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Abstract:

Bentonite pellet-powder mixtures are candidate materials for sealing the galleries in deep
geological repositories for radioactive waste. In the present work, swelling pressure tests are
performed on pellet-powder mixtures with different powder contents. Results highlight the influence
of the initial granular structure on the mechanical behaviour of pellet-powder mixtures. In mixtures
with a low density powder in the inter-pellet porosity, the macroscopic response of pellet-powder
mixtures is identical to that of a pellet assembly with no powder. A model is proposed to describe the
hydromechanical behaviour of pellet-powder mixtures. The formulation considers two distinct states
of the material, Granular and Continuous. In the Granular state, the pellets control the mechanical
behaviour of the mixture. In the Continuous state, both pellets and powder contribute to the
mechanical behaviour of the mixture. In the Granular domain, the material behaviour is described by
constitutive laws proposed after a numerical study using Discrete Element Method. In the Continuous
domain, the material behaviour is described by a modified Barcelona Basic Model. Transition between
the two domains depends on the density of the powder phase and suction. The model is implemented
in a Finite Element Method code, and the swelling pressure tests performed in the laboratory are
simulated with a single set of parameters. These results improve the knowledge on the behaviour of

bentonite pellet-powder mixtures during hydration in repository conditions.

Keywords:

Expansive soil, Pellets, Swelling pressure, Discrete Element Method, Finite Element Method,

Constitutive modelling
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Pellet diameter
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Initial value of e

Pellet Young modulus
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Initial value of Fy

a-coordinates of the contact force Fy

Mean contact normal force in the granular assembly
Tangential reaction vector

Dimensionless stiffness parameter for the granular assembly
Value of f, if contacts are considered elastic
Value of f, if contacts are considered plastic
Height of the cylinder part of the pellet

Height of the pellet

Height of the isochoric cell

Dimensionless inertia parameter

Model parameter

Slope of the critical state line

Mass of the pellet

Dimensionless pressure parameter

Limit value of mq

Number of spheres in DEM

Number of contacts

Model parameter related to the initial elastic limit
Total mean stress

Elastic limit

Effective mean stress

Initial effective mean stress

Effective mean stress in pellets

Effective mean stress in powder grains

Initial value of p

Atmospheric pressure



Pe BBM reference stress

Pr Reference stress

q Deviatoric stress

r Vector joining the centre of particles in contact in DEM
r Norm of the r vector

ro Initial value r

R, Pellet strength

R. Curvature radius of the pellet

Myt Ratio of volume fraction

Fo Threshold value of ry

r, a-coordinates of vector r

S Total suction

s Threshold suction

So Initial suction

Sy Suction in pellets

S Suction in powder

Sm Suction in macropores

u Displacement field

Xplas Proportion of plastic contacts

Xs Proportion of powder

z Coordination number

Om Model parameter related to microstructural stiffness
P Model parameter related to microstructural stiffness
ON Normal deflection

N Average normal deflection

ev Total volumetric strain

ev1 Volumetric strain of the pellet




&v2 Volumetric strains of the powder grains

UM Volumetric strain of the macrostructure

K Dimensionless elastic stiffness parameter of the macrostructure related to changes in mean
stress

Km Dimensionless elastic stiffness parameter of the microstructure

Ks Dimensionless elastic stiffness parameter of the macrostructure related to changes in
suction

A Dimensionless elastoplastic stiffness parameter of the macrostructure

Ao Value of 1 in fully saturated conditions

Vi Poisson ratio of the pellet

p Ratio A(s—x)/4g

Dd Dry density of the mixture

Pd1o Initial pellet dry density

Ds Density of solid particles

Ouu Diagonal components of the Cauchy stress tensor
Oxx 0 Initial xx components of the Cauchy stress tensor
Oyyo Initial yy components of the Cauchy stress tensor
0120 Initial zz components of the Cauchy stress tensor
&, Pellet volume fraction in experiments

b1 Pellet volume fraction in the model

Dy Initial pellet volume fraction in experiments

$10 Initial pellet volume fraction in the model

P, Powder volume fraction in experiments

& Powder volume fraction in the model

D, Initial powder volume fraction in experiment

dm Volume fraction of macrostructural voids

Prmat Volume fraction of the powder in inter-pellet voids



Pmato Initial volume fraction of the powder in inter-pellet voids

1) Model parameter related to the increase in A with suction
Q Total volume of the granular assembly

Qq Initial value of Q

Q; Volume of pellet

Q Total volume of solid in the mixture

Q4 Volume of solid in the pellets

Qs Volume of solid in the powder grains

Q, Total volume of voids in the mixture

Q1 Volume of void in the pellets

Q) Volume of void in the powder grains

Qum Volume of void between pellets and powder grains
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1. Introduction

Bentonite materials are considered as sealing materials in concepts of deep geological disposal for
radioactive waste. These materials are characterised by a low permeability, good radionuclide
retention capacity and ability to swell upon hydration. The latter feature allows these materials to fill
technological voids and to exert a swelling pressure against the host rock, which confines the

excavation damaged zone and thus reduces the fluid flow along the gallery via this zone.

Owing to operational convenience, pellet-based materials have been considered as an alternative to
compacted blocks (Bernachy-barbe et al., 2020; Darde et al., 2018; Molinero-Guerra et al., 2017,
Navarro et al., 2020a, 2020b; Sanchez et al., 2016). The material is installed in the galleries in a dry
state as a granular assembly. Upon hydration by the pore water of the host rock, the granular material
progressively becomes homogeneous. Before homogenisation, the mechanical behaviour of the
material is controlled by its granular nature. In fully saturated conditions, the material has totally lost
its initial granular structure. Its structure in these conditions is similar to fully saturated compacted
blocks (Hoffmann et al., 2007; Imbert and Villar, 2006; van Geet et al., 2005). The behaviour of

pellet-based materials is thus controlled by different mechanisms depending on the hydration state.

In mixtures of pellet and crushed pellets (powder), powder fills inter-pellet voids, increasing the
total dry density of the sealing material thus its final swelling pressure (Imbert and Villar, 2006;
Kaufhold et al., 2015; Lloret et al., 2003; Wang et al., 2012). Considering these mixtures as sealing
materials involves challenges. For instance, powder in the inter-pellet porosity may migrate during
installation and induce local heterogeneities of density. In addition, depending on the density of the
powder phase, this latter can be considered to either participate in the macroscopic mechanical

response, or to leave the mechanical behaviour controlled by the pellet assembly.

Existing modelling frameworks do not account for these particular features of pellet-powder
mixtures. It is proposed in the present study to: (i) provide experimental evidence of the influence of
the granular structure on the macroscopic response of the mixture upon hydration; (ii) use Discrete

Element Method (DEM) to study the intrinsic behaviour of pellet assemblies; (iii) propose a
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conceptual model, based on DEM results and modified existing modelling frameworks, able to

satisfactorily reproduce the main features of pellet-powder mixtures upon hydration.

In this respect, the present study is organised as follows. First, swelling pressure tests are carried
out in the laboratory on three pellet-powder mixtures, with identical pellet volume fraction and various
powder volume fractions, to highlight the influence of the granular structure on the material behaviour.
Experimental results are discussed and a conceptual interpretation of the behaviour of pellet mixtures
is proposed. Then, DEM simulations are performed to model large pellet assemblies and determine
constitutive laws. An elasto-plastic model, based on DEM results and a modified formulation of the
Barcelona Basic Model (BBM) (Alonso et al., 1990) is then proposed to describe the hydromechanical
behaviour of pellet-powder mixtures in granular and continuous states. The swelling pressure tests are

finally simulated using the proposed model.

2. Swelling pressure tests

2.1. Tested materials

Pellets are made of MX80 bentonite. Pellets are composed of a cylinder-shaped part with two
spherical caps at both ends (Figure 1). Pellet geometrical properties and physical properties are

presented in Table 1.

Figure 1: a) Picture of a pellet; b) Schematic view of a pellet.
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Table 1: Initial properties of the pellets.

Pellet properties Value

Geometrical properties

Diameter, D 7 mm
Height of the cylinder part, h 5mm
Height, H 7 mm
Curvature radius, R. 6.5 mm

Physical properties

Density of solid particles, ps

2.77 Mg/m®
(Sabaetal., 2014)
Initial dry density, pq: o 1.91 Mg/m®
Initial void ratio, e; o 0.45
Initial suction, sg 89 MPa

The material referred to as “powder” is obtained by crushing pellets. Initial suction of the powder is

180 MPa. The average grain diameter of the powder is 0.65 mm (Molinero-Guerra et al., 2017).

Three pellet-powder mixtures are prepared at the same pellet volume fraction and three different
powder volume fractions. Pellet initial volume fraction, @&, o (volume of pellets / total volume), is
0.553 in all samples. The three powder initial volume fractions, &, o, are 0.236, 0.118, and 0. The
highest value of @, , corresponds to pellet/powder proportions of 70/30 in dry mass. To highlight that
@, o remains identical in all samples, the three mixtures are referred to as 70/30, 70/15, and 70/0 in the
following. The dry densities (pg) of the 70/30, 70/15, and 70/0 materials are 1.50 Mg/m?, 1.275 Mg/m®,

and 1.05 Mg/m?®, respectively.

2.2. Method

Four suction-controlled swelling pressure tests are carried out in isochoric cells. Cylindrical

isochoric cells made of stainless steel are used to perform the tests (see Figure 2). Swelling pressure is
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determined as the vertical pressure measured by a sensor on the top wall of the cell. Two porous disks
are placed at the top and bottom of the cell. The cell dimensions are: height, Hey = 30 mm and

diameter, Dey = 60 mm. The sensor diameter is Dgensor = 30 mm.

D

sensor
-—
Pressure sensor
—_—

|P0rous disk|\ g ‘!’ | —Iil —
QOO0 | e
Qg@ O
/® O/@O Salt solution

H oy T

| — (imposed total suction)
|
! -

Dy

Figure 2: Schematic view of the experimental setup. Red arrows represent humid air circulation.

Samples are prepared by placing pellets one by one in the isochoric cells to form a layer. Then, the
proportion of powder associated to the laid proportion of pellets is poured in the inter-pellet voids.
This procedure is followed to reduce heterogeneity of the samples (Molinero-Guerra et al., 2017).

Four samples are prepared (Table 2).

Table 2: Properties of the pellet-powder mixtures.

Sample Mixture D10 Dy 0 pa: Mg/m®
SP30 70/30 0.236 1.50
SP15 70/15 0.118 1.275

0.553
SP0a 70/0 0 1.05
SPOb 70/0 0 1.05

Hydration is performed step by step using the vapour equilibrium technique (Hoffmann et al.,
2007; Lloret et al., 2003; Tang and Cui, 2005; Zhang et al., 2020) from s, to a suction s =4 MPa. A
peristaltic pump makes air circulate through the saturated salt solution to maintain a constant target

relative humidity, then through the isochoric cell (Figure 2). Humid air is allowed to circulate directly

11
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from the bottom to the top of the cell through a side tube. Thus, no excessive air pressure is developed
when using the peristaltic pump and humid air is considered to diffuse freely inside the inter-pellet
porosity. When the pressure measured by the sensor reaches a plateau, the subsequent suction step is
imposed. Following the suction step at s =4 MPa, the sample is wetted using synthetic water of
similar chemical composition as the pore water of the host rock of Meuse/Haute-Marne Underground
Research Laboratory (France). Room temperature is controlled and remains constant (20°C + 1°C).
Hydration paths are summarised in Table 3. It is worth noting that hydration paths described as zero
suction are performed using synthetic water, which may have an osmotic suction higher than zero as

suggested by (Ferrari et al., 2014).

Table 3: Hydration paths followed by the samples. Suctions are given in MPa.

Sample I imnm m v Vv Vv Vvl VI

SPOa 82 59 40 38 25 13 9 -

SPOb 82 59 40 25 9 4 0 -

SP15 82 59 40 25 9 4 0 -

SP30 82 59 40 25 13 9 4 0

“: samples wetted using synthetic liquid water

2.3.  Experimental results and discussion

2.3.1. Evolution of swelling pressure upon hydration

Figure 3 presents the evolution of swelling pressure as a function of elapsed time for all hydration

steps of the four swelling pressure tests (Table 3).

The swelling pressure in SP0Oa increases from 0.055 MPa (pressure following the closure of the
cell) to 0.173 MPa, from initial state to s = 38 MPa. Upon hydration from s = 38 MPa to s =9 MPa,

the swelling pressure decreases to 0.128 MPa.
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The swelling pressure in SPOb increases from 0.010 MPa to 0.153 MPa, from initial state to

s =9 MPa. Upon hydration from s =9 MPa to s =4 MPa, the swelling pressure decreases to 0.135

MPa. Following liquid water flooding, the swelling pressure increases, reaches a peak at 0.250 MPa,

then stabilises at 0.247 MPa after 607 days.

The swelling pressure in SP15 increases from 0.015 MPa to 0.290 MPa from initial state to s = 40

MPa. Upon hydration from s = 40 MPa to s = 4 MPa, the swelling pressure decreases to 0.200 MPa.

Following liquid water flooding, the swelling pressure increases and stabilises at 0.910 MPa after 622

days.

The swelling pressure in SP30 increases from 0.004 MPa to 1.22 MPa, from initial state to

s=9 MPa. Upon hydration from s=9 MPa to s=4 MPa, the swelling pressure decreases to

0.650 MPa, followed by an increase to 1.36 MPa. Following liquid water flooding, the swelling

pressure increases and stabilises at 4.45 MPa after 755 days.
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In Figure 4 the swelling pressure at the end of each step is plotted versus the imposed suction
corresponding to the step. Because of the wide range of swelling pressure measured upon hydration,
results of all tests are shown using a logarithmic scale in Figure 4a while a linear scale is used in
Figure 4b, but limited to swelling pressures lower than 2 MPa. It is highlighted that during the first
two hydration steps, the swelling pressure developed in 70/0 (SP0a and SPOb tests), 70/15 (SP15 test),
and 70/30 (SP30 test) materials remains within the same order of magnitude. For 4 MPa < s < 60 MPa,
the swelling pressure developed in the 70/30 material is significantly higher than in the 70/15 and 70/0
materials while those developed in 70/15 and 70/0 materials are still very close. Following water
flooding, the final value of swelling pressure is higher for a higher dry density of the mixture, as
previously observed in the literature (Bian et al., 2019; Imbert and Villar, 2006; Jia et al., 2019;

Kaufhold et al., 2015; Lloret et al., 2003; Wang et al., 2013, 2012).
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Figure 4: Evolution of swelling pressure as a function of suction upon hydration. a) Swelling pressure on a logarithmic
scale, b) Swelling pressure on a linear scale, limited to swelling pressures lower than 2 MPa. Horizontal arrows represent the

final swelling pressure of the tested materials.

2.3.2. Influence of the granular structure and the powder volume fraction

In SPOa and SPOb tests, no powder is filling the inter-pellet voids and the material behaviour is
controlled by the granular assembly of pellets as long as the material is granular. In the course of
hydration, pellet swelling in constant-volume conditions of the sample induces an increase of inter-
granular forces and swelling pressure. As inter-granular forces reach pellet strength, swelling pressure
no longer increases and a plateau/decrease of swelling pressure is observed as suction decreases. The
influence of initial granular structure can be divided in two phases: (i) increase of inter-granular
forces, controlled by pellet stiffness; (ii) plateau/decrease of swelling pressure controlled by pellet
strength and stiffness decreasing upon wetting (Alonso et al., 2010; Darde et al., 2020b; Hoffmann et

al., 2007).

Comeparison of the suction-swelling pressure relationships of the three materials upon hydration
suggests that the powder has a variable influence on the macroscopic response of the material. All
samples have the same pellet solid fraction but different powder contents. Differences between results

of the different tests is thus attributed to the presence of powder in the inter-pellet porosity.
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For s >60 MPa, the influence of powder is not significant. Then, for 4 MPa <s < 60 MPa, the
response of the 70/30 material, characterised by a denser powder phase, displays a clear influence of
the powder in the inter-pellet porosity whereas that of the 70/15 material, characterised by a loose
powder phase, is not influenced by powder. These results suggest that powder can freely swell in the
inter-pellet porosity until it reaches a volume fraction allowing powder grains to participate in the

mechanical behaviour of the mixture.

In fully saturated state, an estimation of the final swelling pressure of MX80 bentonite-based
materials from their dry density is proposed by Wang et al. (Wang et al., 2012). For the three studied
materials, this estimation, obtained from empirical results on compacted powder samples, yields
swelling pressures of 4.44 MPa, 0.970 MPa, and 0.210 MPa for the 70/30, 70/15, and 70/0 materials.
The measured values are 4.45 MPa, 0.910 MPa, and 0.247 MPa, respectively. The close values
compared to experimental results obtained on pellet mixtures suggest that a high degree of
homogenisation is reached in the final state at the laboratory scale (Hoffmann et al., 2007; Imbert and

Villar, 2006; van Geet et al., 2005), which is confirmed by sample dismantling (Figure 5).

a) b)

Figure 5: Pictures of SPO samples. a) SPOa at 9 MPa of suction, b) SPOb following liquid water saturation. The cell

diameter is 60 mm.

2.3.3.  Conceptual interpretation of the material behaviour

17
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Experimental results highlight that the material behaviour is controlled by the initial granular
structure until powder volume fraction &, reaches a maximum value. For the 70/30 material (with
&1 =0.553), it occurs at s~ 60 MPa. Besides, all materials, including the 70/0 material, appear to
have reached a high degree of homogenisation in the fully saturated state. In pellet assemblies, the
influence of initial granular structure is lost between s = 4 MPa and s = 0 MPa. In this suction range, it
has been evidenced that a significant reorganisation of the material fabric occurs (Saiyouri et al., 2004,
2000). Aggregates exfoliation in the macroporosity occurs, the microstructure and hydration
mechanisms change, and it is suggested that the initial granular structure no longer controls the
macroscopic behaviour. The key phenomena controlling the behaviour of pellet-powder materials are
thus: (i) the pellet stiffness; (ii) the pellet strength; (iii) a threshold value of @&,; (iv) a threshold value

of s; and (v) the behaviour of the material when the influence of the initial granular structure is lost.

A conceptual diagram describing the understanding of the material behaviour in the light of
experimental results is presented in Figure 6. In this Figure, a wetting phase (decrease of suction) is
represented for three types of pellet-powder mixtures (ho powder, loose powder phase, dense powder

phase).

Upon suction decrease, the swelling pressure evolution is first controlled by the assembly of pellets
only (Phases I and Il in Figure 6). During this phase, the material behaves as a granular assembly.
Then, a “granular-continuous” transition is observed: the material response is not totally controlled by
the granular structure anymore but still is not that of a continuous bentonite material (Phase IlI).
Finally, the initial granular structure has lost its influence on the macroscopic response (Phases IV and
V). During this “continuous phase”, the macroscopic response is controlled by the hydration of the

bentonite regardless of the initial granular nature of the material.

Peak phenomena can be observed in the granular phase, as a consequence of the contact force
reaching pellet strength, or in the continuous phase, as a result of the collapse of the macrostructure of

the bentonite following microstructural rearrangement (Lloret et al., 2003).
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Figure 6: Conceptual interpretation of the behaviour of pellet-powder materials upon hydration in constant-volume
conditions. The red solid lines represent the influence of the initial granular structure. The blue dashed lines represent the

behaviour after the transition to the continuous domain.

3. Insight into the behaviour of the granular material using DEM

3.1.  Objectives

Existing modelling framework used to describe the behaviour of compacted bentonite materials do
not account for the features described in the previous section. Since the pellet assembly can control the
mechanical response of the material if @, is below a threshold value, it is proposed in the present

section to study the mechanical behaviour of pellet assemblies with no powder.

In this respect, DEM is used to address the mechanical behaviour of pellet assemblies from the

mechanical properties of the pellet (Darde et al., 2018).

19



209

210 3.2. Method

211 DEM is used to perform isotropic compression on large pellet assemblies unaffected by cell walls
212  to address the intrinsic behaviour of the material. Each pellet is modelled by a spherical particle. The
213  behaviour of each particle, interaction at contacts and details concerning the simulation procedure are

214 given in the following sections.

215

216  3.2.1. Model for a pellet at high suctions

217 (Darde et al., 2018) proposed, from experimental characterisation, the following expressions to
218  describe the evolution of the pellet Young modulus, E;, volumetric strain, ey, and compressive

219  strength, Ry:

a1 oy L : )
E; =31 —2vy) —exp(ay,p’)
Bm
pl
gy = f Bm exp(—ay, p') dp’ (@)
D6
C
Ry =C B =31~ 2v1)ﬁ—’*exp(am ) ®)
m
p’ = p -|- S (4)

220  where vy is the pellet Poisson ratio, p’ is the effective mean stress, p’y is the initial effective mean

221  stress, Ca, ayn and Sy, are model parameters, p is the total mean stress and s the total suction.
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The model is based on the following assumptions: the pellet is considered saturated, its behaviour
is elastic and controlled by the behaviour of the aggregates. Further information and discussions
concerning the model can be found in (Darde et al., 2018). The values of the model parameters are

presented in Table 4.

Table 4: Parameters of the model for a pellet.

Parameter Value
Om 0.024 MPa™
P 0.016 MPa™*
v 0.3
Ca 1.206 x10”" m™
So 89 MPa

3.2.2. Contact laws

In DEM simulations, each pellet is modelled as a sphere. Interactions at contact between spheres
are described by (i) the Hertz law (equation (5)) for normal force with perfect plasticity as the normal
force Fy reaches the pellet strength R; (Darde et al., 2020a) and (ii) a simplified form of the Cattaneo-
Mindlin-Deresiewicz law (Johnson, 1985) for tangential elasticity with sliding as the tangential force
reaches the Coulomb condition (Agnolin and Roux, 2007). Damping in contacts is considered as in

(Agnolin and Roux, 2007).

For two spheres of same diameter a in contact, the Hertz law is expressed as follows:

1 E

Fy==
N731 -2

1 3
azé} ®)

Where dy is the normal deflection.
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3.2.3. Study of the behaviour of large pellet assemblies under isotropic compression

(Darde et al., 2020a) highlighted that wall effects in the laboratory affect the material behaviour, as
suggested by (Bernachy-barbe et al., 2020) in an experimental study. Thus, it is proposed to model
large periodic pellet assemblies (with no wall) to address the intrinsic behaviour of these materials.
The main objective is to determine constitutive laws describing the macroscopic response of pellet
assemblies under variations of mean stress and suction. The macroscopic response of the material
depends on pellet stiffness, pellet strength, pellet diameter (varying upon pellet swelling/shrinkage),
deflection in contacts. All of them depend on both mean stress and suction. It is proposed to study: (i)
the behaviour of the granular assembly under isotropic compression at constant sphere diameter; and
(ii) the behaviour of the granular assembly under particle swelling at constant mean stress, pellet

stiffness and pellet strength.

The behaviour of the granular assembly under isotropic compression at constant sphere diameter is
studied using DEM. The behaviour of the granular assembly under particle swelling at constant mean
stress, pellet stiffness and pellet strength is addressed through a theoretical approach, discussed in a

forthcoming section.

Two dimensionless control parameters are used in DEM simulations. A dimensionless pressure

parameter, my, is used to describe the compression state of the granular assembly. mg is defined as:

wlnN

p (6)
Ey
1—v{

mg=

Where p is the mean stress in the granular assembly. Details concerning the expression of my can

be found in Appendix A.

mg is a convenient parameter to study the behaviour of the pellet assembly, since a single term
depending on both mean stress and pellet stiffness can account for features such as deflection in

contacts, creation/loss of contacts between pellets, evolution of the total volume (see Appendix A).
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The strain rate of the periodic cell, &, is controlled by a dimensionless inertia parameter, I, defined

as (Agnolin and Roux, 2007):

= (M) g

where my is the mass of the pellet.

A constant value of | is imposed to apply a constant strain rate of the cell. In the present work, 1 is
set to 10 to model an isotropic compression at constant slow rate. The evolution of m, is determined

from equation (6) during compression.

The simulations are performed on different granular assemblies, prepared at different values of @&,
and initial coordination number Z. All numerical samples are composed of 4000 spheres, in a cubic
cell with periodic boundary conditions (pellets located at one cell boundary are in contact with pellets
located at the opposite boundary), thus no pellet-wall interaction exists (Agnolin and Roux, 2007).
Five types of granular assemblies are prepared and denoted A, B, C, D, and E. For each type of
granular assembly, three samples are prepared to assess the calculation repeatability. A, B, C, and E
samples are prepared under my = 1.19x10™; D samples are prepared under my = 1.03x10™. Samples
preparation procedure is described in details in (Agnolin and Roux, 2007). Table 5 summarises the

main initial properties of the samples.

Table 5: Initial properties of the numerical samples. All samples are cubic and contain 4000 spheres.

Sample z Dy
A 1 6.0 0.638
2 6.1 0.639

3 6.0 0.636

B 1 4.4 0.636
2 4.2 0.634
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3 4.3 0.635

C 1 4.4 0.595
2 4.3 0.593
3 4.4 0.594
D 1 45 0.577
2 4.4 0.575
3 4.4 0.578
E 1 5.8 0.628
2 5.8 0.627
3 5.8 0.627

276

277 3.3. DEM simulation results and discussion

278 The evolution of volumetric strain, denoted by ey, during isotropic compression is presented in
279  Figure 7 as a function of my, for all the granular assemblies. Compressive stress are positive and

280  positive volumetric strains are associated to volume decrease in the following.
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281
282 Figure 7: Evolution of &y as a function of m, during isotropic compression for all granular assemblies. a) A samples, b) B

283 samples, c) C samples, d) D samples, e) E samples, f) comparison between A1, B1, C1, D1, E1.

284 All granular assemblies display a comparable response during isotropic compression. The relation
285  between &y and my can be represented by a piecewise linear function with two pieces. As highlighted
286  in Figure 7f, the slopes Aey/Amy do not vary significantly from one sample to another. The threshold

287  value of my varies depending on the sample types, however.

25



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

0.4

0.3 -

0.2

X,0s- dimensionless

0 | TR ‘ | -

2.00E-02 3.00E-02
m,: dimensionless

OAl ©Bl AC1 ODI1 +EI

Figure 8: Comparison of the evolution of Xy, as a function of mg for the five types of granular assemblies.

From the definition of my (equation (6)) and results presented in Figure 7, the influence of pellet
stiffness and mean stress is easily determined. Increase in p at constant E; causes the total volume to
decrease. Decrease in E; at constant p causes the total volume to decrease. For E; increasing with
increasing p (equations (1) and (4)), evolution of p can induce competing effects on the total

volumetric strain, which highlights the relevance of my to describe the material behaviour.

The pellet strength is accounted for by introducing perfect plasticity in the contact law. Influence of
the pellet strength is thus highlighted by comparison of the evolutions of &, and the proportion of
plastic contacts, Xy, as functions of my during isotropic compression (Figure 7 and Figure 8). In all
samples, all contacts remain elastic until a threshold value of mq is reached. Contact plasticity then
increases continuously. Interestingly, this threshold value is very close to that corresponding to the
slope change in the piecewise linear evolution of &,(mg). This limit value of m, is denoted by m,". The
slope change in the &,-mq relationship is interpreted as a consequence of contact forces reaching the

pellet strength.

From Figure 7, it is highlighted that @, , has no significant influence on the values of Aey/Am,.
Figure 8 however highlights that m" is higher for higher values of @ ,. The relationship between these

two values is plotted in Figure 9 for all samples.
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Figure 9: Relationship between mg* and @, o for all samples. The dashed line represents the fit corresponding to

mg = 0.067 &, —0.031.

4, Proposition of a macroscopic model for pellet-powder mixtures

4.1.  Conceptual approach

This section presents a conceptual model able to describe the hydromechanical behaviour of pellet-
powder mixtures, accounting for relevant features such as a free swelling phase for the powder,
influence of granular structure, influence of pellet strength, transition to a continuous state. The

approach is based on the scheme presented in Figure 6.

Following this approach, the material is considered to be either “granular” or “continuous”. In the
granular domain, the mechanical behaviour is controlled by the pellet assembly. Constitutive laws are
proposed from DEM results. In the continuous domain, the material behaves as a continuum. Its
mechanical behaviour is described by a modified Barcelona Basic Model (BBM, (Alonso et al.,
1990)). Transition from granular domain to continuous domain is related to a ratio of powder volume

fraction to pellet volume fraction and to suction.

Three different pore types are considered: the pellet void ratio is denoted by e;; the powder grains

void ratio is denoted by e,; and the total void ratio is denoted by e:
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®)
e =
! -Qs 1
e, = 22 ©)
g,
I (10)
1

325  where ©,; and Q;, are the volume of solid in the pellets and powder grains, and Q; = Qs + Qs is the
326  total volume of solid in the mixture. Q, ; and Q, , are the volume of void in the pellets and powder
327  grains (microstructural pores), and €, is the total volume of voids in the mixture. Denoting by Q, v the
328  volume of void between pellets and powder grains (macrostructural pores, Q,m = Q, - Q1 - Q, ), the

329 macrostructural void ratio, ey, is defined as:

= (11)
e 0,
330 The microstructural void ratio, e, is then defined as:
0 K0
e, = s1 e, + 52 e, (12)
‘QS N
331 The solid phase is considered incompressible. In all the formulation, volumetric strains are defined

332 relative to the initial volume. VVolumetric strains associated to each levels of structure are defined as

333  follows:

Aeq

— (13)
1+ €10

Ey1 =
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Ae, (14)

gy, = —
vz 1+ey
Ae
gy = — (15)
1+eg

where ey 1 and ey , are the volumetric strains of the pellets and of the powder grains, respectively. The

initial value of e, ey, e,, are denoted by ey, €19, €20, respectively.

Volume fractions of the different levels of structure are defined as follows:

) =M (16)
70,40,

=2t sz @7
0, + 0

bu =1- 1~ ¢, 4

where ¢, ¢, ¢u are the volume fractions of pellets, powder, and macrostructural voids. For
convenience, an additional volume fraction, ¢na, iS considered. ¢na i the volume fraction of the

granular assembly composed of the powder grains within inter-pellet voids:

¢ — Qv2+-052 — ¢2 (19)
T Q-+ 051) 1—¢y

Suction in pellets is denoted by s;, suction in powder is denoted by s,, suction in macropores is

denoted by sy. In the conceptual approach presented in this study, hydraulic equilibrium is considered:
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(20)

The macroscopic mean stress p is parted into two terms affecting the pellet and powder phases as

follows:

p= z i p;i (21)
i

And the effective mean stress in each phase i, p’; is defined as follows:

22
pi=si+pi @)

where ¢;, p; and s; are the volume fraction of phase i, mean stress in phase i and suction in phase i,

respectively.

In the granular domain, it is assumed that the pellet controls the mechanical behaviour of the
material, as observed in swelling pressure tests. Only pellets are affected by the macroscopic mean

stress. Thus, effective mean stresses in the granular domain are defined as follows:

p{ =S+ — (23)

’ (24)

In the continuous domain, it is assumed that both pellets and powder contribute to the mechanical

behaviour of the material. Effective mean stresses in the continuous domain are defined as follows:



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

' P (25)

p1 =S+

! b1+ P2
p

P2 et ¢,

Transition from granular to continuous domain occurs as the pellet assembly no longer controls the
mechanical behaviour of the pellet-powder mixture. From experimental results, it is proposed that this
phenomenon can be related to the density of the granular assembly composed of the powder grains
within inter-pellet voids. The following ratio r,; is proposed to describe the density of the powder

phase:

Pmat 27)

A threshold value of r;, denoted by r,, has to be determined. The material is considered in the

continuous domain if the following condition is verified:

va = T;f (28)

It was discussed in (Darde et al., 2020b, 2018) that the model used to study the behaviour of a
pellet assembly using DEM was no longer relevant at low suction. Indeed, bentonite materials undergo
significant microstructural changes at low suction that have an influence on the macroscopic response
under hydromechanical loadings (Molinero-Guerra et al., 2020; Saiyouri et al., 2004; Villar, 2007).
For instance, the significant increase of swelling pressure observed at suction lower than 4 MPa in the
swelling pressure tests, regardless of the powder content, (Figure 3) cannot be reproduced using the
DEM model. These phenomena are not related to the initial granular structure. Thus, in the proposed

conceptual approach, a threshold value of suction for the domain transition is proposed.
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The threshold suction, denoted by s, is also a material parameter. The material is considered in the

continuous domain if the following condition is verified:

x (29)

The transition is related to the loss of the initial structure and is considered an irreversible

phenomenon.

In both granular and continuous domains, the volumetric strain of the microstructure (pellets and
powder grains) is considered to remain elastic. Plasticity only affects the macrostructure. In the
granular domain, DEM results highlighted that local plasticity in contacts can affect the material
behaviour. In the proposed approach, this phenomenon is addressed by considering different elastic

stiffness parameters depending on the value of my. These points are presented in the following section.

4.2, Elastic volumetric strains

In the granular domain, the increment of elastic (superscript (e)) volumetric strains for the

microstructure (pellets and powder) grains are written as follows:

/ / 30
dsI(,i) = deyy = B exp(—ay, p1) dp; (30)

and

’ ’ 31
dfl(/;) =dey, = B exp(—ap, pz) dp; (31)
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As previously discussed, in the granular domain the behaviour of the granular assembly is
considered to be dependent on variations of my (equation (15)) at constant pellet volume and variations

of pellet volume at constant m,. Elastic total volumetric strain is thus a function of my and ey;:

9el® el
(e) _ Z°v v (32)
dey” = om, dm, + d2,e deyq

(@)

. 9e® F) . .
Denoting a‘:l’ by f, and aiv by fum, €quation (32) is written as follows:
g V1

33
del® = f. dmg + fom deys 33)
where f, is the slope of the piecewise linear function as discussed in the DEM study:
{fs = feasmg <My (34)
fe = fen ;Mg > mf}

in which f, , and f,, are parameters, with f, , < f, mg* is a function of the initial volume fraction of

pellets ¢, o (Figure 9):

m§= fma ®10+ fmp (35)

with f., , and f,,, two model parameters. Equations (34) and (35) allow to account for contact plasticity

in the model while still considering the stress state to be elastic.

fum is obtained from equations (5) and (56) (Appendix A). For elastic contacts, its value is 1 in a

granular assembly of spherical particles. See details in Appendix B.

Constitutive models for unsaturated soils generally consider two independent stress variables. In

the present work, this approach is adopted and the two stress variables used to describe the volumetric
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behaviour are the mean stress p and suction s. In this respect, an alternative expression for equation

(33) is:
6m aSV]_ am 0€Vl 36
d85e)=<fs 5+ fum )dp+(fga—;’+fma—s ds 9
with
2
amg_2[1 U] (Bm 1 —v*)\3 2 ( 2 ,> @7)
ap  3lp @\ 3 1-2v) PP \T3mP
2
omg _ 2, (BmlzviV 2 (_za ) )
9s 3 m 3 1—2v) PP\ T3P
de B ,
a;;l =g exP(=tm P1) (39)
Ogyq (40)

s = Pmexp(—am pi)

In the continuous domain, the BBM (Alonso et al., 1990) is modified to account for three distinct

porosities. Increment of elastic volumetric strains are written as follows:

fm__dp1 (42)
1+eo p1

dSl(,el) = dng =

and
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Km__ dpa (42)

dglsez) = dey, = 1+ ey, P,
2

where &, is a dimensionless stiffness parameter.

Elastic total volumetric strain is a function of the volumetric strains of each level of structure:

1
ds‘(,e) =17e [(1 + ey O)dséi,; + (1 —x)(1 + eg0)deyy + x5 (1 + €3 9)dey, ] 3
0

where ey, is the initial value of ey, ey® is the elastic volumetric strain of the macrostructure

(macropores between pellets and powder grains) and X is defined as:

_ s (44)

The elastic increment of macrostructure volumetric strain is defined as follows:

1 d ds
dsl(,i,), =—(x—p+rc —)

1+ €mo p s s+ Patm (45)

where x and x; are dimensionless stiffness parameters related to variations of p and s, respectively, and

Patm IS the atmospheric pressure.

The dependency of the macrostructural swelling potential on the material density is accounted for

by assuming a linear relationship between x; and #,:
_ Emo (46)

where e, is the initial value of e,.
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4.3.  Plasticity and hardening

A single plastic flow rule is used for the granular and continuous domains. Plasticity and hardening
are addressed using the concept of the Loading-Collapse curve (Alonso et al., 1990). The elastic limit

p" evolves as a function of suction as:

A(0)—k

p*(0)>l<s>—'€ 7)
Pc

p*(s) =pc <

where p. is the BBM reference stress (Alonso et al., 1990) and A(s) is a dimensionless elastoplastic

stiffness parameter, function of s. The hardening law is written as follows:

dp*(O): 1+e, 1e® (48)
p*(0) A(0)—k 7

where the superscript (p) denotes the plastic part of the volumetric strain.

The evolution of the dimensionless elastoplastic stiffness parameter 1 as a function of suction is

described as follows:

Ais) =2 [p+ (1 —p)exp(—w s)] (49)

where o, p, and @ are material parameters respectively related to the saturated elastoplastic stiffness,

ratio of A(s — ) to A(0), and evolution of stiffness with suction.

From oedometer tests carried out on saturated MX80 bentonite materials by (Marcial, 2003;
Molinero-Guerra et al., 2019a; Villar, 2005), an empirical relationship between the initial value of

p"(0) and e, is proposed (Figure 10):
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p*(O) = Dr exp(—np eO) (50)

where p; is a reference stress and n, a material parameter.

10.00
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Figure 10: Preconsolidation pressure as a function of the void ratio in oedometer tests performed on bentonite materials
by Molinero-Guerra et al. (2019) (Molinero-Guerra et al., 2019a), Villar (2005) (Villar, 2005), and Marcial (2003) (Marcial,

2003). The green dashed line is obtained using equation (50) with p, = 80 MPa and n, = 3.7.

In triaxial stress states, the yield surface is written as in the original BBM:

q° = M*(p + ksS)(p"(5) = p) = 0 oy

where q is the deviatoric stress, M is the slope of the critical state line, and k a parameter related to the
increase in cohesion with increasing suction (Alonso et al., 1990). An associated flow rule is

considered in the model.

A sketch of the elastic domain in the p-s plane is presented in Figure 11. A summary of the model

equations for volumetric strains is presented in Table 6.
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Figure 11: Sketch of the model elastic domain: a) in the p-s plane, b) partition of the elastic domain in the granular and

continuous domains.

T"Vf

Table 6: Summary of the model equations related to the volumetric strains.

Granular domain

Continuous domain

elastic Equation (30) Equation (41)
Pellet Evi
plastic only elastic only elastic
elastic Equation (31) Equation (42)
Powder grains &vo
plastic only elastic only elastic
elastic Equation (33) Equation (43)
Granular assembly v

plastic

Equations (47) to (51)

Equations (47) to (51)
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5. Simulations of swelling pressure tests

The model is implemented in the open source finite element method (FEM) code Bil developed by
Dangla (Dangla, 2018). The swelling pressure tests carried out in the laboratory are simulated using

the model to assess its ability to reproduce the behaviour of pellet-powder mixture.

5.1. Method

The swelling pressure tests are modelled using two-dimensional axisymmetric conditions. The y
axis is the axis of symmetry. The mesh consists in one Q4 element. This latter is presented in Figure

12.

y

(0; 0.030) @U (0.030; 0.030)

i <H

(0; 0) (0.030; 0)
JAN x

Figure 12: Geometry of the FEM simulations. Lengths are given in m.

The following initial conditions for the displacement field, u, initial stress state and suction are

used in all the simulations, for the three swelling pressure tests:
-u=0;
-So =89 MPa;

- 60 = 10° MPa;
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- 6yy0 = 10° MPg;
- 00 = 10" MPa.

where g 0, gyy 0 and o, ¢ are the initial diagonal components of the Cauchy stress tensor. Initial mean
stress is taken higher than zero to avoid numerical issues associated to zero stress. Gravity is not
considered in the simulations. The initial suction in the simulations is taken equal to the pellet initial

suction, considered more representative of the whole system than that of the powder.
The boundary conditions used in the simulations are:
- Uy = 0 on the top boundary (y = 0.030 m);
- Uy = 0 on the bottom boundary (y = 0);
- Uy = 0 on the left boundary (x = 0);
- Uy = 0 on the right boundary (x = 0.030 m).

For simplicity, pam is taken equal to zero and s is progressively decreased from 89 MPa to 0.1 MPa

such that s + pa, is still equal to atmospheric pressure in the final state (equation (45)).

The parameters required for the simulations are mixture properties, elastic parameters in the
granular domain, elastic parameters in the continuous domain, domain transition parameters, and
plasticity parameters. These latter are obtained from the laboratory tests, DEM periodic simulations,

literature or estimation if not available.

Mixture properties obtained from experimental characterisation are shown in Table 7. Parameters
related to the elastic behaviour are recapitulated in Table 8. Parameters related to the granular domain
are from (Darde et al., 2018) and DEM simulations presented in a previous section. « is chosen in the
same range as the dimensionless elastic stiffness parameter proposed by (Mokni et al., 2020) for a
MX80 bentonite pellet-powder mixture using the same pellets and powder. Parameters related to the
granular to continuous transition are presented in Table 9. The threshold suction s™ is chosen according
to experimental observations by (Saiyouri et al., 2004) and (Molinero-Guerra et al., 2020) that a

significant microstructural rearrangement occurs in MX80 bentonite in the range 3-7 MPa of suction.
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The value of 1 is taken equal to 1. Parameters related to the plastic behaviour are presented in Table
10. 4o, p and w are taken in the same range as in (Mokni et al., 2020). p, and n, are obtained from
experimental results (Figure 10). The values of x;, and p. are estimated so that all swelling pressure

tests are satisfactorily simulated with a single set of parameters.

Table 7: Model parameters related to the mixture properties.

Property  70/0  70/15  70/30

Xs 0 0.18  0.30
d10 0.553 0553 0.553
Pmat 0 0 0.275 0.529
So: MPa 89 89 89

€10 0.450 0.450  0.450
€20 0.450 0.450  0.450
emo 119 0722 0.396
€o 1.64 117 0847

Table 8: Model parameters related to the elastic behaviour of the material.

Elasticity parameters  All mixtures

Granular domain

om: MPa™ 0.024
P MPa* 0.016
fvm 1
fa 6
f. 40
fma 0.067
fib -0.031
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Continuous domain
K 0.025

Km 0.015

Table 9: Model parameters related to the granular-continuous transition.

Transition parameters  All mixtures

s: MPa 3

*

Iy 1

Table 10: Model parameters related to the plastic behaviour of the material.

Plasticity parameters  All mixtures

Ao 0.20
p.: MPa 0.050

p 0.8
w: MPa™ 0.1
pr: MPa 80

Np 3.7

5.2. FEM simulation results

Figure 13a presents the comparison between experimental and numerical results for SP0Oa and SPOb
tests. In the simulation, the swelling pressure increases then reaches a first peak corresponding to
pellet strength. Following the peak, swelling pressure remains nearly constant until LC yielding occurs
while in the granular domain. Following transition to continuous domain, the swelling pressure
increases again to its final value as elastic swelling overcomes the plastic closure of macro-porosity.
The general trend of the swelling pressure evolution as well as its order of magnitude are satisfactorily

reproduced. The final swelling pressure in the simulation is close to the final swelling pressure in
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experiments. Some differences between experimental and numerical results still can be observed and

are discussed in the next section.
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Figure 13: Comparison between FEM simulation and experimental results of swelling pressure tests for a) 70/0 material,

b) 70/15 material; c¢) 70/30 material, d) comparison of all FEM simulation and experimental results.

Figure 13b presents the comparison between experimental and numerical results for SP15 test. In

the simulation, the swelling pressure increases and reaches a peak as pellet strength is reached, then

remains nearly constant until suction reaches ~11 MPa. At this point r reaches 1 and the material is

considered continuous. Afterward, swelling pressure increases until reaching the LC yield locus. Then,

the swelling pressure remains nearly constant. The final swelling pressure in the simulation is

overestimated but still close to experimental results.

Figure 13c presents the comparison between experimental and numerical results for the 70/30

mixture. Transition occurs as r« = 1 at high suction (~70 MPa in the simulation) and most of the
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hydration occurs while in the continuous domain. Swelling pressure increases, then LC vyielding
occurs and the swelling pressure remains nearly constant and reaches a final value close to
experimental results. It is interesting to note that, even simplified, the conceptual approach proposed
for the continuous domain is able to reproduce the evolution of swelling pressure upon suction

decrease.

A comparison of all numerical and experimental results is presented in Figure 13d. It is highlighted
that the proposed conceptual approach is able to satisfactorily reproduce the mechanical behaviour of
pellet-based bentonite materials upon suction decrease in constant-volume conditions, either with no
powder or with powder of various densities in the inter-pellet voids, over a wide range of average dry
densities (1.05 Mg/m®to 1.50 Mg/ m®). Some differences were obtained between experimental results
and prediction of the model, as previously mentioned. However, Figure 13d shows that both the
general trends and amplitude of the swelling pressure evolution upon suction decrease are still

comparable to the experimental results.

6. Discussion

6.1.  Hypotheses of the conceptual model

6.1.1. Distinction of two domains and transition criteria

A hypothesis of the model is the consideration of two distinct domains. The mixture is considered
either granular, with powder having no contribution to the mechanical behaviour, or continuous, with

pellet and power equally contributing to the mechanical behaviour.

The swelling pressure in SP15 test was very close to, but still slightly higher than, SPOa and SPOb
swelling pressure. Even if moderate, powder may have an influence in “loose powder phase” mixtures

in the granular domain. The eventual remaining influence of the initial granular structure is not
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considered when the material is in the continuous domain. It is not known how the evolution of the
swelling pressure in SP30 test would compare to that of a compacted powder sample of same dry
density. The final state, following water saturation, was homogeneous. No influence of the initial
granular structure could be observed (Figure 5). This observation has also been made in other
experimental works at laboratory scale (Hoffmann et al., 2007; Imbert and Villar, 2006; van Geet et

al., 2005).

In the light of experimental results, considering two distinct domains in a conceptual approach is
relevant, but attention must be drawn on the fact that distinction of two domains is a simplification of
the material behaviour. Transition from the initial granular state to the final continuous state is likely
to be more progressive. Nevertheless, the model was able to reproduce the evolution of swelling
pressure in three swelling pressure tests performed on three different mixtures, using a single set of

parameters.

6.1.2. Transition criteria

The transition criteria have to determine conditions in which the material behaviour can no longer
be considered controlled by the pellet assembly. Two criteria have been proposed: (i) The relative
volume fraction of powder and pellets granular assemblies; (ii) suction at which the microstructure of

bentonite rearrange, inducing changes of the macroscopic response under hydromechanical loadings.

For binary granular mixtures, the conceptual approach of the dominant phase (de Larrard, 2014;
Roquier, 2015; Roux et al., 2007; Ueda et al., 2011; Westman and Hugill, 1930; Yerazunis et al.,
1965) can estimate the volumetric proportion of fine particles corresponding to a transition between a
macroscopic behaviour controlled by the assembly of coarse grains to a macroscopic behaviour
controlled by the assembly of fine particles. However, in bentonite pellet and powder mixtures, pellets
and powder grains swell, their volumetric strains are comparable, and the observed transition can
occur at relative volumetric proportions close to the initial state. It is the reason why the r,; parameter

is introduced. Since pellets swell upon hydration, the available volume for powder grains to swell



579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

decreases and the powder phase becomes progressively denser, even if the volumetric proportions are
the same as the initial state. However, the determination of the threshold value r, is tricky. In the
present work, a value of r,; = 1 was assumed. Since data was lacking, it was assumed that the pellet
assembly can no longer control the macroscopic behaviour if the density of the powder grains in the
inter-pellet porosity reaches the density of the pellet assembly. This choice is considered relevant by
comparison with experiment. It was highlighted in the 70/30 test that the influence of powder was
non-negligible for suction below 60 MPa. Using equations (30) and (31) assuming that p is negligible
compared to s yields r,(s = 60 MPa) = 1.05. However, it is likely that a single value of this parameter
would not suit all mixtures. The r,; parameter should be determined with care and not necessarily

taken equal to 1.

In bentonite materials, experimental results (Saiyouri et al., 2004) evidence that exfoliation of clay
particles occurs upon adsorption of water molecule layers. When the clay particle is no longer stable, a
sharp decrease of the number of layers per particle is observed. For MX80 bentonite, this threshold is
in the range 3-7 MPa and corresponds to the development of diffuse layers, microstructural
rearrangements, modification of the pore size distribution, and change in the water retention behaviour
(Keller et al., 2014; Molinero-Guerra et al., 2020; Saiyouri et al., 2004; Villar, 2007). MX80 pellets
and powder (crushed pellets) are thus affected by significant microstructural rearrangement in this
suction range. It is considered that the initial granular structure is not the main feature controlling the

macroscopic response for suction below a threshold suction, s".

6.1.3. Granular material

The constitutive equations for the granular domain are based on DEM simulation results of large
pellet assemblies. The use of DEM to simulate pellet assemblies from the behaviour of one pellet has
been discussed in (Darde et al., 2020a). It was highlighted that modelling pellets by spheres of same
diameter, same stiffness and same strength could induce an overestimation of the macroscopic

stiffness of the mixture and of the peak pressure attributed to pellet strength, respectively related to f,,
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and mg* in the present work. It was also evidenced that wall effects in small samples can influence the

material behaviour.

In the present work, a value of f,, = 6 was suggested from DEM results, which can also make the
mixture stiffer in FEM simulation than in experiments (Figure 13a).The peak pressure in FEM
simulations was also higher than in experiments. Nevertheless, both the macroscopic stiffness and

peak pressure appeared to be in the right order of magnitude for all mixtures.

The post peak behaviour in the granular domain exhibits a moderate decrease followed by a
moderate increase of swelling pressure. After the peak, the material macroscopic stiffness is mainly
related to f, . It is worthy to mention that in DEM, for my > mg*, de/dmg was increasing even if the ¢y-
mq relationship appears sublinear (Figure 7). Thus, even if f., = 40 was suggested (from linear fit),

higher values could have also been relevant.

9e® ) . ) )
It was demonstrated that ai" =1 in a granular assembly with elastic contacts. This value has been
Vi

used in all simulations. For plastic contacts, fum progressively becomes smaller than 1. The assumption
of a constant “elastic” fy, induces larger volumetric strain of the mixture upon pellet volume
variations. However, as the macroscopic volumetric strain also depends on f,, through variations of
mg, & convenient way of handling this problem is to choose a relevant couple (fum, f.) to reproduce the

behaviour of the mixture when mg > m;".

Finally, as presented in Figure 7, the repeatability of the results is very good. Variability associated
to small size of the sample discussed in (Darde et al., 2020a) is avoided in the present study. The 4000
particles periodic sample can be considered representative of a pellet assembly which allows the

intrinsic behaviour of pellet assemblies to be addressed with few simulations.

6.1.4. Continuous material

In the continuous domain, a modified BBM (Alonso et al., 1990) was proposed to model the

material behaviour. This approach was also adopted to model bentonite-based pellet materials in other
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studies by various authors (Alonso et al., 2011; Gens et al., 2011; Hoffmann et al., 2007; Mokni et al.,
2020; Sanchez et al., 2016), with different modifications of the original modelling framework. In the
present work, the BBM approach is used only for the continuous domain because it is not able to
reproduce features observed in the laboratory such as the free swelling powder in the 70/15 mixture,
the influence of the powder phase in the 70/30 mixture, or the two peaks of swelling pressure observed

in the 70/0 mixture.

Compared to other numerical studies from the literature, the proposed modified BBM is simpler
and does not account for features such as plasticity in the microstructure (Alonso et al., 2011) or
damage in the microstructure (Mokni et al., 2020), partial saturation of the microstructure (Alonso et
al., 2011; Sanchez et al., 2016), inter-aggregate porosity in the pellets (Navarro et al., 2020a, 2020b),
or plastic macroscopic strain resulting from microstructural swelling (Gens et al., 2011; Mokni et al.,
2020; Sanchez et al., 2016). Nevertheless, it is able to satisfactorily reproduce the evolution of
swelling pressure for all mixtures, notably the 70/30 which was considered continuous in the

simulation during most of the hydration path.

The simple model for the continuous domain must be regarded as part of the global approach,
considering two domains. Even if it is simplified compared to traditional BBM-based modelling
approaches, it aims at reproducing only the final part of the hydration path. It allows intrinsic features
of the material behaviour to be directly accounted for, for instance change in the macroscopic response
depending on the density of the powder phase, evolution of the macroscopic swelling potential with

density, homogenisation of the mixture, using a single set of parameters.

6.1.5. Hydraulic equilibrium

Hydraulic equilibrium was assumed during all the simulations for simplicity. In the case of pellet-
powder mixture, owing to the low permeability and size difference between pellets and powder grains,

it is likely that equation (20) is not realistic. (Gens et al., 2011) and (Sanchez et al., 2016) considered
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two different suctions for pellets and powder in simulations with a simplified transfer law between the

two levels of structure.

A consequence of the hydraulic equilibrium assumption is that pellet swelling would be too fast in
simulations of hydration paths not performed at equilibrium as in the present experimental study (use

of the vapour equilibrium technique).

6.2.  Ability to reproduce the material behaviour

6.2.1. Two peaks in no-powder samples

In FEM simulation of the 70/0 tests, a first peak occurs at a suction of ~70 MPa as a consequence
of contact forces reaching pellet strength. Macroscopic yielding occurs at suction of ~7 MPa and a
second peak is reached as a result. This latter was also observed in experiments but at lower suction.
The overestimation of fun for my > m," allowed the swelling pressure to reach the LC yield locus in the
simulation earlier than expected from experimental results. Yet, the second peak in FEM occurs at a

swelling pressure comparable to the second peak in the experiment.

6.2.2. Influence of the powder phase in loose powder samples

In the granular domain, the material response is well reproduced by the model (Figure 13b).
Transition to the continuous domain and subsequent increase of swelling pressure in the simulation are
found to occur earlier than in experiment. In experiment, swelling pressure remains nearly constant
until a suction of 4 MPa. It can be suggested that pellets swell too rapidly in FEM simulation, thus @mat
increases faster in the simulation and the transition is computed at higher suction. This would mean
that equilibrium in experiment was not perfectly reached after each suction step. Another suggestion to
explain this difference between simulation and experiment is that rys is not a constant value and may

be higher in 70/15 mixture than in 70/30 mixture. Even if the swelling pressure at s = 4 MPa is
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overestimated, it is interesting to note that the overall response provided by the model is quite close to

the experimental one, involving a succession of very different phenomena.

6.2.3. Swelling pressure evolution

In spite of some differences between simulations and experiments, Figure 13d highlights that the
overall ability of the model to reproduce the evolution of swelling pressure is good. It predicts the
significant influence of the initial granular structure in the 70/15 mixture and the moderate influence of
the latter in the 70/30 mixture. It predicts also the trend of the evolution of swelling pressure rather
well for all mixtures, either increase or plateau or decrease, at values of swelling pressure and suction
close to experimental observation. Macroscopic yielding and peak phenomena are also well

reproduced. The final swelling pressure is close to the experimental one in the three simulations.

In the model, irreversible strain can arise only if the transition criteria or the yield locus are
reached. In experiments, only one hydration path has been performed. More complex hydration paths
such as wetting-drying cycles, accumulating plastic strains, would not be properly reproduced by the

present model.

6.2.4. Applicability to field conditions

In contact with liquid water, pellets would lose their granular structure (Hoffmann et al., 2007;
Molinero-Guerra et al., 2019b) and the evolution of swelling pressure in the granular domain would
not be observed. However, in field conditions, vapour diffusion is likely to be the dominant hydration
mechanism (Kroéhn, 2005). Thus, the influence of the initial granular structure is a relevant feature to
take into account. Besides, local heterogeneities of density are likely to arise during installation in the
galleries (Molinero-Guerra et al., 2017). Local heterogeneities of density influence the relative
proportion of pellets and powder and the local value of the mixture dry density. Powder density has

been shown to have a significant influence on the mechanical behaviour. In this regard, the proposed
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model is relevant because it allows to account for heterogeneities of density with a single set of
parameters. In repository conditions, hydration of the mixture will be progressive. Thus, the

consideration of two different suctions for pellets and powder grains in the model would be necessary.

7. Conclusion

Bentonite pellet-powder mixtures are candidate materials for the sealing of galleries in radioactive
waste disposal concepts. The mechanical behaviour of these materials is influenced by their initial

granular structure and the density of the powder phase.

In the present study, swelling pressure tests have been carried out on three mixtures with the same
pellet volume fraction and different powder contents. It was highlighted that the initial granular
structure has no significant influence on the behaviour of mixtures with dense powder phase.
Conversely, the powder phase has no significant influence on the behaviour of mixtures with loose

powder phase until a low suction.

The behaviour of pellet assemblies has been studied under isotropic compression through DEM
simulations. It was highlighted that the initial pellet volume fraction, pellet stiffness and pellet strength
have a notable influence on the macroscopic behaviour of the pellet assembly. In addition, it was
demonstrated that, upon pellet swelling, the volumetric strain of a pellet assembly is equal to the

volumetric strain of the pellet under the assumption of elastic contact reaction.

Based on experimental and DEM results, a conceptual model for pellet-powder mixture has been
proposed. The model is formulated in the framework of hardening elastoplasticity and considers two
distinct domains in elasticity. Depending on suction and the density of the powder phase, the mixture
is either considered granular or continuous. In the granular domain, the pellet assembly controls the
behaviour of the mixture and constitutive laws are proposed from DEM results. In the continuous
domain, pellets and powder contributes to the mechanical behaviour of the mixture and a modified

BBM is used to model its behaviour.
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The model was used to simulate the swelling pressure tests performed in the laboratory. Owing to
its conceptual nature, some differences have been noted between numerical and experimental results.
However, the numerical results generally reproduced very well the experimental results, using a single
set of parameters for all mixtures. Swelling pressures obtained in simulations were very close to
experimental ones. These results improve the knowledge on the behaviour of bentonite pellet-powder

mixtures during hydration in constant-volume conditions.

An interesting perspective arising from the present work is a better characterisation of the transition
from the behaviour controlled by the pellet assembly to the continuous behaviour, which is a
progressive phenomenon. The influence of the powder density on the macroscopic response can be
investigated in this respect. Besides, water transfer laws in pellets should be proposed to avoid the
hypothesis of hydraulic equilibrium. The proposed modelling approach can then be used to provide
interesting predictive simulations of pellet-powder mixtures in repository conditions, to better assess

the long-term safety of these facilities.
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Appendix A

In a granular assembly, the diagonal components of the Cauchy stress tensor can be written as

follows:

1 [
Oaa = 0 Z Fy, Ta (52)
i=1

where « is the reference coordinate axis (1 < a < 3), Q is the total volume of the granular assembly, N,

is the number of contacts, r, are the a-coordinates of vector r joining the centre of particles in contact,
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Fv . are the a-coordinates of the corresponding contact force Fy (Agnolin and Roux, 2007;
Christoffersen and Mehrabadi, 1981). From this expression, the mean stress p in the granular assembly

is written as;

3
1
P=35 2| 2 e )

The volume fraction of pellet @, and the coordination number Z of the granular assembly are

written as follows:

_ Ny, (54)
™0
And
g = 2Ne (55)
N,

where N; is the number of spheres and Q; is the sphere volume.

From (54) and (55), in conditions where normal deflection at contact is negligible compared to the

sphere diameters (i.e. r, = a), (53) can be written as:

AN (56)

p=_——>F

where Fy" is the mean contact normal force in the granular assembly.

From equations (5) and (56), the following expression can be written:
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(57)

| =25
E1 a
1—v2

where dy" is the average normal deflection. From equation (57), the dimensionless parameter mg is

defined as:

wN

p (58)

Appendix B

In a granular assembly of spherical particles, considering elastic contacts and particle volume
increase at constant particle stiffness and particle Young modulus, the mean stress in the granular

assembly can be written from the Hertz law (equation (5)) and equation (56):

1 -
Do = m N (1o Fi o) (59
1 1
S — | 1 IF (60)
P=30, 1+ C<T°( Tev) N)

Where po and Fy ¢ are the values of p and Fy before particle swelling €, is the initial value of Q, r
is the initial value of r, the norm of the r vector, and the horizontal bar denotes the average value over
all contacts. Fy, accounting for the volume variations of the granular assembly resulting from the

volume variations of the spherical particles, is written:

1 l 1 l l 2 (61)
Fy = 3 E; (ap)2 (1 + &ypq)0 [7'0(1 +e&y)3 —ap(1+ €V1)3]



899

900

901

902

903

904

905

906

1 1
Where a, is the initial value of a. In equations (60) and (61) , ro(1 + &)z and r,(1 + &,)3 —

1
ao(1 + &y,4)3 respectively denotes the distance between two spherical particles in contacts and the

deflection in contact between two spherical particles.

Following a small increase in the particle volumes, if no rearrangement of the granular assembly

occurs and N, remains constant, then

P=Do © & = é&n 62)
Thus
(e)
for = oy _ (63)
m
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