
HAL Id: insu-04228127
https://insu.hal.science/insu-04228127

Submitted on 4 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

In-operando X-ray scattering characterization of
smectite swelling experiments

Roy Chaaya, Stephane Gaboreau, F. Milet, Nicolas Maubec, Joachim
Tremosa, Hugues Raimbourg, Eric Ferrage

To cite this version:
Roy Chaaya, Stephane Gaboreau, F. Milet, Nicolas Maubec, Joachim Tremosa, et al.. In-operando
X-ray scattering characterization of smectite swelling experiments. Applied Clay Science, 2023, 245,
pp.107124. �10.1016/j.clay.2023.107124�. �insu-04228127�

https://insu.hal.science/insu-04228127
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Applied Clay Science 245 (2023) 107124

Available online 8 September 2023
0169-1317/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Paper 

In-operando X-ray scattering characterization of smectite 
swelling experiments 

R. Chaaya a,b, S. Gaboreau a,*, F. Milet b, N. Maubec a, J. Tremosa a, H. Raimbourg b, E. Ferrage c 

a BRGM, F-45060 Orléans Cedex 2, France 
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A B S T R A C T   

Swelling capacity of smectite was studied over decades regarding its application as barrier in disposal of nuclear 
wastes in geological repositories as well as the induced volume change potential in soils according to moisture. In 
order to improve our knowledge in the swelling capacity of smectite, a miniaturized oedometer was developed to 
combine swelling pressure measurement with wide angle X-ray scattering (WAXS) characterization in real time 
during hydration of smectite. This coupled set up allowed studying hydration of smectite up to saturation under 
confined condions and linking crystalline swelling to pressure at various densities. The modeling of the WAXS 
patterns gave also quantitative information about the relative proportion of the different interlayer water types at 
saturation. In situ and operando data were acquired for homo-ionic Na+- and Ca2+-exchanged smectite at two 
different densities (1.5 and 1.8 g/cm3). The results showed that the swelling pressure rise was correlated to a 
sequence of water layer type with the transition from 0W to interstratification of 2W/3W layers, depending on 
the density. The cation valency controlled the rate of hydration with faster hydration in the case of divalent 
exchanged smectite. At saturation, with increasing density, the amount of 3W layers decreased to the gain of 1W 
and 0W layers. Results also confirmed that at saturation and a density of 1.8 g/cm3, the interlayer porosity 
represented the total one. Finally, this development provided opportunity to improve our knowledge in the 
swelling mechanism of compacted swelling clay materials upon hydration.   

1. Introduction 

Clay swelling and microstructure change are crucial parameters in 
the hydro-mechanical and chemical coupling behavior in compacted 
clayey materials used in engineered barriers in many environmental and 
energy applications (i.e. oil and gas recovery, building materials, envi
ronmental remediations and radioactive waste disposal). 

The swelling capacity of clays is mainly due to the abundant presence 
of smectite, a 2:1 phyllosilicate in soils or bentonite (Bergaya and 
Lagaly, 2013). The structure of swelling 2:1 or TOT phyllosilicates 
consists of a parallel stacking of layers separated by an interlayer. The 
layer structure is represented as one octahedral sheet (O) sandwiched 
between two tetrahedral sheets (T). In the tetrahedral and octahedral 
sheets, the isomorphic substitution of cations by others of lower valency 
results in a permanent negative charged layer, compensated by cations 
in the interlayer. The solvation of these counterions, adsorbed on the 
interlayer surface clay sheets, plays a major role in the swelling 

properties of clays, depending on cations, density and/or the volume 
expansion limits. 

The two main mechanisms responsible for the swelling of smectite- 
based materials are most often referred as crystalline and osmotic 
swelling (Laird, 1996, 2006; Laird et al., 1995; Liu, 2013; Luckham and 
Rossi, 1999; Meleshyn and Bunnenberg, 2005; Norrish, 1954) also 
called disjoining pressure (Gonçalvès and Trémosa, 2010). Crystalline 
swelling results in an increase of the interlayer as a function of the ac
tivity of water and evolves from 9.5 to 10.0 Å at the dry state (0W layer) 
to 12.3–12.7 Å for one layer of water molecules (1W layer), 15.0–15.8 Å 
for 2 layers (2W layer) and 18.0–18.9 Å for 3 layers (3W layer), 
depending on the interlayer cations (Dazas et al., 2014; Ferrage et al., 
2005a; Laird, 2006; Likos and Wayllace, 2010; Villar, 2007). The 4W 
hydration state is uncommon and has only been reported for Wyoming- 
type bentonite, not for homo-ionic Na- or Ca-montmorillonites and only 
in dilute systems (Fernández and Rivas, 2005; Norrish, 1954; Saiyouri 
et al., 2018). 
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The swelling that occurs beyond an interlayer spacing of 40 Å in 
dilute solution is called osmotic swelling (Norrish, 1954; Wang et al., 
2011; Wang et al., 2022; Zhang and Low, 1989). Interlayer spacing for 
sodium montmorillonites rapidly exceeds 40 Å and then progresses 
linearly with increasing water content (Meleshyn and Bunnenberg, 
2005; Michot et al., 2004; Norrish, 1954). This swelling is associated 
with the development of osmotic repulsive forces as the system tends to 
reach the saturation state. More precisely, these electrostatic in
teractions are generated between the clay layers but also between the 
montmorillonite particles (Chapman, 1913; Gouy, 1916; Gouy, 1910; 
Lubetkin et al., 1984; Stern, 1924). Note that the internal osmotic 
swelling could result in the subdivision of clay particles into smaller 
particles consisting of only 1 to 2 layers, so called tactoids in the case of a 
dilute system (Bergaya and Lagaly, 2013; Lagaly, 1993; Laird, 2006; 
Segad et al., 2012). This is not the case for divalent smectites where the 
osmotic swelling is significantly restrained in the interlayers due to the 
high bonding energy of the divalent cations (Jellander et al., 1988; 
Wang et al., 2011). 

In confined conditions, the swelling force generated during the hy
dration of smectite at constant volume is thus the contribution of 
repulsive forces mainly composed of both crystalline and osmotic 
swelling regimes. The expression of these different contribution to 
overall swelling process depends on the distance between adjacent 
particles and on various physico-chemical parameters such as density, 
nature of interlayer cations, ionic strength and temperature (Bag and 
Rabbani, 2017; Karnland et al., 2006). 

Smectite hydration has been extensively characterized by X-ray 
diffraction (XRD) to understand the evolution of the interlayer distance 
under variable activity of water (Bérend et al., 1995; Ferrage et al., 
2005a; Ferrage et al., 2010; Glaeser and Méring, 1954; Glaeser and 
Méring, 1968; Harward and Brindley, 1964; Harward and Carstea, 1967; 
Laird, 1996; Norrish, 1954; Sato et al., 1992; Sposito and Prost, 1982; 
Tamura et al., 2000; Watanabe and Sato, 1988; Yamada et al., 1994). 
Given the difficulty of performing XRD acquisitions during hydration in 
confined conditions, most of these analyses were carried out on clay 
powders or dispersed oriented preparations under free swelling condi
tions. Few studies to date have reported diffraction data on crystalline 
swelling of montmorillonite saturated either directly from the aqueous 
phase or through water vapor adsorption under confined conditions. 
XRD devices, in reflection configuration, have been developed to follow 
swelling pressure simultaneously to hydration evolution (Takahashi 
et al., 2015; Viani et al., 1983; Wang et al., 2011; Wang et al., 2022). 
Torikai et al. (1996) studied the thermodynamic properties of water in 
compacted sample and Ichikawa et al. (2004) the effect of consolidation 
on saturated bentonite at dry densities of 1.2 and 1.4 g/cm3, respec
tively. Kozaki et al. (1998) and Kozaki et al. (2010) were interested in 
the diffusion of ions in compacted montmorillonites according to density 
(1.0–1.8 g/cm3). All these studies characterized the presence of inter
stratification with three and two layer hydrate. Muurinen et al. (2004) 
used small angle X-ray scattering (SAXS) to study Wyoming bentonite 
microstructure and anion diffusion. Devineau et al. (2006) and Holmboe 
et al. (2012) studied the hydration of smectite Wyoming bentonite. Both 
reported the presence of three layers of water up to density of 1.7 g/cm3. 
Villar et al. (2012) studied the basal spacing of two compacted ben
tonites with divalent cations (FEBEX bentonite) and monovalent one 
(MX-80). They reported different hydration behavior, according to 
water content and cation valency, with the interstratification of different 
layers of hydrates. Nevertheless, the samples were dismanteled prior to 
X-ray acquisitions. The study of Holmboe et al. (2012) and Warr and 
Berger (2007) are the sole to date to have modeled the experimental X- 
ray patterns and proposed a distribution of layer hydrates from various 
densities. Holmboe et al. (2012) reported that the transition between 
crystalline and osmotic interlayer swelling (i.e. basal spacings >19 Å) 
occured at density below 1.4 g/cm3 for Na+-exchanged smectite, as 
previously shown by Muurinen (2009). But, as for some previous studies 
the confinement condition was not maintained during the XRD 

acquisitions. Most of these published data gave key insights in the hy
dration mechanism of smectite according to dry densities and type of 
counterions, despite none of them provided quantitative description of 
hydration state correlated to macroscopic behavior such as the swelling 
pressure measurement. The objective of this research is to use 
laboratory-scale small angle X-ray scattering and wide angle X-ray 
scattering (SAXS/WAXS) set up in combination with in-situ and oper
ando miniaturized oedometers to study in real time hydration of Na+- 
and Ca2+- smectites at different dry densities, to link for the first time the 
evolution of the crystal structure, with modeled quantitative data of 
hydration state, to the development of swelling pressure in confined 
conditions from dry to fully saturated states. 

2. Materials and methods 

2.1. Samples 

The smectite used for this study was the Kunipia-G, a highly pure 
montmorillonite (>95%) (Kozaki et al., 1998; Sato, 2008; Wilson et al., 
2004) provided by Kunimine Industries and issued from the purification 
of the natural bentonite Kunigel-V1. The structural formula of this 
montmorillonite Na0.41K0.01Ca0.04(Si3.92Al0.08)(Al1.51Mg0.37Fe0.12) 
010(OH)2,nH2O with a negative layer charge of 0.5 per half unit-cell was 
determined by Massat et al. (2016). The same smectite batch was used in 
the present work. 

The cation exchange capacity (CEC) is 109 cmol(+)/kg with the 
following distribution of exchangeable cations: Na 83%, Ca 12%, Mg 
5%. The specific surface area (as) determined from a nitrogen adsorption 
experiment is 40 m2/g, similar (45 and 42 m2/g, respectively) to that 
found by Kozaki et al. (1999) and Massat et al. (2016). Based on the 
desorption branch of water isotherm, and assuming that interlayer is 
accessible, apparent total specific surface area (refered subsequently Sa) 
was estimated at 660 m2/g (Massat et al., 2016), close to the value of 
700 m2/g, measured with ethylene glycol mono ethyl ether (Kozaki 
et al., 1999). The solid density (ρs) of Kunipia-G determined by helium 
pycnometry is 2.71 ± 0.03 g/cm3. 

The smectite was washed and homo-ionized in Na+- and Ca2+

exchanged-form (saturation procedure was given in supplementary 
data). The CEC and cation population are given in Table 1. The 
exchanged samples are refered to subsequently as Na+- and Ca2+- 
exchanged smectites. 

Both smectite samples were then oven dried for two days at 150◦C 
and finely hand ground in an agate mortar at a grain size sieved between 
25 and 32 μm. 

NaCl and CaCl2 solutions at a concentration of 10− 4 mol.L− 1 were 
used respectively to saturate the Na+- and Ca2+-exchanged smectite in 
order to avoid any possible cation exchange through the hydration 
process. 

Table 1 
Measured CECs and exchangeable cations (ec) for the Kunipia-G, Na+- and Ca2+- 
exchanged smectites.   

Cation distribution CEC 
(Σec) 

CEC  

Na+(%) Ca2+(%) Mg2+(%) K+(%) cmol 
(+)/kg 

cmol 
(+)/kg 

Kunipia-G 83 12 5 0 110 109 
Na+- 

exchanged 
smectite 

95 1 4 0 108 109 

Ca2+- 
exchanged 
smectite 

1 97 2 0 108 110  
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2.2. X-ray diffraction 

Oriented samples, 9 mg clay/cm2, were prepared for both Na+- and 
Ca2+-exchanged smectite. XRD patterns were then recorded using a 
Bruker D8 Advance Da Vinci diffractometer equipped with CuKα radi
ation (λ = 1.5406 Å) operating at 40 kV and 40 mA and a LynXeye XE 1D 
detector coupled to an Anton Paar CHC+ chamber and with a Modular 
Humidity Generator (MHG) produced by Projekt Messtechnik. Samples 
were measured in Bragg Brentano reflection mode over the 3.5–40◦2θ 
CuKα angular range and a step size of 0.03◦2θ. After being introduced 
into the CHC+ chamber, samples were maintained at the desired rela
tive humidity (RH) over 60 min at 25◦C, and were then analyzed by 
maintaining these (T, RH) conditions. Several acquisitions were done 
each 15 min to evaluate any changes of the (00l) Bragg positions. RH 
was controlled with a hygrometer located close to the sample. All ac
quisitions were done starting from a dry state by heating the sample at 
150 ◦C for hours, when no deplacement of the (00 l) Bragg reflections are 
measurable. Different adsorption cycles were done step by step from dry 
state to 95% RH. 

2.3. In-operando oedometer/WAXS coupled set up 

A miniaturized oedometer set up, oedometer cell and load frame, 
modified from Massat et al. (2016) was developed and validated to 
continuously monitor the evolution of both the swelling pressure and the 
interlayer spacing using WAXS acquisitions throughout hydration at 
constant volume. The designed set up is displayed on Fig. 1. 

The sample diameter was significantly reduced compared to con
ventional oedometers. The smectite, on which WAXS acquisitions were 
performed, was compacted inside a small sample holder with an inner 
diameter of 4.95 mm placed into the cell ring in order to obtain a 
reasonable acquisition time with a good signal to noise ratio. The sample 
height was set at 9 mm and remained constant through the hydration 
experiment. All the parts of the cell were machined in black poly
etheretherketone (PEEK). 

Swelling experiments were performed in the miniaturized oedometer 
cell (Fig. 1) on either Na+- or Ca2+-exchanged smectite at both dry 
densities of 1.5 and 1.8 g/cm3. 

Before hydration, the smectite was compacted into the cell and oven 

dried at 150◦C for 48 h. Then, the cell was placed on a load frame to 
monitor the sample swelling pressure using a load sensor. Solutions were 
injected into the cell through the lower piston using a constant hydraulic 
head of 0.1 MPa. All the experiments were performed under constant 
volume and drained conditions and at room temperature of 25 ± 1.5◦C. 
Vacuum was imposed inside the pistons before the beginning of each test 
to avoid air bubbles being trapped at the base of the sample, or in the 
lower piston. The dimensions and position of this swelling device were 
adapted to the available space in the WAXS instrument. 

Several tests were carried out first in the same conditions to ensure 
their repeatability as well as the load sensor’s sensitivity. Moreover, this 
device was validated by comparing our data to those acquired using a 
conventional standard oedometer (Fig. S1, supplementary data). 

The laboratory WAXS experiments were performed at ISTO labora
tory (Orléans, France) on a Xeuss 2.0 model provided by the Xenocs 
Company. This instrument was composed of a monochromatic molyb
denum X-ray source with a wavelenght λ = 0.71078 Å and an associated 
E = 17,8 keV, a collimation system or scatterless enabling to focus the 
incident beam, a beamstop to protect detctor exposure from the direct 
beam intensity, a diffracted beam tube and a two-dimensional (2D) 
Pliatus 3R 300 K detector. For all experiments, the “high flux” colli
mation mode (intermediate opening of slits ((1.2 × 1.2) mm2 and (0.8 ×
0.8) mm2) was chosen because it offers sufficient photon rate and a 
better counting acquisition. The sample to detector distance was 600 
mm and depending on this parameter the accessible angular window 
ranged from 2θ = 0.18◦ to 10◦. This range was large enough as scattered 
intensities for the different smectite hydrates were measured at low 
angles (<2◦) with the considered wavelength. The beam was focalized in 
the middle height of the sample. Fifty scattering patterns were acquired 
with an exposure time of 1 h per pattern and a cycle time of 1 min be
tween 2 successive ones. 

For the data treatement, 2D images were reduced using « Foxtrot » 
software developed by SOLEIL synchrotron in order to previsualize, 
reduce and pre-analyze X-ray scattering data. The data processing 
method for all scattering patterns was as follows: a mask was first 
applied on the image to exclude all detector dead zones and dead pixels, 
image was second reduced using the azimuthal integration intensity 
function, the latter allows the conversion of the 2D Debye-Scherrer rings 
to a 1D diffraction pattern. Finally, only the d(001) Bragg reflection of 

Fig. 1. Representation of the schematic layout of the oedometer cell at constant volume and (b) oedometer set up installed in the laboratory SAXS/WAXS instrument.  
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smectite was analyzed as the effect of platelets hydratation was specif
ically noticeable for this plan. 

2.4. XRD patterns modeling 

The experimental XRD patterns of montmorillonite were modeled in 
the 3–11◦ 2θ Cu Kα range using the algorithms developed by Sakharov 
et al. (1982) to determine the relative proportion of different hydration 
states commonly reported in smectites. In the fitting process, discrete 
hydration states were introduce as follows: with dehydrated layers (0W 
layers, layer thickness at 9.6–10.1 Å), mono-hydrated layers with one 
plane of H2O molecules in the interlayer (1W layers at 12.3–12.7 Å), 
bihydrated layers (2W layers at 15.0–15.8 Å) and trihydrated layers (3W 
layers at 18.0–18.9 Å). According to the results of the fit, and to 
reproduce the experimental XRD pattern unique periodic structure or 
contribution of randomly interstratified mixed-layer structure contain
ing different layer types can be considered. The fitting procedure was 

described in detail elsewhere (Ferrage et al., 2005a; Ferrage et al., 2010; 
Ferrage et al., 2011b). For all patterns, structural parameters, such as the 
number of and relative proportion of the different interstratified struc
tures (limited to four here), their composition (relative proportions of 
the different layer types), and the mean number of layers in the coherent 
scattering domain size along the c*-axis, were adjusted to fit the 
experimental XRD pattern. The mean number of layers in the coherent 
scattering domain sizes was found to range between 7 and 4 layers for all 
patterns investigated. 

3. Results and discussion 

3.1. XRD patterns 

Fig. 2 shows the evolution of the XRD patterns as a function of RH for 
unconfined powders of Na+- and Ca2+-exchanged smectite. Usual 
discrete hydration states 00 l positions for smectite are superimposed on 

Fig. 2. Experimental XRD patterns as a function of relative humidity of Na+-and Ca2+-exchanged smectite at T=25◦C. Lines indicate the position of the maxima.  
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Fig. 2, i.e. 0, 1, 2 and 3W layers (Ferrage et al., 2010). For both exper
iments (Na+- and Ca2+-exchanged smectite), the 001 reflection varied as 
a function of RH, with a usual stepwise evolution, starting from an hy
dration state close to 0W domain, with maximum intensity values at 
9.75 Å, as typically observed for Na+-exchanged smectites (Bérend et al., 
1995; Cases et al., 1992; Ferrage et al., 2005b; Mooney et al., 1952; 
Norrish, 1954) and 10.12 Å for the Ca2+-exchanged smectite. At RH of 
95% both XRD patterns showed an assymetric reflection with maximum 
intensity values of the 001 reflection at ~18.9 Å, close to 3W layers 
domain. The main difference occured in the rate of hydration between 
Na+ and Ca2+ experiments. In the case of Na+-exchanged smectite, the 
transition between 0 and 1 layer of H2O molecules occured at RH of 
50%, while for Ca2+ experiment, the transition 0–1 layer was achieved 
at a RH of 10% and the two 2 layers of H2O molecules was reached at a 
RH of 50%. In between these two discrete positions, different hydration 
states or transition between two discrete hydrations states followed one 
another. The broadening of the full width at half maximum intensity 
(FWHM), for the different XRD patterns, revealed the hydration het
erogeneity (Ferrage et al., 2005b) with the coexistence of smectite layers 
at given hydration steps. 

To determine quantitatively the relative proportions of the different 
layer types, the experimental XRD patterns at RH of 95% were modeled. 
Results are given in Table 2. 

At RH of 95%, as described above with the assymetric 001 reflection, 
both the Na+- and Ca2+-exchanged smectites were constituted of mixed 
layer with quite similar proportion of 3W (63%) and 2W (28%) layers 
producing high angle asymmetry. Some proportions of 1W and 0W 
layers were still quantified. As demonstrated by Dazas et al. (2014), 
homogeneous 3W hydration state could be reached at RH of 98% up to 5 
h ramps of hydration. It means that in conditions, imposed in this work 
at constant relative humidity, the samples were not fully hydrated. This 
difference can be tentitatively assigned to (i) the difference in RH values 
considered (98% in the study of Dazas et al. (2014) versus 95% RH 
here), and/or (ii) the lower charge of the Wyoming montmorillonite 
used by Dazas et al. (2014) compared to the higher layer charge of the 
Kunipia montmorillonite used here, which somehow limits the hydra
tion properties of the sample (Emmerich et al., 2018). 

3.2. In situ and operando swelling experiments 

The swelling force was systematically recorded from dry to satura
tion states. At the same time, a cyclical WAXS acquisition was achieved 
to follow the hydratation of smectite. A first acquisition was carried out 
prior to hydration to get a reference dry state pattern. This was referred 
as the “Initial state”. When the measured swelling pressure reached its 
steady state and the scattering signal stopped evolving, the sample was 
considered saturated and the test stopped. Fig. 3 displays X-ray scat
tering patterns evolution as a function of time and so hydration of a 
compacted smectite sample during swelling pressure measurements. 

The one dimensional scattering intensities versus q (Å− 1) (i.e. I(q)) 
presented in Figs. 4 and 5 resulted from the radial integration of the 2D 
data presented in Fig. 3. All the experiments were acquired with the 
same procedure. As described in the experimental set up, the X-ray beam 
was focalized on the middle height of the sample, with a beam size of 1 
× 1 mm2. The evolution of the WAXS pattern according to time gave an 
overview of the smectite hydration at a single point but did not allow to 
spatialize the water migration and did not allow to follow the hydration 
over the height of the sample. 

Results of a combined acquisition of WAXS patterns acquired 
simultaneously with the swelling pressure are displayed in Fig. 4. 

Some selected WAXS patterns are presented on the Fig. 4a and c 
acquired at different time of hydration of the swelling experiment in 
oedometric conditions. The time of acquisitions of the different WAXS 
data are reported on the swelling pressure plot obtained simultaneously 
(Fig. 4b and d). At initial state, the smectite was characterized by a 
strong Bragg reflection position at q = 0.65 Å− 1 (Fig. 4a and c) in the 
WAXS region, corresponding to the (001) d-spacing (d(001)) of 9.6 Å. 
With increasing time, and so hydration of the smectite, WAXS patterns 
shifted toward smaller q values, indicating higher d-spacings. After 4 h 
of hydration, the diffraction pattern displayed a broadening with hump 
at low angle compared to the initial state. Over time, the position of the 
d-spacing shifted progressively at q ≈ 0.51, 0.4 and 0.35 Å− 1, corre
sponding to apparent d-spacing with maximum intensity values at 12.3, 
15.7 and 17.9 Å. Beyond 20 h, the WAXS signal did not present any 
evolution with a large diffraction peak ranging from 0.52 up to 0.32 Å− 1, 
i.e., 12.06 to 19.5 Å. 

At the same time, the swelling pressure of Na+-exchanged smectite 
compacted at a density of 1.5 g/cm3 rapidly increased once the hydra
tion process started and then reached a quasi constant value (5 MPa) 
within approximately 3 h. The swelling pressure raised again around 10 
h until reaching a steady state regime at a pressure of 6.5 MPa over 18 h. 
This stepwise swelling pressure curve, with two distinct steps, was 
typical to those described in the literature (Gens et al., 2011; Imbert and 
Villar, 2006; Komine and Ogata, 2003; Massat et al., 2016; Pusch, 1982; 
Schanz and Tripathy, 2009; Wang et al., 2022). 

The same protocol was applied at a dry density of 1.8 g/cm3. The 
WAXS and swelling pressure results were overlayed on the data obtained 
at a density of 1.5 g/cm3 (Fig. 4). The WAXS patterns displayed the same 
behavior with a progressive shift toward smaller q values upon hydra
tion. Over time, the position of the d-spacing shifted at q ≈ 0.4 and 0.35 
Å− 1 progressively, corresponding to d-spacing of 15.7 and 17.9 Å. No 
transition at q ≈ 0.51 Å− 1 were measured for this density. The associated 
swelling pressure experiment displayed a similar aspect than the test 
done at 1.5 g/cm3, with a double step evolution. This latter was not so 
marked in the case of Na+-exchanged smectite compacted at a density of 
1.8 g/cm3. More particularly, the corresponding swelling pressure rised 
very quickly in the first hour, but then proceeded to increase more 
slowly until it reached the equilibrium value (i.e. 14.34 MPa) up to 44 h. 
The occurrence or not of this double step aspect was identical to that 
found by Cho et al. (2000). 

Experiments were also perfomed with the Ca2+-exchanged smectite 
at both 1.5 and 1.8 g/cm3. The WAXS patterns acquired at t = 0; 3; 6; 10, 
20 and 44 h while monitoring the swelling pressure are displayed 
onFigure 4. As for the Na+-exchanged smectite, WAXS patterns followed 
the same evolution upon hydration with a progressive shift toward 
smaller q value. At initial state, the maximum intensity value of the 
reflection was close to 9.6 Å. After 3 h of hydration, a broadening of the 
diffraction signal was observed, ranging from 0.65 to 0.34 Å− 1, with no 
distinctive discrete position. According to time increase, the (001) d- 
spacing shifted progressively at q ≈ 0.51, 0.4 and 0.34 Å− 1, corre
sponding to d-spacing of 12.3, 15.7 and 18.5 Å. Concurrently, swelling 
pressure was monitored following the same behavior as Na+-exchanged 
smectite, except that Ca2+-exchanged smectite generated higher pres
sures. As in the case of Na+-exchanged smectite at a density of 1.8 g/ 
cm3, no stepwise evolution was observed for both swelling experiment 
of Ca2+-exchanged smectite at densities of 1.5 and 1.8 g/cm3. At 1.5 g/ 
cm3, the swelling pressure increased rapidly once the hydration process 
started then reached a short steady state at 7 MPa within almost three 
hours. The swelling pressure started to increase again up to 6 h and 
stabilized at 8 MPa over 10 h (Fig. 4). For Ca2+-exchanged smectite 
compacted at a density of 1.8 g/cm3; the swelling pressure increased in a 
quasi-monotonic way to stabilize at around 16.2 MPa within approx
imatively 20 h. 

The different swelling pressures probed for the four set of data were 

Table 2 
Distribution of the layers type in Na+- and Ca2+-exchanged smectite at RH ~ 
95%.   

% (0W) % (1W) % (2W) % (3W) 

Na+-exchanged smectite 2 7 28 63 
Ca2+-exchanged smectite 2 6 28 64  
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in good agreement with the published data and the exponential behavior 
according to increasing dry density (Karnland et al., 2006; Massat et al., 
2016; Schanz and Tripathy, 2009; Villar et al., 2012). Regardless the 
density, the swelling pressure of Ca2+-exchanged smectite was always 

higher than Na+ one. 

Fig. 3. 2D WAXS patterns for the compacted smectite at initial dry state (a), after 10 (b) and 20 h of hydration (c).  

Fig. 4. In-operando WAXS acquisitions and swelling pressure experiment during hydration of Na+ and Ca2+-exchanged smectite with a solution of NaCl and CaCl2 at 
a concentration of 10− 4 mol.L− 1 compacted at a dry density of 1.5 (solid line) and 1.8 (dotted line) g/cm3. (a) 1D WAXS patterns and (b) swelling pressure of Na+- 
exchanged smectite; (c) 1D WAXS patterns and (d) swelling pressure of Ca2+-exchanged smectite. 
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3.3. WAXS patterns modeling results 

Fig. 5 shows the relative proportion of the different interlayer types 
obtained for the four sets of swelling experiments (Na+-exchanged 
smectite at 1.5 and 1.8 g/cm3 and Ca2+-exchnaged smectite at 1.5 and 
1.8 g/cm3) over time. An example of comparisons between experimental 
and calculated profiles on selected XRD patterns is reported in supple
mentary data (Fig. S2). The methodology, extensively validated on a 
large number of samples and experimental conditions (Dazas et al., 
2014; Dazas et al., 2015; Ferrage, 2016; Ferrage et al., 2005a; Ferrage 
et al., 2005b; Ferrage et al., 2011a; Kelch et al., 2019; Kelch et al., 2021) 
was found to be sufficient to reproduce all patterns collected in the 
present study (Fig. 5). The three experiments started in dry conditions 
with 95% of 0W states. In the case of Na+-exchanged smectite at a 
density of 1.8 g/cm3, the initial state consisted of 62% of 0W layer, 16% 
of 1W layer and 22% of 2W layer, indicating that the sample was 
partially hydrated at the starting of the experiment. 

Starting from the lowest dry density investigated, 1.5 g/cm3, for the 
Na+-exchanged smectite, the first swelling pressure increase was 
concomitant to the development of 1W state up to 35% of layers. At this 
maximum of 1W state, a gradual increase of 2W layers proceeded, while 
the 1W layers decreased, and reached 80% of layers to stabilize at a 
value close to 75%. The stabilization of the 2W state corresponded to the 
increase of the 3W state and coincinded to the second swelling pressure 
increase. Over 20 h of experience, the swelling pressure stabilized and 
the modeling of the WAXS patterns gave similar ratio with a hydration 
state composed of 75% of 2W layers and 22% of 3W layers. A small 
amount of 1W layers was always quantified. 

In the case of Ca2+-exchanged smectite, at the same density, quite the 
same sequence of hydration was observed. The first increase of the 
swelling pressure was concomitant to the increase of 1W state. In this 

experiment, the increase of the 2W layers started at almost the same 
time than the 1W state. The proportion of 1W layers decreased while the 
2W layers gradually increased up to a maximum of 73%. At this time of 
experiment, the 3W layers gradually increased as well as the second 
swelling pressure increased, associated to a decrease of the 2W layers 
before stabilizing at 60%. As for the previous experiment, the swelling 
pressure stabilized and the modeling of the WAXS patterns gave similar 
ratio with a hydration state composed of 60% of 2W layers and 32% of 
3W layers. As for the previous test on Na+-exchanged smectite, small 
amounts of 1W and 0W layers were detected (~4%). 

At the highest dry density, for both Na and Ca experiments, the 
stepwise evolution of the swelling pressure was not so marked. The 
swelling pressure increased gradually before reaching a steady state 
behavior. This evolution was consistent with a rapid increase of the 1W 
state, concomitant with the 2W state. Like for the lowest densities, two 
distinct steps of hydration were evidenced, i.e., the decrease of the 1W 
layers with the increase of the 2W layers and the stabilization of the 2W 
state with the increase of 3W layers. 

In the case of Na+-exchanged smectite, the swelling pressure tended 
to stabilize over quite 50 h with a hydration state of the smectite par
ticles mixed of 78% of 2W, 18% of 1W and 4% of 0W layers. For the 
Ca2+-exchanged smectite, the swelling pressure reached a maximum 
over 20 h with a ratio of water layers consisting of ~61% of 2W, ~23% 
of 3W, 9% of 0W and 6% of 1W layers. All these results were consistent 
with previous published data (Holmboe et al., 2012; Villar et al., 2012) 
showing the interstratification of 2W and 3W layers at similar dry 
densities. The stabilization period, i.e., period over which the swelling 
pressure reached a maximum, was divided by 2 in the case of Ca2+- 
exchanged smectite experiments, in comparison with Na+-exchanged 
smectite results. This behavior was already described by (Villar et al. 
(2012) with a faster transition from the 1W to 2W layers in the case of 

Fig. 5. Distribution of water interlayer types for the four set of swelling pressure experiments as a function of time.  
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divalent bentonite. At the same time, the stabilization period was twice 
for the highest densities compared to experiments done at density of 1.5 
g/cm3. 

The relative proportion of different interlayer water types is sum
marized in Table 3. The data are given for the four set of experiments, 
when the swelling pressure was stabilized, i.e. in water saturated con
ditions of the samples. The overall crystalline swelling is also given in 
Table 3. The latter consisted of the overall mean interlayer distance 
calculated as the mean d-spacing (9.6, 12.5, 15.5 and 18.9 Å) of different 
layer types (0W, 1W, 2W, 3W) weighted by their respective relative 
proportion. In both Na+ experiments, the relative proportion of 2W 
layers was quite similar with a value close to 76%. The difference was 
the decrease of 3W layers with the increase of the density concomitant to 
the increase of 1W state. This led to a small decrease of the overall 
crystalline swelling. In the case of Ca2+ experiments, the same behavior 
was observed with the same proportion of 2W layers close to 60% for 
both densities and the decrease of 3W layers with the higher density 
leading to the slight increase of 1W and 0W layers (Table 3). These 
relative proportions were totally different from what was obtained in the 
case of non-confined acquisition with the predominance of 3W layers 
(Fig. 2, Table 2). 

The distribution of water interlayer types was coherent with pub
lished data (Holmboe et al., 2012; Villar et al., 2012) with the inter
stratification of different layers of hydrates in the range of the studied 
densities. The ratio between 2W and 3W of layers was somewhat 
different from values published by Holmboe et al. (2012), for which 3W 
states were predominant. 

3.4. Microstructural model 

In the literature, different microstructural models have been pro
posed (Holmboe et al., 2012; Liu, 2013; Madsen, 1998; Pusch et al., 
1990; Sauzeat et al., 2001) to estimate the contribution of the different 
porosity domains that constitute compacted bentonite (interlayer, 
interparticle porosities…). Considering layer stacking geometric 
approach or mass balance, models could be formulated based on some 
hypothesis or approximation due to the lack of quantitative data. 
Studying saturated compacted swelling materials was challenging and 
some microstructural properties, as the interlayer distance at saturation, 
without loosing the confinement, were not well established. 

Madsen (1998), based on the layer stacking theory of Pusch et al. 
(1990), reported values of interlayer water contribution as a function of 
dry density and showed that above 1.6 g/cm3 the total porosity corre
sponded to the interlayer water content. Based on the latter geometric 
assumption, considering a homogeneous system with the same distri
bution of layers in stacks and in the case where the interlayer porosity 
equaled the total ones, Sauzeat et al. (2001) proposed the following 
equation (Eq. 1) estimating the maximum theoretical interlayer distance 
(dmax(001)) as: 

dmax(001) =
d(001)d(
1

∅T
− 1

)+ d(001)d
(1)  

with the total porosity: 

∅T = 1 −
ρd

ρs
(2)  

where d(001)d 
is the dry interlayer distance (9.6 Å), ρd is the dry density 

and ρs the solid density. In the case of swelling clay minerals, while 
constant ρs were used in the determination of physical properties (de
gree of saturation, soil water density) in soil sciences; different solid 
densities could be considered. In dry state, interlayer could be consid
ered as part of the volume of a stack of layers. From this assumption, 
theoretical solid density, calculated as the ratio between the mass and 
the volume of a layer, is close to 2.7 g/cm3, considering a thickness of 
two successive layers of ~9.6 Å. This value is in agreement with the one 
obtained with He pycnometry (2.71 ± 0.03 g/cm3). In hydrated condi
tion, interlayer space become accessible to water and can be considered 
as part of external volume. In this case, the TOT layer can be defined as 
the distance between two planes of apical oxygen atoms (6.54 Å, Moore 
and Reynolds., 1989), plus the ionic radii of two oxygen atoms (1.38 Å, 
Shannon and Prewitt, 1969). One should keep in mind, however, that 
this theoretical dimension (9.3 Å) represents an overestimated value 
that does not account for the irregular surface of clay minerals. Water 
molecules can indeed insert closer to the surfaces (i) in between two 
oxygen aoms or (ii) to a larger extent inside the ditrigonal cavities of the 
basal surfaces (Sposito et al., 1999). Accordingly, a volume fraction of 
the 9.3 Å TOT layer theoretical dimension remains accessible to water 
molecules in hydrated conditions. By stipulating that ~25% of the ox
ygen radii are impacted by water molecules insertion, the TOT layer 
theoretical dimension decreases to 8.6 Å, leading to an upper limit for 
estimated solid density of ~3 g/cm3. 

Based on these two previous theoretical values, the estimation of the 
maximum theoretical interlayer distance was done with both values (2.7 
and 3 g/cm3) and is displayed in Fig. 6a. 

The same estimation of (dmax(001) was done from the equation given 
by Holmboe et al. (2012) considering uniform discrete planar surfaces 
and total specific surface area (Sa): 

dmax(001) =
1

(
ρd ×

Sa
2

) − d(001)d
(3) 

For the montmorillonite used in this study, Sa was considered at 
apparent values of 660 and 700 m2/g, obtained on Kunipia-G sample 
(Massat et al., 2016; Kozaki et al., 1999). Fig. 6 displays the dmax(001) 
calculated from Eq. 1 and 3 and the crystalline swelling (Table 3) ob
tained in this study. Both formalisms are in quite good agreement when 
considering values of ρs higher than 2.7 g.cm− 3. This could be explained 
by the fact that the latter reflects dry state, while values of dmax(001) 
calculated from eq. 3 are obtained from fully accessible planar surfaces 
(saturated conditions). Average basal spacing obtained from the present 
data are plotted in Fig. 6. At a density of 1.8 g/cm3, the average basal 
spacing was consistent with theoretical estimation when considering a 
valueof ρs of 3 g/cm3, in agreement with the theoretical one at satura
tion (3 g/cm− 3) and a value of Sa at 660 m2/g.); while when considering 
a ρs of 2.7 g/cm3 the measured average basal spacing is higher than the 
value calculated from eq. 1. It means that at a density of 1.8 g/cm3, the 
total porosity is closed to the interlayer volume. At a density of 1.5 g/ 
cm3, the calculated average basal spacing of 16.1 Å implied that inter
layer volume represents 80% of the total porosity. 

Table 3 
Distribution of water interlayer types for the four set of swelling pressure experiments at saturation and associated calculated crystalline swelling (average basal 
spacing).   

Dry density (g/cm3) % 0W % 1W % 2W % 3W Crystalline swelling (Å)* 

Na+-exchanged 1.5 0 1.8 75.8 22.4 16.1 
Na+-exchanged 1.8 0 3.9 77.8 18.3 15.9 
Ca2+-exchanged 1.5 3.9 3.9 59.7 32.5 16.1 
Ca2+-exchanged 1.8 8.8 6.2 61.6 23.2 15.4  

* crystalline swelling was calculated considering theoretical 0W, 1W, 2W and 3W states at values of 9.6, 12.5, 15.5 and 18.9 Å. 
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In a similar way, based on the same geometric assumptions of 
discrete layer stacking, Liu (2013) proposed a model, which enabled, 
among other properties, estimating the distance between montmoril
lonite particles. The formalism took care of the void ratio and number of 
layers (ns) constituting a montmorillonite stack. The expression 
considered an average and homogeneous interlayer distance. Interpar
ticle distance (dip) was calculated according to dry densities (variable 
void ratio) for different ns and with an average interlayer distance of 16 
Å, coherent with the results of the present work (Table 3). The results are 
shown in Fig. 6. Interlayer distances, acquired from the four sets of 
experiment at saturation, are reported in Fig. 6. This comparison be
tween estimated interparticle and measured average interlayer distances 
allowed confirming that at a density of 1.8 g/cm3, the interparticle 
distance equaled the interlayer one, meaning that all the porosity was 
occupied by the interlayer. 

This new result highlights the assumption that ρs of swelling clay 
minerals is different from dry to saturated states. This consideration 
could impact the estimation of some basic physical properties of soils 
like degree of saturation, water content or water density. Zhang and Lu 
(2018) proposed a critical review on soil water density to explain dis
crepancies existing in soil water density (ρw). Nonetheless most of the 
discussed ρw data (Zhang and Lu., 2018) were obtained considering dry 
state ρs values, as the degree of saturation larger than 100% in bentonite 
(Villar and Lloret, 2004) corrected by a density of ρw higher than 1. In soil 
science degree of saturation is estimated according to water density and 
dry state solid density (eq. 4) and most of the time ρw was the lonely 
adjusted parameter to reach 100% of saturation, while the increase of ρs 
with clay swelling could also be an additional parameter in the expla
nation of degree of saturation larger than 100% in the case of swelling 
clay materials (Villar and Lloret, 2004). 

Sr =
W

(
1

ρd
− 1

ρs

)
× ρw

(4)  

4. Conclusion 

A miniaturized oedometer set up was developed in the present work 
to acquire in operando and in real time coupled data of swelling pressure 
and wide angle X-ray scattering (WAXS) pattern to follow the hydration 

of smectites, without any volume deformation. Na+- and Ca2+- 
exchanged smectite, compacted at dry densities of 1.5 and 1.8 g/cm3, 
were used to give insights into the dynamic evolution of the compacted 
montmorillonite-water system from a dry to a saturated state. All the 
WAXS data were modeled and provided quantitative data in the pro
portion of interlayer water types over time and at saturation. 

The combined acquisitions of laboratory-scale WAXS patterns and 
swelling pressure allowed thus deciphering a sequence of hydration 
correlated to the stepwise evolution of the smectite swelling pressure at 
low density (i.e. 1.5 g/cm3). The sharp rise of swelling pressure was 
concomitant with the development of 1W layer, up to the formation of 
2W layers. At this step, the development of 3W layers was correlated to 
the second increase of swelling pressure, up to the steady state. Hy
dration of divalent cation led to faster transition from the 1 to the 2W 
layers and thus to the rise of swelling pressure and also to higher 
swelling capacity. The latter could be related to the higher ratio of 3W 
layers. At saturation, the interstratification of 2W and 3W layers was 
modeled for the four set of experiments with more or less 1W and 0W 
layers. The water type’s ratio depended on the densities, with a decrease 
of 3W layers with increasing density, correlated to the increase of 1 and 
0W layers. 

These sets of data contributed to improve our knowledge in the 
microstructure of compacted and water saturated smectite, which is a 
proxy of bentonite. From the overall crystalline swelling calculated from 
the acquired data (Table 3), the density of the smectite particle could be 
estimated to be close to 3 g/cm3 at saturation. At a density of 1.8 g/cm3, 
the overall crystalline swelling of 16 Å confirmed that the total porosity 
was controlled by the interlayer with an interlayer thickness of 0.64 nm. 

Over these results, the successful development of this miniaturized 
oedometer coupled to laboratory-scale WAXS acquisitions and the 
quantitative distribution of water interlayer type gave access to high 
quality in situ diffraction data of hydrated swelling clay materials under 
confined conditions. In situ and operando oedometer experiments will 
allow to acquire hydration data in real time and provide key insight in 
the crystalline/osmotic mechanism of engineered barriers. 
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