 200th day 
of the test time. It finally presented an almost imperceptible last increase 
of swelling pressure (much later with respect to MGR23) and a pressure 
stabilisation at 1.5 MPa (half of the final values of test MGR23). 

Numerical simulations compared quite well with the experimental 
results with respect to top axial pressure. As an example, the compari-
sons between experimental results and numerical simulations with 
respect to top axial swelling pressure over time for tests MGR23 and 
MGR27 are showed Fig. 4. The numerical results concerning swelling 
pressure time evolution at the bottom face of the samples and radial at 
the cell wall at z = 25 mm and z = 75 mm from the wetting surface are 
additionally reported in Fig. 4. Those were not measured during the 

Table 3 
Parameters of the water retention curve model.  

Symbol Unit Description CB Pellets 
mixtures 

ρd 
[Mg/ 
m3] 

Dry density 1.60 1.28 

em0 [− ] Microstructural void ratio for the dry 
material 

0.35 

β0 [− ] Parameters quantifying the swelling 
potential of the aggregates 

0.15 
β1 [− ] 0.35 

Cads [MPa− 1] 
Parameter associated to the 
desaturation rate of the soil 0.0028 

nads [− ] Parameter controlling the WRC 
curvature in the high suction range 

0.78 

n [− ] Material parameters for macro-pore 
retention capacity 

3 

m [− ]  0.15 

A [MPa] 
Parameter controlling the 
dependence of the air-entry pressure 
on the macro-structural void ratio 

0.24  

Table 4 
Parameters of the permeability evolution model.  

Symbol Unit Description CB Pellets 
mixtures 

Ck [m2] Reference permeability 2.8 
×10− 20 2.8 ×10− 20 

expm [− ] 
Model parameters 

1.2 0.9 
expn [− ] 0.1 0.1 

γ [− ] 
Parameter controlling the 
evolution of relative permeability 

3.4 3  

Table 5 
Interface mechanical properties.  

Symbol Unit Description  

Kt [N/m3] Penalty coefficient in the normal direction 1011 

Kl [N/m3] Penalty coefficient in the longitudinal direction 1011 

φ [◦] Friction angle 7 
μ [− ] Friction coefficient 0.125 
c’ [MPa] Cohesion 0  
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experimental campaign. The trend of the transient phase was well 
reproduced as well as the stabilisation time. The top axial swelling 
pressure of the numerical simulations for tests MGR23 and 27 compared 
impressively fine with the experimental results since the very beginning 
of hydration until the final stabilised value. The numerical top axial and 
bottom swelling pressures of all the tests reasonably differed due to the 
friction phenomena modelled at the contact with the cell wall. Friction 
developed since the very beginning of the hydration phase. The differ-
ence between the top and bottom pressure measurements increased up 
to a maximum value of approximately ~1 MPa. Subsequently it 
remained constant. At this moment, the resistance to the sliding exerted 
on the cell wall could not increase any further. Thus, the axial pressure 
disparity remained constant for all the tests and the sliding of the ma-
terial sample with respect to the cell wall occurred. 

The axial and radial numerical swelling pressure measurements close 
to the CB-layers did not differ significantly between numerical simula-
tions of tests MGR23 and MGR27, as well as the ones in the PLs. Namely, 
the numerical axial swelling pressure measured iclose to the CB-layers 
was typically much higher with respect to the one in the pellets mate-
rial for the same saturation level. The comparison between the experi-
mental top axial swelling pressure measurement of test MGR23 and the 

numerical bottom one of test MGR27, both corresponding to CB, 
appeared of particular interest. The two values did not differ sensitively 
neither did the experimental top axial swelling pressure measurement of 
test MGR27 and the numerical bottom one of test MGR23, both corre-
sponding to PL. 

4.2. Final physical state 

Dry density and water content at different locations from the hy-
dration surface were determined in the laboratory thanks to post- 
mortem analyses by cutting the overall assemblies in subsamples (Vil-
lar et al., 2021). These values, which are inversely related, were 
compared to the numerical results Fig. 5. 

For instance, in test MGR24 the material pellets portion closest to the 
wetting surface experienced volume increase starting from an initial dry 
density equal to ρd = 1.30 Mg/m3 up to ρd = 1.20 Mg/m3, whereas the 
upper part of the pellet layer was subjected to compaction exerted by the 
swelling of the bottom part of the pellet layer and the one of the upper 
CB. Thus, starting from ρd = 1.30 Mg/m3, it reached ρd = 1.35 Mg/m3. 
The upper CB showed very low volume increase with a minimum dry 
density value equal to ρd = 1.55 Mg/m3 in the vicinity to the PL. 

Fig. 2. Water intake evolution over time: experimental and numerical results.  

Fig. 3. Top axial pressure evolution over time: experimental and numerical results.  
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Post-mortem analyses of test MGR23 represented the final state of 
the hydration process corresponding to the full saturation of the sample. 
The PL revealed a general volume reduction with dry density spanning 
between ρd = 1.38 Mg/m3 in the lowest part and ρd = 1.42 Mg/m3 at the 
boundary with the top CB-layer. Accordingly, the upper CB part indi-
cated a general and uniform volume increase corresponding to a final 
dry density equal to ρd = 1.45 Mg/m3. 

Dry density at dismantling of test MGR27 differed noticeably from 
the other experimental results, with the most homogeneous final water 
content. The lowest dry density was found on the top and bottom parts of 
the sample regardless the initial dry density of the corresponding ma-
terial. The densest part was detected approximately at the central part of 
the sample. In general, the bottom part of the CB underwent swelling, 
whereas the top PL experienced compaction. The most compacted part 
of the sample corresponded indeed to the pellets portion in direct con-
tact with the CB, similarly with the other cases, as well as the most 
swollen part of the CB, which was the one in direct contact with the 
hydration front (namely the lower one). 

5. Discussion 

5.1. General overview on the hydration process and physical state 
evolution 

Experimental and numerical tests MGR23 (21, 24, 25) and MGR27 
differed only for the configurations of the two layers, since the hydration 
boundary conditions and materials initial states were exactly the same. 
Namely, for test MGR23 the PL was placed on the bottom part of the 
sample in direct contact with the saturating surface, whereas for test 
MGR27 the bottom layer in direct contact with the water source was 
composed of the compacted bentonite block material. In this case, the 
saturation process slowed down according to the lower permeability of 
the bentonite CB compared to the one of the PL, related to the much 
higher dry density and to the intrinsic pores structure nature, tackled by 
the hydraulic constitutive models. Hence, the MGR27 experimental re-
sults and numerical simulation showed that the water intake process was 
initially slower than the one experimentally and numerically recorded 
for test MGR23. Afterwards, the injection rates decreased but less than in 
the MGR23 case. With respect to these experimental conditions, it 

Fig. 4. Total pressure evolution for tests MGR23 (hydration at constant water pressure through PL) and test MGR27 (hydration at constant water pressure through 
CB-layer). Comparison between experimental results on the top axial measurement of the sample and numerical simulations at the axial top and bottom face of the 
sample and radial at the cell wall at z = 25 mm and z = 75 mm from the wetting surface. 

Fig. 5. Final dry density and water content along the samples of tests MGR24, MGR23, and MGR27. Comparison between experimental results and numeri-
cal simulation. 
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appeared that the configuration with the denser material in contact with 
the water source causes a larger full saturation time, which can be 
particularly relevant in the case of real scale structure. The water inflow 
numerical results of test MGR27 did not correspond precisely to the 
experimental outcomes in terms of kinetics, but those were able to 
reproduce the above-mentioned trends. 

Tests MGR21, MGR23, MGR24 and MGR25 presented significant top 
axial swelling pressure development only for average saturations higher 
than Sr = 60%. Concerning test MGR23, a swelling pressure increase was 
observed at average saturation level equal to Sr = 70%. This pressure 
increase took place between the 10th and the 28th days of the experi-
mental test time, when 150 cm3 of water had been injected. The top axial 
swelling pressure for test MGR27 increased up to 1 MPa for an average 
saturation level of Sr = 60%. Then it remained almost constant until Sr =

80% and it increased again until 1.5 MPa when full saturation occurred. 
Emphasis should be given to the comparison between tests MGR23 

and MGR27. The top axial swelling pressure peak approximately equal 
to 2.3 MPa for MGR23, which delimitated the elastic domain in the 
framework of elasto-plasticity (Lloret et al., 2003), was observed for 
average saturation of Sr = 76%. This average saturation corresponded to 
water intake quantities equal to ~150 g. The boundary of the elastic 
domain was very difficult to determine for test MGR27, but a change of 
slope was observed after 1 MPa of top axial swelling pressure. 

Test MGR27 presented a very distinct behaviour with respect to tests 
MGR21, 23, 24 and 25 despite the same water injection pressure. Top 
axial pressure developed slightly before and when the degree of satu-
ration was lower than in the other tests (30%). This was related to the 
fact that the block denser bentonite part, main responsible for the 
swelling pressure development, was immediately reached by the satu-
ration front. Thus, the pressure development process speeded up. 
Especially with respect to this, during test MGR21, 23, 24 and 25, the 
overall water inflow was firstly injected in the PLs, hence, it caused the 
modification of the pores-structure according to Eq. (6) and the 
following permeability decrease. Consequentially, the swelling pressure 
development was marginally delayed with respect to the case in which it 
occurred in the CB part directly. The very distinct hydration dynamics 
taking place in tests MGR23 and MGR27 did not influence notably the 
swelling development of the CB layer. Even thought, for test MGR23 the 
waterfront had firstly to saturate the PL layer, this latter one presented a 
high permeability allowing in any case an almost immediate activation 
of the CB swelling advancement, similar to the one related to the direct 
saturation of test MGR27. 

The axial total stress was not considered uniform on each sample due 
to the friction development with the cell wall and it explained the large 
discrepancy between the final top axial swelling pressure values of test 
MGR23 with test MGR27, considering the same average dry density of 
the samples. The effect of friction on swelling pressure measurements 
was already met by a number of authors ((Molinero et al., 2018), 
(Talandier, 2018), (Baryla et al., 2018)), nevertheless, it was never 
precisely determined and very few information was available (Dueck 
et al., 2019; Dueck and Nilsson, 2010). Thus, this numerical analysis 
helped to provide complementary information with respect to the much 
more variable and difficult to control experimental tests. 

Simultaneously, the dry density distribution of those tests corre-
sponding to constant water pressure hydration strategy and PL at the 
bottom (namely tests MGR21, 23, 24 and 25), as the saturation began, 
started to decrease firstly in those material portions located at the bot-
tom part of each layer. More precisely, both in pellets and CB-layers, the 
parts which swelled the most were the bottom ones. For the pellets, that 
material was in direct contact with the wetting surface, whereas for the 
CB, that zone was the one immediately hydrated from the pellets ma-
terial. With respect to the upper PL part, in direct contact with the 
swelling compacted bentonite block, compaction was observed. The 
upper part of the CB-layer was the one that swelled the last. As a result, a 
certain dry density gradient in the hydration direction was established. 
While the saturation process continued, with the concomitant swelling 

of the upper block and compaction of the bottom PL, the dry density 
gradient almost disappeared. It was possible to observe that the nu-
merical results compared remarkably well the experimental dry density 
distributions for all the tests, corresponding to different average satu-
rations (Fig. 5). 

Test MGR27 dry density evolution was characterised by an imme-
diate development of dry density gradient differently from tests MGR21, 
23, 24 and 25. The CB portion in direct contact with the wetting surface 
immediately swelled. This swelling did not cause the compaction of the 
top CB part but its sliding. Once again, the PL was the most compacted 
by the CB sliding given the lower swelling capacity related to the lower 
initial dry density. As the saturation front proceeded from the bottom, 
all the bentonite CB experienced a general and quite uniform volume 
increase. The concomitant volume reduction in the top PL appeared 
uniform in the central part, but with a small dry density layer at the 
contact with the cell wall due to friction. In correspondence with 
experimental results, the numerical final saturated state of test MGR27 
presented the lowest dry density in the top and bottom part of the 
sample, with a general compaction of the central part. 

As observed for the experimental results, the numerical water con-
tent distributions and evolutions followed trends related to the dry 
density, as a result of the strongly coupled hydro-mechanical phenom-
ena taking place during bentonite hydration. 

5.2. Sensitivity analysis on the influence of friction coefficient 

The influence of frictional phenomena development between 
bentonite materials and laboratory equipment on swelling capacity 
measurements during hydration are not fully understood yet. According 
to the very complex experimental characterisation, holding highly 
coupled hydro-mechanical mechanisms, very few experimental data are 
available and pioneering numerical work was attributed to Abed and 
Solowski (2019), Baryla et al. (2018) and Stavropoulou (2017). 

In general friction phenomena were modelled via the Coulomb 
criteria, in which the resistance to sliding is given by a friction coeffi-
cient (μ = tgϕ) multiplying the normal pressure exerted on a surface 
(possibly summed up with the cohesion) (Eq. (7)). Namely, this coeffi-
cient, proportional to the radial stress exerted on the cell wall, controls 
the maximum exerted tangential stress value before sliding. 

τ ≤ pNtanϕ+ c (7) 

Thus, radial pressure at several location and top and bottom axial 
pressure measurements are needed in order to determine experimentally 
the friction coefficient in oedometer conditions. Nevertheless, in the 
considered experimental campaign, only the top axial swelling pressure 
was recorded. 

For this reason, a numerical sensitivity analysis was performed in 
order to determine the influence of the friction coefficient between the 
bentonite material and the cell wall on experimental and numerical 
responses neglecting the role of radial stress. 

For this purpose, tests MGR23 and 27 were considered. Those tests 
presented exactly the same initial conditions and characteristics, but 
final swelling pressure values respectively equal to 3 MPa and 1.5 MPa. 

Hence, the following analysis on friction phenomena aimed to justify 
the experimental results and to propose a complementary numerical 
procedure to determine the friction coefficient. 

Four cases were analysed: a model without friction in which the 
material was free to slide with respect to the cell wall (i.e. μ = 0); a 
model in which sticking contact was modelled and the material was 
glued to the cell wall (i.e. μ = ∞); two intermediate arbitrary values in 
between the limit cases μ = 0.360 and μ = 0.180 (respectively ϕ = 19.8◦

≈ 20◦ and ϕ = 10.2◦ ≈ 10◦) in which the material could slide with 
respect to the cell wall only if the failure criteria was met to analyse the 
effect of such parameter. The friction coefficient was considered con-
stant on the entire cell wall surface regardless the material with which it 
is in contact (i.e. CB or pellets). 
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The comparison between numerical results considering different 
friction coefficients with the cell wall with respect to the total axial 
pressure on the top and bottom faces over time is given in Fig. 6. For the 
case μ = 0, in which friction between material and the cell wall was not 
considered, the axial top and bottom swelling pressure measurements 
overlapped for both tests MGR23 and MGR27, reaching final stabilised 
swelling pressure values equal approximately to 2 MPa in both cases. 

On the other hand, when sticking contact was assumed between the 
material and the cell wall, the top and bottom axial swelling pressure 
measurements differed noticeably. In general, the measurements 
recorded in the CB sides presented much higher values with respect to 
the measurements of the PL sides. For test MGR23, the axial pressure 
stabilised value was equal to 4 MPa in top CB-layer and 1.20 MPa in the 
bottom pellets one, with ~3 MPa of discrepancy. In test MGR27, the 
axial pressure stabilised value in the bottom CB-layer was equal to 3 MPa 
and 1 MPa in the top pellets layer, with 2 MPa final difference. 

In the intermediate cases, as the friction coefficient increased the 
axial pressure measurements moved from the non-frictional case toward 
the infinite friction one, showing an evident similarity and almost cor-
respondence with the latter when ϕ = 20◦ (namely μ = tg20◦ = 0.360). 
Therefore, as the friction increased the axial swelling pressure mea-
surements recorded in the compacted bentonite block and PLs diverged 
more. Consequently, the recorded top axial swelling pressures differed 
for tests MGR23 and MGR27. This was due to the fact that those mea-
surements were relative respectively to the CB-layer and to the pellets 
one, i.e. different final swelling potentials. Measurements recorded in 
the same material type were however similar with values ranging be-
tween the maximum (4 MPa) exerted in the block part of test MGR23 
and minimum (1 MPa) exerted in the pellets part of test MGR27 for the 
sticking case and the value equal to 2 MPa of the non-frictional case. 

Fig. 7 presents the comparison between numerical results consid-
ering different friction coefficients with the cell wall with respect to the 
total radial swelling pressure measured at z = 75 mm from the wetting 
surface (named “top measurements” in the CB-layer for test MGR23 and 
PL for test MGR27) and at z = 25 mm from the wetting surface (named 
“bottom measurements” in the PL for test MGR23 and CB-layer for test 
MGR27) over time. The radial stress analysis at different locations may 
be of interest because it multiplies the friction coefficient resulting in the 
maximum resistance to sliding accordingly to the selected failure 
criteria. In conformity with Eq. (7), frictional stress resulted propor-
tional to radial stress and friction coefficient, hence it manifested its 
maximum value in the CB layers. On the contrary, material sliding at the 
bentonite/steel interface resulted the largest as the lowest friction co-
efficient was set, causing greater CB swelling and PL compaction. Tests 

MGR23 and MGR27 presented similar features. For all the friction co-
efficients, an evident radial swelling pressure gradient could be detec-
ted, characterised by the maximum value recorded in the CB part 
(namely on the top for test MGR23 and on the bottom for test MGR27) 
and very low effect in the pellets one. This result was consistent with 
Martikainen and Laurila (2018), which measured axial and radial 
pressures over time in a MX80 bentonite assembly composed of low 
density pellets and high-density compacted block layers and recorded 
the higher measurements in the block part. The amplitude of the 
gradient was proportional to the selected friction coefficient (and 
consequentially to the frictional stress) being maximum for μ = ∞ and 
minimum for μ = 0. The maximum radial pressure was recorded in the 
CB-layer for the sticking case with a value equal to 4 MPa and the 
minimum one in the PL with 1 MPa for both tests MGR23 and 27. 

Indeed, radial pressure measurements corresponding to the CB or PLs 
for both tests reported similar time evolution and final stabilised values. 
Also in this case, as the friction coefficient increased, the radial pressure 
recorded in the CB-layer moved from the non-frictional case toward the 
sticking contact one for intermediate friction coefficient values. The 
axial and radial pressure values recorded during test MGR23 for the 
sticking contact case (μ = ∞) were similar, highlighting an isotropic 
stress state similar to the one detected in the pellets part for tests MGR23 
and MGR27 for all the friction coefficients. 

The comparison between experimental and numerical results 
considering different friction coefficients with the cell wall with respect 
to the total top axial pressure measured in the CB-layer for test MGR23 
and in the pellets one for test MGR27 is given in Fig. 8. The experimental 
records laid between the non-frictional case pressure evolution and the 
one concerning ϕ = 10◦ for test MGR23 and for ϕ = 20◦ for test MGR27, 
not only in terms of values but also with respect to the non-monotonic 
swelling pressure evolution for transient saturation states. The entire 
work presented in this paper was performed in the hypothesis that 
friction between bentonite and cell wall remained constant through all 
the test duration and for any saturation level. Further studies might be 
needed in order to asses the truthfulness of the given assumption. 

6. Conclusions 

The aim of the present research was to examine hydro-mechanical 
phenomena taking place during the hydration of two-component 
(initial high density compacted bentonite block and initial low density 
pellet mixtures): the interaction between them and with the cell stainless 
steel wall through the development of friction. This purpose was ach-
ieved by taking advantage of a combined experimental and numerical 

Fig. 6. Total axial top (z = 100 mm) and bottom (z = 0 mm) pressure evolution for tests MGR23 (left) and test MGR27 (right). Comparison between numerical results 
with different friction coefficients with the cell wall. 
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approach: the five experimental isochoric hydration tests were numer-
ically simulated and coupled hydro-mechanical analyses were con-
ducted with the Barcelona Basic Model and hydraulic double porosity 
constitutive models. 

The experimental campaign (reported in detail in Villar et al., 2021) 
and the exhaustive numerical study allowed a precise comprehension of 
the differences in pressure measurements of the laboratory tests by 
modelling friction between the material samples and the cell wall. The 
results of this investigation showed that such heterogeneous material 
combinations affect the distribution and the development of swelling 
pressure of a given bentonite assembly subjected to hydration, high-
lighting the role of friction development between the bentonite and the 
cell wall. This study provided an improved understanding on unex-
pected experimental data by spotlighting the relevance of frictional 
phenomena on the pressure measurements results. A sensitivity analysis 
on the influence of the friction coefficient was performed resulting in the 
proposition of a range of friction coefficient values. 

In addition, the modelled water transfer mechanism (i.e. the 
permeability) clearly depicted that the combination of pellets and CB- 
layers plays a major role in the determination of the full-saturation 

time. In line with this, the dry density and water content evolutions 
and distributions were affected by the initial heterogeneity configura-
tions. The good agreement between the numerical results and the 
experimental data, both qualitatively and quantitatively, allowed vali-
dating the developed hypothesis and the prediction capability of the 
model especially concerning the assumption of friction development 
between the sample and the cell wall during the tests. 

In the context of nuclear waste disposals design, these results 
permitted gaining confidence on barriers safeness, because the 
improvement provided in terms of predictions of pressure distributions, 
saturation time and consequently barrier homogeneization shows that a 
better understanding of barrier performance and behaviour was 
achieved. 
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properties of compacted clayey soils. Géotechnique 61 (4), 313–328. https://doi. 
org/10.1680/geot.2011.61.4.313. 

Salo, J.-P., Kukkola, T., 1989. Bentonite Pellets, an Alternative Buffer Material for Spent 
fuel Canister Deposition Holes. In: Workshop “Sealing of Radioactive Waster 
Repositories”. Braunschweig. 

Sellin, P., Leupin, O.X., 2014. The use of clay as an engineered barrier in radioactive- 
waste management - a review. Clay Clay Miner. 61 (6), 477–498. 

Stavropoulou, E., 2017. Comportement Différé Des Interfaces Argilite/Béton: 
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