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1 Introduction
The role of engineered barriers in geological disposal of radioactive waste is to form a tight contact withthe host rock, and thereby limit the release of radionuclides to the biosphere. The low permeability andimportant swelling capacity of bentonites are therefore essential properties. In order to characterizethe swelling capacity of compacted bentonites, two macroscopic physical quantities can be measured:the swelling potential and the swelling pressure. These quantities are determined after saturation of abentonite sample under different confining conditions. The swelling potential ∆H/Hi corresponds tothe ratio between the change in sample height ∆H upon saturation under oedometer conditions, and itsinitial height Hi. On the contrary, the swelling pressure SP is defined as the pressure required to preventvolume changes upon wetting. Figure 1 presents the evolution of the swelling pressure of five referencebentonites with dry density. While important differences are observed between the different bentonites,they all show an increase of their swelling pressure with dry density. Furthermore, the swelling pressuresreached upon saturation (typically of the order of few MPa to around 15 MPa for dry densities rangingbetween 1.5 and 1.7 Mg/m3) are significantly higher than for non-swelling clays (few hundreds kPa).

Dry density, r : Mg/m³d
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Figure 1: Evolution of the swelling pressure of five reference bentonites with dry density.
While the swelling capacity of compacted bentonite is firstly observed at the macroscopic scale, thisproperty essentially results from physicochemical phenomena taking place at a microscopic scale. There-fore, a good comprehension of the material microstructure is of paramount importance for a better un-derstanding of the hydromechanical behaviour of compacted bentonites and for the development ofphysically-based constitutive models.
These lecture notes are organized as follows. The mineralogical composition of bentonites is first pre-sented. The structure and coupled processes taking place in compacted bentonites are then described
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starting from the smallest scale of interest, namely the scale of the clay minerals. Accordingly, the struc-ture and physicochemical properties of clay minerals are presented. Attention is then focused on thehydration and swelling mechanisms in smectites, the main constituents of bentonites. Increasing thescale of observation, the structure of compacted bentonites is addressed. The water storage and hydra-tion mechanisms are analysed. The different factors, both mechanical and environmental, affecting thematerial structure are presented. Finally, modelling challenges and prospects are addressed.

2 Definition and mineralogical composition of bentonites
The name bentonite dates back to the late 19th century when Knight [1898] used the term to describehighly plastic and swelling clays from the Cretaceous Fort Benton group in Wyoming, USA. The first def-initions of bentonite [Hewitt, 1917; Wherry, 1917; Ross & Shannon, 1926] suggested a genetic origin ofthe material, generally from the alteration of tuff or volcanic ash. Nowadays, the term bentonite has lostits mineralogical definition and refers to any smectite-rich material regardless of its geological origin[Grim, 1968]. More specifically, in the context of nuclear waste disposal, bentonite primarily consists ofmontmorillonite, a clay mineral of the smectite group which exhibits significant swelling upon hydration[Apted, 1995].
Table 1 presents the mineralogical composition of five reference bentonites which are studied as po-tential barriers for the isolation of high-level and intermediate-level radioactive waste. Besides mont-morillonite, these bentonites contain variable quantities of other clay minerals (generally kaolinite andillite, which are non-swelling clay minerals), quartz1, feldspars, plagioclase, gypsum, pyrite and calcite.They can also hold small amounts of organic matter (usually less than 0.5%). Although present in limitedquantities, some of these accessory minerals may influence the properties of bentonites, especially theirchemical reactivity [Sellin & Leupin, 2013].

Bentonite Origin Phyllosicilicate SiO2 K-feldspar Plagioclase

Febexa Spain 92% interstratified 2% traces 2%
montmorillonite–illite

(10–15% illite)
FoCa7b France 80–85% interstratified 1.4–6%

smectite–kaolinite
(50% Ca-beidellite, 50% kaolinite)

4–6% kaolinite
GMZc China 75.4% montmorillonite 20% 4.3%

0.8% kaolinite
Kunigel V1d Japan 46–49% montmorillonite 29–38% 2.7–5.5% 4%

MX-80e USA 75–90% montmorillonite 2.8–15.2% 2–8% 9.2%
aFernandez [2004], Lloret & Villar [2007]
bProust et al. [1990], Bruno [1993], Lajudie et al. [1994]
cWen [2006]
dJNC [2000], Nakashima [2004]
eLajudie et al. [1994], Madsen [1998], Montes-H [2002]

Table 1: Mineralogical composition (main minerals) of five reference bentonites.
1In Table 1, the content in SiO2 corresponds to the total content in quartz, cristobalite and tridymite.
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3 Structure of clay minerals

3.1 Structure and mineralogy
Clay minerals belong to the phyllosilicate group. The term phyllosilicate derives from the Greek phyllon,leaf, emphasizing the layered structure of clay minerals. This structure is based on the combination oftwo basic crystal structural units, namely the tetrahedral sheet and the octahedral sheet.
The tetrahedral sheet is also called silica sheet. As shown in Figure 2(a), it is made up of silica tetrahedra(SiO4)4-, which are linked together by sharing three of their four oxygen ions. All tetrahedra of the silicasheet are oriented in the same direction and define hexagonal cavities. Similarly, Figure 2(b) showsthe structure of the octahedral sheet, also termed alumina sheet. The octahedral sheet is composed ofaluminium or magnesium octahedra in which the cation bonds with six oxygen atoms or hydroxyl groups.Octahedra are all laid on a triangular face and linked together by sharing their six oxygens or hydroxyls.

Oxygen Silicon

(a) Silica tetrahedron, tetrahedral sheet and schematic representation of the tetrahedralsheet.

Hydroxyl Aluminium, Magnesium, etc.

(b) Aluminium or magnesium octahedron, octahedral sheet and schematic representationof the octahedral sheet.
Figure 2: Basic crystal structural units of phyllosilicates [Mitchell & Soga, 2005].

Tetrahedral and octahedral sheets bond together to form layers. Two types of layers are defined, namelythe TO layer and the TOT layer. The TO layer, also called 1:1 layer, is made up of one tetrahedral sheet andone octahedral sheet, and has a thickness of 7.2 Å. On the other hand, the TOT layer, or 2:1 layer, consistsof an octahedral sheet sandwiched between two tetrahedral sheets. Its thickness in the absence of anypolar molecule is 9.6 Å. In both cases, strong primary bonds exist between the sheets of a same layer[Stçepkowska, 1990].
Conversely, the bonds between two successive layers are generally weaker. The type of layers and thenature of the interlayer determine the properties of the different clay minerals and, in particular, their be-haviour in presence of water. On this basis, clay minerals are classified into different groups, as depictedin Figure 3. The main clay minerals composing bentonites, namely smectite, kaolinite and illite, are to befound in this classification.
The structure of kaolinite is based on the TO layer, whereas the structures of smectite and illite are builton the TOT layer. In kaolinite, hydroxyl groups and oxygen ions of two consecutive layers are bondedthrough hydrogen bonds which maintain the interlayer closed and prevent swelling. Only the externalsurfaces can adsorb water, allowing limited swelling. In smectites, water molecules and ions are ableto penetrate the interlayer space, causing the expansion of the mineral upon wetting. Conversely, theinterlayer space of illite is occupied by potassium ions whose molecular size is close to the one of thehexagonal cavities of the tetrahedral sheet, and which therefore strongly lock the layers together throughionic bonds, thereby preventing swelling. When layers of different types are stacked together, the mineralis referred to as a mixed-layer or interstratified mineral, and its behaviour depends on the nature of thedifferent layers and interlayers.
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water layer
water + ions water + Mg K K

Water + ions

Stacked in various ways Stacked in various ways

Tetrahedral sheet

Octahedral sheet

Kaolinite Halloysite Pyrophillite Smectite Vermiculite Illite Chlorite Interstratified

TO layer TOT layer

Figure 3: Classification of clay minerals [Mitchell & Soga, 2005].

Finally, clay layers stack together to form particles. Depending on the nature of the interlayer and thewater content, the number of layers in a particle may vary from a few to several hundreds [Saiyouri et al.,2004]. The behaviour of the different clay minerals in presence of water is further discussed in the nexttwo sections, with a special attention given to smectites.
3.2 Physicochemical properties
A fundamental characteristic of clay minerals is their electronegativity. The surface of phyllosilicatesis indeed not electrically neutral and surface charges exist (Table 2). These charges have two differentorigins:

• Isomorphous substitutions, which refer the replacements of ions in the tetrahedral or octahedralsheets for other ions, without significant change in the layer structure. When a cation in a tetrahe-dral or octahedral sheet is replaced by a lower valency ion, the substitution leads to an excess ofnegative charge at the surface of the layer. The most common isomorphous substitutions in clayminerals are Al3+ for Si4+ in the tetrahedral sheet and Mg2+, Fe2+ and Mn2+ for Al3+ in the octahedralsheet.
Isomorphous substitutions are common in smectites, which explains their important surface chargescompared to other phyllosilicates (Table 2). Depending on the position of the charges, smectitesare classified into montmorillonites, whose charges are predominantly in octahedral position, andbeidellite, whose charges are predominantly located in tetrahedral position. Bentonites are mainlycomposed of montmorillonite.

• Local charges, which are due to broken bonds and an incomplete neutralization of charges on theedges of the layers. The value of these local charges depends on the pH of the solution [Grunberger,1995]. In acid environments, charges are positive due to the fixation of H+ protons on the O2- anions;they are negative if the solution is basic.
According to Mitchell & Soga [2005], local charges are thought to contribute up to 20% towards thetotal charge deficit.

Kaolinite Illite Montmorillonite
Surface charges (meq/100 g) 5–15 20–40 80–100

Table 2: Range of surface charges in kaolinite, illite and montmorillonite [Yong et al., 2009].
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The natural tendency is to ensure electroneutrality of the clay particle and therefore, the layer will tend toadsorb cations present in the environment. These cations that form the interlayer are called exchange-able cations as they can be exchanged with other cations of the solution [Van Olphen, 1963]. Accordingto Sposito et al. [1984], exchangeable cations are adsorbed at the surface of the layer by at least threedifferent mechanisms:
• Inner-sphere complexation, by which cations bind to the clay surface (through primary bonds)without any interposed water molecule.
• Outer-sphere complexation, by which solvated cations are attracted and bonded to the clay surfacethrough hydrogen bonds and electrostatic forces.

Inner-sphere and outer-sphere complexes form the Stern layer [Stern, 1924] (Figure 4). These com-plexes may be insufficient to balance the negative charges at the clay surface, so that a third mech-anism allows to neutralize the residual charges.
• Electrostatic attraction of solution cations, resulting from the presence of unbalanced charges atthe surface of the clay layer. The attracted cations from the solution form the diffuse double layer(Figure 4).

As mentioned by Sposito et al. [1984], outer-sphere complexes differ from cations adsorbed in the diffuselayer in their residence time, i.e. the amount of time that a cation remains adsorbed at a given position.The residence time of cations from the diffuse layer is of the order of 10 ps, which is significantly shorterthan the 100 ps residence time of outer-sphere complexes and over 10 ns of inner-sphere complexes (thestrongest the bonding, the longest the residence time).

Outer sphere complex

Inner sphere complex

Diffuse layer
Stern
layer

Cation

Negatively charged 
clay layer

Water molecule

Electrolyte

Figure 4: Mechanisms of cation adsorption at the surface of a clay layer [after Meunier, 2005; Yong et al.,2009].
The cation exchange capacity (CEC) measures the ability of smectites to adsorb cations from the solu-tion. The CEC is defined as the number of exchangeable positive charges per 100 g of dry clay mineral.It is expressed in milliequivalents per 100 g of dry clay (meq/100 g). In general, the interlayer comprisesa mixture of different cation species, essentially Na+, Ca2+ and Mg2+ in bentonites. Table 3 presents theCEC and main exchangeable cations of five reference bentonites. Based on the nature of the dominat-ing exchangeable cations, bentonites are referred to as sodium bentonite or calcium bentonite: Febexand Foca7 are calcium bentonites, GMZ and Kunigel V1 are sodium-calcium bentonites, while MX-80 isa sodium bentonite. As explained in the next section, the nature of the exchangeable cation influencesthe swelling capacity of the bentonite, with a higher capacity in sodium bentonites.
Finally, another important physicochemical parameter of clay minerals is their specific surface area SS ,expressed in m2/g. The total specific surface area comprises both the interlayer surface area and the
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Bentonite CEC Exchangeable cations Specific
Na+ Ca2+ Mg2+ surface

(meq/100 g) (meq/100 g) (meq/100 g) (meq/100 g) (m2/g)
Febexa 111 25 47 36 725
FoCa7b 69 3 63 454
GMZc 77.3 43 29 12 570–597

Kunigel V1d 73 41 29 3 389–687
MX-80e 76–88 61–67 8–10 3–5 512–800

aLloret & Villar [2007]
bSaiyouri et al. [2004]
cWen [2006], Ye et al. [2009]
dKomine & Ogata [1996], JNC [2000], Marcial et al. [2002], Komine [2004]
ePusch [1982], Madsen [1998], Bradbury & Baeyens [2003], Villar [2007]

Table 3: Cation exchange capacity and specific surface of five reference bentonites.
clay particle external surface area. Table 3 presents the values of specific surface area for five referencebentonites. Obviously, a strong correlation of the CEC with the specific surface is observed, the CECbeing all the more important that the specific surface is large.

3.3 Hydration and swelling mechanisms in smectites
The swelling capacity of clay minerals refers to their ability to expand upon hydration and shrink upondrying. Accordingly, a good understanding of the hydration mechanisms is required to puzzle out theswelling mechanisms. Starting from dry conditions, two regimes of swelling are generally identified[Norrish, 1954]:

• Crystalline swelling, which is predominant at low water contents and corresponds to the progres-sive intercalation of discrete layers of water in the interlayer space (development of the Stern layer).In the case of smectites, one, two, three or four layers of water molecules are sequentially inter-calated, leading the interlayer to increase sequentially from 9.6 Å with no water to 12.6 Å, 15.6 Å,18.6 Å and 21.6 Å respectively. Figure 5(a) presents the evolution of the interlayer thickness duringhydration of compacted MX-80 bentonite.
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Figure 5: Effect of hydration (suction decrease) on particles of MX-80 bentonite [Saiyouri et al., 2004].

As shown in Figure 5(b), the insertion of layers of water molecules in the interlayer space leads toa reorganisation of the solid matrix [Tessier, 1978]. During hydration, clay particles initially made
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of 350 layers divide into smaller structures of around 10 layers. These smaller particles are able tofix high amount of water and form water layers up to 100 Å thick [Saiyouri et al., 2000].
• Osmotic swelling, which is associated with interactions of the diffuse double layer. Under highwater content, the interlayer is a highly concentrated medium as compared with the bulk solution.As a consequence of the difference in cation concentrations, the cations near the clay surfacetend to diffuse away. However, the negative electric field at the clay surface prevents the cation tofreely diffuse. Contrary to crystalline swelling, swelling is a continuous phenomenon in the osmoticdomain. Furthermore, it occurs both between clay layers and between clay particles [Cases et al.,1990; Mitchell & Soga, 2005].

Neglecting the existence of the Stern layer, the clay – water system has traditionally been describedusing the diffuse double layer (DDL) theory early developed by Gouy [1910] and Chapman [1913]. In theDDL theory, a unique particle surrounded by an ionic solution is considered. The clay layer is supposeduniformly charged over its surface and ions are considered as point charges without interaction. Theelectrical potential Ψ around the clay layer (Figure 6(a)) is then given by
Ψ = Ψ0 exp (−κxc) (1)

where Ψ0 is the electrical potential at the clay layer surface and xc is the distance from the clay layersurface. κ−1 is the Debye-Hückel length given by
κ−1 =

(
εrε0kT

2n0e2z2

)1/2 (2)
where εr is the dielectric constant of the electrolyte, ε0 is the dielectric permittivity of the vacuum (=
8.8542×10−12 C2/J·m), k is the Boltzmann constant (= 1.38×10−23 J/K), T is the absolute temperature,
n0 is the ion concentration in the electrolyte, e is the electric elementary charge (= 1.602× 10−19 C) and
z the valency of the ion in the electrolyte.
The diffuse double layer theory can be used to describe the behaviour of colloidal solutions in which clayminerals are dispersed in a continuous liquid phase [Van Olphen, 1963]. However, in compacted ben-tonites, the density is such that clay minerals interact through their diffuse double layer and a repulsionforce takes place, similarly to two magnets that are brought close to each other. This repulsion forcemay be assimilated to a swelling pressure (Figure 6(b)). Bolt [1956] used the diffuse double layer theoryto predict the swelling pressure developed between two parallel clay layers. Although one can show thatthis hypothesis is not satisfied in compacted bentonites [see Segad et al., 2010, for a discussion], the the-ory provides interesting qualitative results. In particular, the repulsive swelling pressure σR is expressedas

σR = 2n0kT (coshu− 1) (3)
whereu is a non-dimensional potential at the mid-plane between the two clay layers2. This non-dimensionalpotential u will be all the more important given that the electrical potential Ψ around a single clay layeris large.Despite the restrictive assumptions behind the double diffuse layer theory, some interesting and qualita-tive conclusions may be drawn concerning the factors affecting the swelling pressure of bentonite-basedmaterials:

• the higher the dry density, the higher the swelling pressure (Figure 1). Under the assumption ofhomogeneous and parallel particle distribution, an increase in the dry density yields a decrease inthe distance between clay minerals, hence an increase in the mid-plane potential u (Figure 6(b)).
• the higher the CEC, the higher the swelling pressure. A high CEC corresponds to an important sur-face charge density, hence an important electric potential Ψ0 and an important mid-plane potential
u.

• the lower the valency z of the exchangeable cation, the higher the mid-plane potential u and thehigher the swelling pressure. Accordingly, the swelling properties are enhanced for sodium ben-tonites compared to calcium bentonites.
2Details concerning the precise determination of u can be found in Van Olphen [1977] and Tripathy et al. [2004].
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Figure 6: Representation of the double diffuse layer, according to Gouy-Chapman theory. Evolution of theelectrical potential as a function of the distance from the clay layer surface.
Analysing in details the mineralogical composition (Table 1), cation exchange capacity and specific sur-face (Table 3) of the five reference bentonites, the obvious difference in swelling pressure developed bythe different materials may be partly explained by the diffuse double layer theory. For instance, one canobserve that the low montmorillonite content of Kunigel V1 bentonite is associated with low swellingpressures. Conversely, the important montmorillonite content and Na+ dominant exchangeable cationof MX-80 bentonite lead to the development of very high swelling pressures upon hydration under con-stant volume conditions.

4 Structure of compacted bentonites

4.1 Experimental techniques
The microstructure of compacted bentonites3 can be investigated by using different experimental tech-niques depending on the type of information required and the scale under consideration. The informationthat may be obtained from microstructural experimental study includes the pore types, distribution andconnectivity, the arrangement and distribution of clay particles and aggregates, the aggregate size andmorphology, and the inter-particle contact orientations and contact force directions [Romero & Simms,2008]. The scale that can be investigated ranges from the nm to the mm. Figure 7 presents the rangeof applications of five experimental techniques that are commonly used to study the structure of com-pacted bentonites:

• Adsorption techniques are used to determine the specific surface area of clay minerals. Differentgases, including nitrogen and carbon dioxide, as well as methylene blue, can be used as sorbates.A description of the different adsorption techniques can be found in Adamson [1990] and Santa-marina et al. [2002].
• X-ray diffraction (XRD) allows the characterization of the mineral phases present in samples. Qual-itative and semi-quantitative descriptions of the nature of the clay minerals are possible. The tech-nique may also be used to investigate the effects of the hydration process at the scale of the claylayers [see Cases et al., 1997; Devineau et al., 2006; Likos & Lu, 2006; Villar et al., 2012, among oth-ers]. A complete presentation and guide for the interpretation of XRD results are found in Moore &Reynolds [1997].
• Mercury intrusion porosimetry (MIP) is a qualitative and quantitative technique used to investigatethe pore size distribution (PSD) of a porous sample. The principle is based on the injection ofmercury into a sample previously dried. A review of the applications of MIP for the investigation ofunsaturated soils microstructure is presented by Romero & Simms [2008].
• Electron microscopy provides essentially qualitative information on the pore structure via micro-graphs of the material, although some quantitative information may be obtained by using digital

3In these notes, the term microstructure is used to refer to the structure of materials as observed at a small scale, calledmicroscopic scale, typically ranging from 1 nm to 1 mm.
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image analysis. Different techniques exist, such as Scanning Electron Microscopy (SEM), Environ-mental Scanning Electron Microscopy (ESEM), Transmission Electron Microscopy (TEM). A reviewof the applications of ESEM for the investigation of unsaturated soils microstructure is presentedby Romero & Simms [2008].
• Computed tomography (CT), including microfocus tomography (µCT), is a high-resolution non-destructive 3D observation technique based on the combination of a high number of X-ray images.This class of experimental techniques provides similar information to electron microscopy but inthree dimensions.

0.1 nm        1 nm       10 nm       100 nm       1 mm       10 mm      100 mm      1 mm

Mercury Intrusion Porosimetry (MIP)

Optical and electron microscopy

Computed tomography (CT)

Nitrogen adsorption

X-ray diffraction (XRD)

Pore size

Figure 7: Range of applications of various experimental techniques used to investigate the microstruc-ture of porous materials.

4.2 Experimental observations and representation
Figures 8(a) and 8(b) present ESEM micrographs of compacted Febex and GMZ bentonites respectively.In these micrographs, aggregates with sizes of the order of 20 µm are clearly observed. These ag-gregates are clusters of clay particles and are formed upon compaction of bentonite dry of optimum.Besides the clay layer and the clay particle, the aggregate represents a third level of organisation incompacted bentonites. Accordingly, the space between aggregates defines a new pore family, calledinter-aggregate porosity, or macroporosity.

20 mm

(a) Compacted Febex bentonite with dry density ρd =
1.72 Mg/m3 and water content w = 13.7% [Lloret et al.,2003].

(b) Compacted GMZ bentonite with dry density ρd =
1.75 Mg/m3 and water content w = 11.1% [Ye et al.,2009].

Figure 8: Micrographs of two compacted bentonites obtained using an environmental scanning electronmicroscope.
Mercury intrusion porosimetry provides further insight into the structure of the compacted bentonitesand the pore size distribution. Figure 9 presents the pore size distributions obtained by Lloret et al. [2003]on Febex bentonite compacted to dry densities of 1.5 Mg/m3 and 1.8 Mg/m3. In this figure, a bimodaldistribution is clearly observed, the two peaks being in the range of pore sizes of 10 nm and 10 µm for

9



EURAD School for Radioactive Waste Management 22 – 24 January 2020, Liège (Belgium)

the highest dry density, and 10 nm and 40 µm for the lowest dry density. The size of the larger pores isconsistent with the inter-aggregate pores observed in Figure 8(a).
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Figure 9: Pore size distribution of Febex bentonite compacted at different dry densities, ρd = 1.5 Mg/m3

and ρd = 1.8 Mg/m3 [Lloret et al., 2003].
In Figure 9, the pore family with the peak around 10 nm corresponds to the intra-aggregate porosity,and more specifically the inter-particle porosity. Note that pores smaller than around 6 nm (correspond-ing essentially to intra-particle pores) cannot be investigated by using mercury intrusion porosimetry.The intra-aggregate porosity is therefore not homogeneous and includes pores between particles (inter-particle porosity) and inside a particle (inter-layer porosity). In the following, the term microporosity isused to refer to the total intra-aggregate porosity.
4.3 Water storage and hydration mechanisms
Water in compacted bentonite is present under different forms: structural water, adsorbed water andcapillary or free water [Kezdi, 1974; Stçepkowska, 1990]. Structural water or hydroxyl is part of the min-erals structure and does not leave the solid phase below 350°C. It is therefore excluded from watercontent measurements which are obtained after drying the sample at a temperature slightly over 100°C.Adsorbed water corresponds to the water which is adsorbed on both internal and external surfaces ofthe clay minerals, i.e. which is stored in the intra-aggregate pores (micropores). Finally, capillary or freewater is stored in the macropores. Figure 10 presents a conceptual representation of the structure ofcompacted bentonites and the different types of water.

Interlayer water
(adsorbed water)

Water on the external 
surfaces of the clay particles
(adsorbed water)

Capillary 
or free water

Macrostructure Aggregate

Structural water
Inter-aggregate 

pore

Inter-particle pore

Silt or sand grain

Particle
Interlayer space

Figure 10: Conceptual representation of the structure of compacted bentonite (in black) and the differentwater storage mechanisms (in blue) [modified after Gens & Alonso, 1992; Jacinto et al., 2012].
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The physical state of water in the vicinity of the charged clay layers differs from the one of bulk water, andboth values of viscosity and density are affected [Langmuir, 1917; Baver & Winterkorn, 1935; Winterkorn,1943]. Low [1979] and Bourg et al. [2003] showed that the viscosity of the adsorbed water is higher thanthe one of bulk water. Moreover, due to the strong physicochemical interactions between water and theclay particles, the density of adsorbed water is significantly higher than that of bulk water [Hawkins &Egelstaff, 1980; Derjaguin et al., 1986; Swenson et al., 2000; Jacinto et al., 2012], and may reach valueshigher than 1.4 Mg/m3 (Figure 11(a)).
From a practical point of view, the water density has a strong influence on the computed degree of sat-uration. The degree of saturation Sr is indeed obtained from the gravimetric water content w accordingto

Sr =
ρs
ρw

w

e
(4)

where ρs is the density of the solids, ρw is the water density and e is the void ratio (defined as the ratiobetween the volume of voids and the volume of solids). When the degree of saturation is calculatedwith the density of bulk water (ρw = 1 Mg/m3), values higher than 1 are systematically obtained close tosaturation [Villar, 2002; Marcial, 2003; Jacinto et al., 2012]. Knowing the water content and void ratio ofpresumably saturated samples, Villar [2000] computed the equivalent water density in compacted Febexbentonite. Figure 11(b) shows that the mean water density is higher for denser samples, although waterdensities higher than 1 are found for looser samples.
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Figure 11: Water density in compacted bentonites.

In practice, the different types of water cannot be easily separated. Thermogravimetric analysis is gen-erally used to this end, although the interpretation of the results is not straightforward [Cases et al., 1997,1995; Salles et al., 2009]. At relative humidities lower than 90%, water is mainly found in the interlayer andadsorbed on the external surface of the particles. When the relative humidity increases, some capillarycondensation is believed to take place in the macropores. However, as discussed in the next section,important porosity redistribution occurs upon wetting and leads a reduction of the macroporosity underconfined conditions, hence limiting the amount of free water. The amount of free water in compactedbentonites is therefore usually estimated to be only a few percent of the total water, under saturatedconditions [Pusch et al., 1990; Bradbury & Baeyens, 2003; Fernandez et al., 2004].
4.4 Factors affecting the structure
The mechanisms affecting the structure of soils may be classified into internal and external factors.Internal factors (also called intrinsic) include the mineralogy, clay particles size and morphology, andwater chemistry. External factors are the compaction method and its energy, and the water content. Inthis section, the structure evolution is only considered from the point of view of the pore size distribution,as little information is available about the morphology of the pores and aggregates structure.
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4.4.1 Mechanical loading

Figure 9 presents the pore size distributions of Febex bentonite compacted at two different dry densities,namely 1.5 Mg/m3 and 1.8 Mg/m3, but the same water content. In both cases, a bimodal pore sizedistribution is observed, even at high dry density. The compaction process has two main effects. Firstly,regarding the porous volume, increasing the compaction effort at constant water content decreases thevolume of macropores, while the volume of micropores is hardly affected. Secondly, compaction shiftsthe size of dominant macropores towards smaller pore radii.
4.4.2 Water content changes

As a result of the sensitivity of clay minerals to water, the structure of compacted bentonites is signifi-cantly affected by changes in water content. An increase in the water content leads indeed to the swellingof clay layers and particles, hence aggregates. Figure 12 shows the evolution of the pore size distribu-tion of MX-80 bentonite compacted to a dry density of 1.79 Mg/m3 and hydrated under constant volumeconditions. The experimental data show an increase of volume of the smaller pores and a progres-sive decrease of the inter-aggregate pore volume. Consequently, the structure of the material evolvesfrom a bimodal pore size distribution (as-compacted material) towards a mono-modal distribution underfully saturated conditions. According to Romero [2013], the evolution of the macropores volume uponchanges in water content is the consequence of both multi-scale and multi-physical processes. Dur-ing wetting, the expanding clay particles invade indeed the macropores, hence decreasing the macro-pores volumes. On the other hand, wetting is likely to lead to collapse of the macrostructure. At themacroscopic scale, collapse is indeed often detected during saturation of compacted bentonites and isgenerally interpreted as an instability of the material structure.
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Figure 12: Influence of the water content on the pore size distribution of MX-80 bentonite compacted toa dry density ρd = 1.79 Mg/m3 and hydrated under constant volume conditions [Seiphoori et al., 2014]
Figure 13 presents an interesting picture, obtained by cryo-Focused Ion Beam nanotomography [seeKeller et al., 2014, for details on this technique], of partially saturated MX-80 bentonite compacted toa dry density of 1.46 Mg/m3 with a water content of 22.6%. The picture shows that the inter-aggregatepores are filled with a loose material comparable to a gel or colloidal solution. This material is character-ized by a special structures referred to as honeycomb [Keller et al., 2014]. For higher dry densities (1.67Mg/m3), Keller et al. [2014] did not observe such a structure, presumably because of the lack of largeinter-aggregate pores (Figure 12).Wang et al. [2013a] observed a different behaviour of the microstructure of a MX-80 bentonite/sand mix-ture hydrated under confined conditions, and noticed the development of two-dimensional fissure-likepores. These pores were detected with both mercury intrusion porosimetry (pore group with a meandiameter of 50 µm and 1 µm in Figure 14(a)) and scanning environmental microscope (Figure 14(b)).Wang et al. [2013a] suggested that these pores may result from the division of clay particles within theaggregates due to swelling. However, further investigations are required since the release of the swellingpressure before freeze-drying of the sample could also influence the observations.
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Figure 13: Microstructure of compacted MX-80 bentonite with dry density ρd = 1.46 Mg/m3 and watercontent w = 22.6% obtained by cryo-Focused Ion Beam nanotomography [Keller et al., 2014].
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Figure 14: Development of two-dimensional fissure like pores during hydration of a MX-80 bentonite/sandmixture under constant volume conditions [Wang et al., 2013a]
Finally, few experimental data are available concerning the reversibility of the microstructure behaviourupon wetting and drying cycles. According to Romero [2013], the aggregates of as-compacted bentonitesswell and shrink almost reversibly upon wetting and drying. Therefore Romero [2013] qualifies the aggre-gates of compacted clayey soils as a permanent feature of the microstructure. However, Seiphoori et al.[2014] observed significant and permanent modifications of the structure of granular MX-80 bentonitesaturated under constant volume conditions. Indeed, no significant structural changes were observedupon drying. Seiphoori et al. [2014] interpreted this irreversibility of the structure behaviour as a conse-quence of the irreversible subdivision of smectite particles (see Section 3.3).
4.4.3 Ageing

Ageing effects refer to time-dependent phenomena. These effects were studied by Delage et al. [2006]on MX-80 bentonite (Figure 15). The study showed that significant changes in the material structure wereobserved when bentonite samples were maintained under constant volume and constant water contentfor different periods of time ranging from 1 day to 90 days. In particular, a decrease in the inter-aggregateporosity and an increase in the non-intruded porosity (interpreted as inter-layer porosity) were observed.These observations were interpreted in terms of progressive placement of interlayer water moleculeswithin the particles and subdivision of clay particles.
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Figure 15: Changes in pore size distribution with time of compacted MX-80 bentonite with dry density
ρd = 1.61 Mg/m3 and water content w = 8.2% [Delage et al., 2006].
4.5 Model for the microstructure evolution
In the previous section, the effects of hydraulic and mechanical loading on the microstructure of com-pacted bentonites were underlined. In particular, the experimental observations showed that the mi-crostructure of compacted bentonites created upon compaction was not fixed, but evolving along hy-dromechanical stress paths. In this section, attention is focused on quantifying the evolution of themicrostructure.
The experimental technique the most often used to gather quantitative information on the structure ofporous media is mercury intrusion porosimetry. While the technique provides only partial information onthe material microstructure, the results can be used to obtain a scalar measure of the interconnectedpore sizes and volumes. Accounting for this limitation, mercury intrusion porosimetry data are oftenused and analysed in order to highlight tendencies in the evolution of the pore size distribution of com-pacted bentonites along hydromechanical stress paths [Romero et al., 2011; Della Vecchia et al., 2015].In particular, the following quantities are defined:

• the microporosity φm is the ratio between the micropores volume Ωm and the total volume Ω

φm =
Ωm

Ω
. (5)

The microporosity coincides with the total intra-aggregate porosity and includes both inter- andintra-particles pores.
• the microstructural void ratio em is the ratio between the micropores volume Ωm and the solidvolume Ωs

em =
Ωm

Ωs
=
φm
φ
e (6)

where φ and e are respectively the (total) porosity and void ratio.
• the macroporosity φM is the ratio between the macropores volume ΩM and the total volume Ω

φM =
ΩM

Ω
. (7)

The macroporosity coincides with the inter-aggregate porosity.
• the macrostructural void ratio eM is the ratio between the macropores volume ΩM and the solidvolume Ωs

eM =
ΩM

Ωs
=
φM
φ
e (8)

with the total porosity φ = φm + φM and total void ratio e = em + eM .
From a practical point of view, these quantities can be estimated based on experimental pore size dis-tributions. Therefore a criterion should be defined to distinguish micropores from macropores. Threemain approaches are identified and briefly summarized:
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• Approach 1: an entrance pore size is selected based on the pore size distribution of the as-compactedmaterial and is used to separate intra-aggregate and inter-aggregate pores.
• Approach 2: data from a mercury intrusion and extrusion cycles are used. The difference betweenthe intruded and extruded mercury volume is assumed to correspond to the inter-aggregate poros-ity [Delage & Lefebvre, 1984; Delage et al., 1996].
• Approach 3: the entrance pore size coinciding with the dominant peak of the pore size distributionof the material saturated under constant volume conditions is detected. It is used to separateintra-aggregate and inter-aggregate pores [Della Vecchia, 2009; Romero et al., 2011].

The different criteria are further described and discussed in Romero et al. [2011]. In addition, a fourth ap-proach, based on the discrimination of water retention domains, was proposed by Romero et al. [1999].Yet, if the approaches are conceptually different, they generally provide similar quantitative results interms of porosities evolution.
Based on the experimental observations presented in the previous section, two main conclusions canbe drawn. Firstly, mechanical loading does not affect the volume of micropores. This is at least true forthe range of loads and dry densities commonly investigated. Secondly, hydraulic loading strongly affectsthe micropores volume. In particular, wetting yields an increase of the micropores volume. Accordingly,Romero et al. [2011] suggested to plot the microstructural void ratio em obtained from the analysis of poresize distributions as a function of the water ratio ew (defined as the ratio between the volume of waterand the volume of solids). By doing so, Romero et al. [2011] and Della Vecchia et al. [2013] observed that,below a given water ratio ew = e∗m, the microstructural void ratio of moderately active clays was almostconstant and not affected by the water ratio. On the contrary, for higher water ratios, the microstructuralvoid ratio increases almost linearly with the water ratio. Therefore, Romero et al. [2011] and Della Vecchia
et al. [2013] proposed the following law for the evolution of the microstructural void ratio with the waterratio

em = e∗m + β 〈ew − e∗m〉 (9)
where 〈〉 designates the Macaulay brackets (ramp function), e∗m is the water ratio corresponding to fullysaturated micropores and β quantifies the swelling tendency of the aggregates.
Dieudonné et al. [2013], Della Vecchia et al. [2015] and Dieudonné et al. [2017] analysed a large numberof mercury intrusion porosimetry results on different bentonites. The materials include Febex bentonite[Lloret et al., 2003; Lloret & Villar, 2007; Romero et al., 2011], Kunigel V1 bentonite [Romero, 2012, andpresent work], MX-80 bentonite [Delage et al., 2006; Wang, 2012; Seiphoori et al., 2014] and a mixture ofMX-80 bentonite and sand [Wang et al., 2013b; Saba et al., 2014]. The analysis of the experimental resultsand their representation in the (ew − em) plane does not allow identifying any threshold water contentbelow which the microstructural water ratio remains constant. On the contrary, the micropores volumeappears to be continuously evolving with the water ratio (Figure 16). This observation is in accordancewith results presented by Romero et al. [2011] on Febex and MX-80 bentonites.
Accordingly, Dieudonné et al. [2013] proposed to describe the evolution of microstructural void ratio withthe water ratio

em = em0 + β0ew + β1e
2
w (10)

where em0 is the microstructural void ratio for the dry material (ew = 0) and β0 and β1 are parameters thatquantify the swelling potential of the aggregates. Table 4 presents the model parameters calibrated forfour bentonite-based materials, namely Febex, Kunigel V1 and MX-80 bentonites, and a mixture of MX-80bentonite and sand. In particular, Figure 16 provides an example of the calibration for MX-80 bentonite,using experimental data from Delage et al. [2006], Seiphoori et al. [2014] and Wang et al. [2014].
Three remarks are formulated concerning the proposed model. First of all, it should be noted that forhigh values of dry density and water content, Equation (10) may lead to values of em higher than the totalvoid ratio e. In this case, it is assumed that the microstructure is completely developed and em = e.This remark is directly related to the fact that Equation (10) does not provide any limiting value of emwith ew , although such a limit probably exists. However, the proposed relation is meant to describe themicrostructure of compacted bentonites for which the range of water ratios is limited to 0.15 � ew � 0.95.Finally, in a reasonable range of water ratios, Equation (10) provides predictions similar to those of the
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Figure 16: Evolution of the microstructural void ratio em with the water ratio ew from MIP results oncompacted MX-80 bentonite.
Material em0 β0 β1

Febex 0.35 0.25 0.15
Kunigel V1 0.4 0.03 0.21

MX-80 0.31 0.1 0.48
MX-80/sand mixture (70/30) 0.29 0.1 0.18

Table 4: Parameters of the microstructure evolution law for four bentonite-based materials.
bilinear expression proposed by Romero et al. [2011], whilst providing a continuous evolution of em withthe water ratio.

5 Summary
Bentonites exhibit a complex behaviour under repository conditions, owing to the high sensitivity of thematerial to mechanical and environmental (thermal, hydraulic and pneumatic) loads. This sensitivity ofbentonites to external factors arises from both the mineralogical composition and the multi-scale struc-ture of the material, which can be investigated by using modern experimental techniques.
In these lecture notes, attention was first focused on the physicochemical properties of smectites andthe hydration and swelling mechanisms of these minerals. At the scale of the clay particle, hydrationleads to an increase of the average interlayer distance and a division of the clay particles into smallerstructures, both contributing to the particle swelling. A precise description of the processes is com-plex. Yet, the diffuse double layer theory provides interesting qualitative results on the factors affectingswelling. In particular, the theory allows a first explanation of the considerably different swelling pres-sures reached by different bentonites upon saturation.
The hydration and swelling mechanisms were then addressed at the scale of the compacted materialmicrostructure. The experimental data show that hydration of compacted bentonite under confined con-ditions is associated with a progressive increase of the micropores volume and a decrease of the inter-aggregate porosity. On the contrary, under unconfined conditions, swelling taking place at the clay layeryields important swelling strains observed at the macroscopic scale. Based on the interpretation of alarge number of pore size distributions on compacted bentonites, a model for the microstructure evolu-tion is proposed.
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