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ARTICLE INFO ABSTRACT

Keywords: Clay materials such as montmorillonite-rich bentonite, are planned to be used as buffer materials between waste
X-ray radiography canisters and host rock in deep geological radioactive waste repositories. To ensure the safety of the repository
Deformation over very long time scales, it is essential to understand the mechanical and transport properties of the clay
;ve;:::;ntirtznsmrt materials through measurements and modelling. Here, an experimental method based on X-ray radiography was
Montmorillonite used to gather temporal data on the hydro-mechanical behaviour and homogenisation of three bentonites with
Swelling different initial dry densities and wetting solution chemistry. The results showed that the salinity of wetting

solution and the dominant cation of montmorillonite affect the overall saturation and swelling process of the clay
material thus indicating that there is a chemical coupling to the hydro-mechanical behaviour of montmorillonite-
rich clay materials. In particular, higher salinity was associated with more rapid wetting and a more homoge-
neous distribution of bentonite material in the final state of the experiments. The results also highlighted that the
new measurement method is much faster and less cumbersome than traditional gravimetric methods. The
method yielded detailed data on the wetting and swelling processes, and may thus help obtain better insight on
the intricate hydro-mechanical properties of clay materials.

1. Introduction

Water transport and deformation due to changing water content in
the pore structure of materials are extensively studied phenomena in
many fields of material science and technology such as in soil me-
chanics, biology and construction engineering (Markgraf et al., 2006;
Pereira et al., 2009; Alaoui et al., 2011; Fanta et al., 2014). Often, these
hydro-mechanical processes are complex and their modelling requires
estimation of several parameters, and validation using experimental
data. Clay materials, e.g. bentonite and its main component montmo-
rillonite are prime examples of complex materials with intricate wetting
properties. Due to the mineralogical and chemical structure of mont-
morillonite, bentonite can swell considerably when exposed to moisture.
The properties of bentonite clay have been studied both theoretically
and experimentally to gain an understanding of its behaviour when used
as a buffer material in deep geological nuclear waste repositories
(Karnland et al., 2008; Ye et al., 2010; Yustres et al., 2017; Krohn, 2019).

The density homogenisation of bentonite buffer containing voids (e.
g. installation gaps between bentonite blocks or voids between bentonite
pellets) or other density heterogeneities has been a much studied topic
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recently. Ideally, such voids are filled with wetting and swelling
bentonite and the heterogeneous density distribution becomes homo-
geneous over time. However, previous studies have indicated that the
dry density distribution at full saturation, even after a long period of
time, may not be homogeneous. Too large density differences might
compromise the performance of the buffer, and hence understanding the
homogenisation process is important. For example, Dueck et al. (2019)
conducted experiments on MX-80 bentonite homogenisation with varied
geometries employing extensive system modelling. They observed that
dry density gradients evolve slowly, with higher initial dry density
leading to higher swelling pressures. Similarly, Daniels et al. (2021)
explored homogenisation of MX-80 bentonite, but under elevated tem-
peratures and varied void expansion lengths. The main observations
were that elevated temperatures speed up the homogenisation process in
MX-80 bentonite, but the dry density gradients persist at the end of the
experiments. Villar et al. (2023) studied FEBEX bentonite, analysing
void swelling, water content, and dry density evolution over time using
vapour and water saturation tests, and also employed multiple sample
sets with varying experiment durations. They reported heterogeneous,
slow-evolving dry density and water content profiles in FEBEX
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bentonite. Daniels et al. (2024) conducted swelling and homogenisation
experiments on sodium-based MX-80 and calcium-based KJ-II benton-
ites, wetted with high salinity NaCl solutions (1 M and 3 M). Their
conclusion was that higher salinity resulted in faster homogenisation
and decreased peak swelling pressures in MX-80 bentonite.

In the above studies, the homogenisation of wetted bentonite sam-
ples was studied by monitoring swelling pressures at different locations
of samples or by applying the gravimetric method (Gardner, 1986)
(weighing sample before and after oven drying to obtain water content
and dry density) to sliced samples at the end of the experiments. In the
former method, the pressure sensors allow continuous monitoring but
provide only indirect information about the mechanical behaviour. The
gravimetric method produces relative accurate data on the dry density
and water content distributions but as a destructive method it is
impractical for measuring the detailed spatio-temporal wetting and
swelling behaviour in bentonite samples. Multiple non-invasive 2D and
3D imaging methods based on nuclear magnetic resonance, electro-
magnetic radiation and particle radiation have been utilized for studying
water transport in porous materials (Gummerson et al., 1979; Nizovtsev
etal., 2008; Tippkotter et al., 2009; Zhang et al., 2011). Despite the large
number of available measurement methods, not many of them are
suitable for measuring time-dependent water content and material
deformation at the same time. Additionally, some of the imaging
methods mentioned above, e.g. neutron radiography, are not readily
available, particularly for longer studies where experiments lasting
several months are required.

An experimental non-invasive method for measuring deformation
and water transport in swelling materials using X-ray tomography was
introduced by Harjupatana et al. (2015). The method was used to study
bentonite samples in constant volume conditions and was able to pro-
vide displacement field and water content in three spatial dimensions as
a function of time. In many cases, such as the case of free initial swelling
of bentonite, the swelling process can be quite fast. For example, in the
present study the fastest swelling rate was approximately 1.8 mm/min.
For comparison, a tomography scan done with the kind of equipment
used, e.g. by Harjupatana et al. (2015) typically takes around 45 min.
Capturing adequate tomographic images in a fast process requires high-
speed tomography mainly available in synchrotron facilities (Wildens-
child and Sheppard, 2013). To facilitate the study of such processes
using tabletop devices based on X-ray tube sources, the original tomo-
graphic method was recently modified to be applicable in X-ray radi-
ography by Harjupatana et al. (2022). The basic method includes
sequential X-ray radiography with repeated correction radiograph
acquisition for local beam hardening correction, essential for quantita-
tive radiography. Image analysis together with careful calibration yields
local deformation, and solid and water content distributions at different
points in time. The X-ray radiographic method is limited to more simple
geometrical set-ups but is faster than the original tomographic technique
since at each time step only a single radiograph instead of a full tomo-
graphic scan is required. With the method, the time evolution of
deformation and water content distribution in a material sample can be
measured also during rapid wetting and free swelling. The method is
applicable for essentially one and two-dimensional processes as well as
for three-dimensional processes with well-defined symmetry.

In this paper, a stable and robust measurement set-up for monitoring
the swelling of clay materials in limited free space was assembled to
study the chemical coupling to the hydro-mechanical behaviour of clay
materials. The method previously used to measure non-constrained free
swelling and erosion of clay buffer in Harjupatana et al. (2022) is now
applied, for the first time, to study the homogenisation process of similar
materials in a more constrained semi-free swelling set-up. This set-up
featured a sample holder that allowed essentially one-dimensional
wetting and swelling of cylindrical samples in the axial direction.
Three different clay materials, two different initial dry densities and
seven wetting solutions of different chemical compositions and salinities
were used in the experiments. The effect of salinity was of particular
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interest as the salinity is known to affect the wetting and swelling
behaviour and the groundwater salinity at the disposal site may change
over time. The method offers distinct advantages by providing time
series information on the homogenisation process of a single sample,
rather than relying solely on the initial and final states of the sample or
gathering temporal information from a set of multiple samples. The
research aims to enhance the understanding of bentonite behaviour by
capturing and presenting detailed time series data during the homoge-
nisation process in a semi-free swelling experiment. The modifications
made to the method enabled the recording of intricate data on the rapid,
chemically coupled swelling of different clay materials in a constrained
swelling environment, using widely available and easily accessible
equipment.

In essence, the detailed data generated by the study serves as a
valuable resource for furthering the understanding of the hydro-
mechanical behaviour of clay materials in conditions involving limited
void space. This emphasis on detailed data collection and analysis
constitutes the primary novelty of the research. The data can be used, e.
g. to support the modelling of the clay buffer behaviour and the safety
analysis of the used nuclear fuel repository concepts.

2. Materials and methods
2.1. Materials and samples

Three different clay materials were studied in the present work:
commercial Wyoming bentonite (CWB) BARA-KADE® (Bentonite Per-
formance Minerals LLC, Houston, Texas), supplied by B + Tech Oy,
Finland, and purified sodium montmorillonite (PSM) and purified cal-
cium montmorillonite (PCM), both supplied by Clay Technology AB,
Sweden (Table 1). The initial water content values of the supplied CWB,
PSM and PCM materials were 7.2%, 3.2% and 11.3%, measured gravi-
metrically (oven drying at 105 °C for 24 h). In order to facilitate the
preparation and handling of samples, especially those made of very fine-
grained PSM and PCM powders, the initial water content of the materials
was increased to 14-20% by keeping powder at a relative humidity of
100% until the mass gain corresponded the desired water content. Each
clay material was also doped with 1.0 wt% of 0.3 mm diameter zirco-
nium dioxide (ZrOj) spheres to facilitate deformation measurement.
Cylindrical samples of diameter 20 mm and height 11 mm were uni-
axially compacted from powdery clay materials using a die and two
punches. The final compaction to a height of 10 mm was performed in a
sample chamber (see Sect. 2.2) to seal the lateral surface of the sample
against the chamber wall. Two different initial dry densities of the
samples (1.4 g/cm® and 1.8 g/cm®) were used in the experiments. In
addition, the composition of the wetting solution was varied between
the experiments. The CWB samples were wetted with saline solutions of
three different ionic strengths. These salinities correspond the estimated
minimum and maximum groundwater salinities, and their average, at
the Olkiluoto nuclear waste repository in Finland during the early
evolution period of 1000 years. The PSM and PCM samples were wetted
with corresponding homoionic solutions (NaCl for PSM and CaCl2 for
PCM) of two different ionic strengths to avoid cation exchange. Each
solution was prepared by dissolving proper amounts of NaCl and CaCl2
in distilled water. All the material combinations used in the experiments
are shown in Table 2. Each experiment was repeated three times.

2.2. Sample chamber

The sample chambers were designed to hold cylindrical clay samples
in a closed space, where wetting and semi-free swelling were controlled
and monitored (Fig. 1). A sample was kept inside an aluminium tube
between two porous sintered glass filter discs (pore diameter 10-16 pm).
The tube was closed with two plugs sealed against the walls with
lubricated O-rings. These plugs enabled monitoring of swelling pressure
using force sensors (Button Load Cell 3136_0, Phidgets Inc., capacity 1.6
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Table 1
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Mineralogical and various other properties of the studied clay materials: commercial Wyoming bentonite (CWB), purified sodium montmorillonite (PSM), and purified
calcium montmorillonite (PCM). CWB was characterised by B + Tech Oy, but the structural formula is from an older batch (Kiviranta and Kumpulainen, 2011). PSM

and PCM were characterised by Clay Technology AB.

CWB PSM PCM

Mineralogical composition [wt%]

montmorillonite 83.9 95.4 94.4

quartz 6.2 4.0 4.5

plagioclase 3.2

K-feldspar 1.9

gypsum 1.3

pyrite 1.2

calcite 1.1

cristobalite 0.7 0.6 1.1

illite/mica 0.4

anatase 0.2

Montmorillonite structural formula Nag 46CaZi,Mg2h, Nag ;5Cag 5, K¢ o, Nag o; Cag 56K§ o1
(Sizo1Alo.09) (Siz.73Alo.27) (Siz76Alo.24)
(Als.11FedsFed 53 Mgo.47) (Als.06Tio.01Feg 31 Mgos3) (Als 0 Tio.01 Feg 55 Mg 53)
040(0OH), 020 (OH), 02 (OH),

Cation exchange capacity [eq/kg] 0.86 0.97 0.88

Grain density [g/cm®] 2.78

Table 2

Material combinations used in experiments. The columns c(Na™), ¢(Ca%") and c(Cl™) are the concentrations of individual ions in the aqueous solution. All the ex-

periments listed here were repeated three times.

Exp. ID Material Initial dry density [g/cm®] Initial water content c¢(Na+) [mM] c(Ca®") [mM] c(Cl7) [mM] Ionic strength [mM]
El CWB 1.4 0.14 1.95 0.525 3.0 3.5
E2 CWB 1.4 0.14 271 72.9 416.5 489
E3 CWB 1.4 0.14 540 145 830 975
E4 CWB 1.8 0.14 1.95 0.525 3.0 3.5
E5 CWB 1.8 0.14 271 72.9 416.5 489
E6 CWB 1.8 0.14 540 145 830 975
E7 PSM 1.4 0.19 975 0 975 975
E8 PSM 1.8 0.19 3.5 0 3.5 3.5
E9 PCM 1.4 0.20 0 325 650 975
E10 PCM 1.8 0.20 0 117 2.33 3.5

orce Sensor

( T 1 e3--—Wwater inlet
- ] Upper plug

Aluminium pipe wall
--Movable guiding ring

Aluminium
step wedge

Movable filter disc

orce Sensor

Fig. 1. Photograph (left) and schematic illustration of sample chamber (right) used in semi-free swelling experiments. The red dashed rectangle represents the
approximate field of view (FOV) of the X-ray radiograph, in which wetting and swelling processes were monitored (see examples of radiographs in Fig. 3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

MPa and accuracy 6 kPa in the present set-up) at both ends. The water
was introduced into the chamber through an inlet channel, to the space
between the upper filter disc and the upper plug, and finally into the
sample through the upper filter disc. Excess water and possible air
bubbles were removed through a water outlet channel. The sample was
able to expand axially upwards approximately 4 mm, after which a

guiding ring became in contact with the upper plug. At this point, the
free swelling phase ended and the further wetting and swelling were
constrained in a constant volume. The total duration of each experiment
was 16 days, around four times longer than the time after which the
radiographs indicated the sample was fully saturated and the homoge-
nisation process progressed very slowly. The lower filter disc was fixed
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against the lower plug, which included an open channel for releasing
pore air, but also allowed water vapour and, in principle, liquid water to
be released from the sample. However, no liquid water was observed in
the channel during the experiments. An aluminium step wedge, used to
obtain correction radiographs for local beam hardening correction
(Harjupatana et al., 2022), was placed next to the base of the sample
chamber. The chamber was mounted to linear stages which allowed to
focus the desired region of the sample and the step wedge in the field of
view by horizontal and vertical movements.

2.3. X-ray radiographic method

The original radiographic method (Harjupatana et al., 2022) is
briefly summarized in this section. The method is based on taking
consecutive X-ray radiographs of the sample during the wetting and
swelling process. The images are first corrected using the local beam
hardening correction (LBHC) to correct spatio-temporal artefacts caused
by beam hardening and various detector and source instabilities. The
corrected radiographs are then converted into linear attenuation coef-
ficient (LAC) distributions by applying the Beer-Lambert law pixel-wise
in a form

1. 1

u= - ;lng, 1)

where I/I is the transmittance through the sample of thickness x. When
assuming negligible X-ray attenuation in the gas phase, the LAC of a
partially saturated sample can be written as

B = Vspg+Lwpy, 2

where v; and v, are the mass attenuation coefficients (MACs) and p, and
p,, are the partial densities of solid and water, respectively. The MACs
are obtained through density calibration, i.e. fitting Eq. (2) to at least
two calibration points (see Sect. 2.5).

The deformation of the sample is measured by applying an image
correlation algorithm (e.g. block-matching) to the reference and
deformed state radiographs. For sufficient image correlation, the sample
should contain natural or added details, visible in radiographs.

The main results (partial densities) for a cylindrical sample and one-
dimensional wetting geometry are calculated by first dividing the sam-
ple virtually into cylindrical layers, whose boundaries follow the motion
of solid material according to the measured deformation. The partial
densities of solid and water in layer j are given by

_ hy(ter)
psj(t) - hj(t) 'P;J- (tref) (3)
and
puylt) = O =10, @

Vw

where h; is the height of layer j and t. refers to the reference state,
which is typically the initial state (t.f = tp). The only unknown is thus
the partial density of solid in the reference state p,; (tref), which can be
calculated by combining the definition of the (gravimetric) water con-
tent w = p,,/p, and Eq. (2) yielding

”j (tref)
vs + Vw Wi (tref) .

Psj (tref) = (5)

For this study, the method was modified to suit present experimental
needs, and these changes will be discussed next in Sects. 2.4, 2.5 and 2.6.

2.4. Forward-backward analysis

The image correlation algorithm used here (block-matching) is best
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suited for small deformations, requiring a dense enough field of details
representative of the material displacement. In this study, the large and
rapid deformation associated with the initial free swelling of clay sam-
ples compromised the accuracy of the algorithm. The resulting inac-
curacies at the beginning of the experiment propagated forward in time
and resulted in non-physical partial density fluctuations at later times,
especially in the top layers of the sample where the deformation was
large.

This problem was reduced by performing the deformation mea-
surement and the density analysis also backwards in time, i.e. by using
the final state as the reference state (t.f = t) and proceeding towards
the initial state. By assuming that the sample was fully saturated in the
final state, the partial densities of solid and water in layer j were
calculated as

H (t:f) - yw'/~7w

— (6)
Vs — l/w'pw/ps

psi(tr) =
and

punle) = (17850, )

Ps

where p,, and p; are the intrinsic densities of water and solid phases,
respectively (p; is also called grain density). The partial densities in the
previous states were then calculated using Egs. (3) and (4).

The backward analysis reduced density fluctuations between initial
and final states, which were primarily caused by the cumulative error in
the image correlation due to the initial rapid swelling of clay material. A
combination of analysis directions was done by using the forward
analysis for the initial swelling and then switching to the backward
analysis when the partial densities started to fluctuate. The criterion for
the switch between the analysis direction depended on the swelling rate.
Samples with slower swelling speed used the forward analysis longer
and faster swelling samples relied more on the backward analysis and
the switch was done at an earlier phase of the experiment.

2.5. Density calibration

To take advantage of Egs. (2) to (7), the MACs of water and solid
must be known. As the compositions of solid and water varied between
the experiments, each sample was calibrated separately. The MACs were
defined by fitting Eq. (2) to three calibration points shown in Fig. 2, and
using them as free parameters. The three calibration data points were
the average values of p, p,, and u of 1) the sample in the initial state, 2)

—@ - Used water
—. —Sample initial state
Sample final state

P, Tglem’] 00

pg Iglem’]

Fig. 2. Calibration fit from experiment E1. The fit (planar grid) yielded the
mass attenuation coefficients of solid and water according to Eq. (2).
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the sample in the final state and 3) the water used in the experiment
(water filled sample chamber, p;, = 0). The approximate linearity was
previously verified for the bentonite-water mixture in a wider range of
partial densities (Harjupatana et al., 2015).

2.6. Measurement procedure

X-ray radiography was carried out using a SkyScan 1172 micro-
tomographic scanner, which is designed for high-resolution 3D imag-
ing, but can be used in X-ray radiography with minimal modifications. In
this work, the microfocus X-ray tube of the scanner was operated using a
tube voltage of 100 kV and a tube current of 80 pA. To reduce the effect
of beam hardening and to increase transmittance, the lower part of the
energy spectrum was cut using 0.5 mm aluminium and 0.04 mm copper
filter plates. The image size of a single radiograph was 2000 (H) x 1048
(V) pixels (H = horizontal and V = vertical) with a pixel size of 17.1 pm,
corresponding to a field of view of around 34 mm (H) x 18 mm (V). The
exposure time was 4130 ms, and each radiograph was formed as an
average of 18 exposures to improve the signal-to-noise ratio. The field of
view was extended to 34 mm (H) x 30 mm (V) by stitching together
three partly overlapping radiographs taken at different vertical posi-
tions. Three correction radiographs of background and 8 mm and 16 mm
aluminium plates in the step wedge were also taken and used to correct
the radiographs of the sample using the local beam hardening correction
before stitching. The total acquisition time for a stitched and fully cor-
rected radiograph was around 22 min. All the movement procedures in
addition to acquiring and saving radiographs were automated with a
computer script. Fig. 3 shows examples of corrected and stitched ra-
diographs in the course of the 16-day wetting and swelling period.

The detailed measurement procedure, which encompasses the sam-
ple wetting process, is shown in Table 3. The sample was first radio-
graphed in the initial state, after which wetting was started by
introducing water into the sample chamber. Stage 1 A recorded the
initial fast swelling and stage 1B the slower free swelling and transition
to the constrained swelling. To capture the fast initial swelling in stages
1 A and 1B, the radiograph acquisition time was reduced from 22 min to
1.5 min and 3.9 min, respectively, by omitting most of the correction
radiographs and decreasing the number of exposures used in averaging.
Stages 2-9 were executed at increasing intervals as they monitored

Time: 0 h Time: 2 h
Time: 4d Time: 16 d

Fig. 3. Stitched radiographs from experiment E1 at four instants of time. The
dark dots are the added ZrO, spheres.
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Table 3
Measurement procedure. The number of stitched radiographs given includes the
number of averaged radiographs and correction radiographs.

Stage Time since Number of Acquisition State of sample
water stitched time per
introduction radiographs stitched
radiograph
[min]
Initial  —30 min 1 22 Initial state
1A Oh 10 15 Start of wetting,
fast initial free
swelling
1B 15 min 40 3.9 Slower free
swelling and
transition to
constrained
swelling
2-8 3h,6h,12h, 7 22 Constrained
1d,2d,4d,8 swelling
d
9 16d 1 22 Fully saturated

final state

mainly the slow constrained swelling and saturation process. At the end
of the wetting cycle (stage 9), the sample was removed from the sample
chamber and weighed immediately, and again after 24-h oven drying at
105 °C to find out the mass of absorbed water, the dry mass and the mass
of accumulated salt (i.e. dry mass gain between the final and initial
states). The average dry density in the final state, used in density cali-
bration (Sect. 2.5), was calculated using the dry mass and the di-
mensions of the sample. The dimensions were measured from the
corresponding radiograph. To produce data for method validation, five
samples were cut into horizontal slices of thickness 2-4 mm after the
experiments. The partial densities of solid and water in the slices were
determined using the gravimetric method (oven drying at 105 °C for 24
h) and the dimensions of the slices.

The radiographic method and the swelling pressure measurement
produced the following data sets:

@ deformation (positions of layer boundaries), x;(t)

@ partial density of solid (dry density), p, (x;, t)

@ partial density of water, p, (x;,t)

@ partial density of water at full saturation (saturation limit),
Pwsat (XJ ) t)

@ swelling pressure at both ends, piop(t) and puotiom (t)-

All the results are available at Tanttu et al. (2023) and only selected
results are presented below.

3. Results and discussion
3.1. Deformation

Fig. 4 shows the deformation of two samples, one from low salinity
experiment E1 and the other from high salinity experiment E3. As the
results are very different, it is evident that the salinity of the water
strongly affects the swelling behaviour. In experiment E1, effectively
only the topmost layers were swelling initially and the layers below were
almost unchanged. In experiment E3, the swelling was much faster and
also the lower layers were initially swelling. This indicates that the
water transport rate increases with salinity. The rest of the deformation
results can be found in Supplementary Material Sect. A. Overall, the
repeatability of the deformation measurement was good, as replica
measurements of the same experiment configuration gave consistent
results. In the experiments where medium or high salinity solution was
used, the typical time scale of the initial free expansion from the axial
length 10 mm to 14 mm was a few minutes. In low salinity experiments
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Fig. 4. Deformation of low density (1.4 g/cm®) CWB (Commercial Wyoming Bentonite) sample from low salinity experiment E1 (left) and high salinity experiment
E3 (right). Layer position refers to the middle point between the layer boundaries. Notice that the initial state (t = 0, h = 10 mm) is not visible due to the loga-

rithmic time axis.

instead, the typical time for such expansion was 1-3 h. High salinity
experiment E9 deviated from this trend as the free expansion happened
in 6-30 min.

The initial swelling rates for all the experiments are shown in
Table 4. The swelling rates between the medium and high salinity ex-
periments were similar but much higher than in the low salinity ex-
periments. Again the only clear exception to this overall trend was
experiment E9 where calcium montmorillonite was wetted with high
salinity calcium solution. Both PCM experiments (E9 and E10) exhibited
the largest spread in the initial swelling rates between the replicates, as
indicated by the standard deviation. In the case of experiment E9, this
variation could potentially be attributed to the interaction between
aqueous calcium in the wetting solution and atmospheric carbon dioxide
during storage. This interaction may reduce the salinity of the solution
through the formation of calcium carbonate precipitate (Broadley et al.,
2008). However, no significant changes in pH or visible precipitation
were observed during the experiment. In contrast, in the case of
experiment E10, the presence of precipitates cannot account for the
observed variability, as the salinity of the wetting solution was so low.
Therefore, these findings suggest that the significant spread in the initial
swelling rates is likely associated with the properties of the PCM mate-
rial itself or potential measurement anomalies rather than the charac-
teristics of the wetting solution. It should be noted that in PSM and PCM
experiments the initial water content was higher than in the CWB
experiment as discussed in Sect. 2.1 and shown in Table 2. The initial
water content affects the swelling capacity of compacted bentonite as
indicated by Villar and Lloret (2008) and Harjupatana et al. (2022).
Evaluating how this affects the swelling in the present study is difficult

Table 4

Initial swelling rate for each experiment. The initial swelling rate was calculated
from the movement of the top surface during the first 5 min of swelling and is
given here as the mean + standard deviation of the three replicates.

Exp. Material  Initial dry density  Ionic strength Initial swelling rate
D [g/cms] [mM] [mm/min]
El CWB 1.4 3.5 0.44 +£0.02
E2 CWB 1.4 489 1.40 +0.12
E3 CWB 1.4 975 1.35+0.11
E4 CWB 1.8 3.5 0.24 +£0.09
E5 CWB 1.8 489 1.20 +0.03
E6 CWB 1.8 975 1.05+0.09
E7 PSM 1.4 975 1.72+0.10
E8 PSM 1.8 3.5 0.22+0.04
E9 PCM 1.4 975 0.45+£0.26
E10 PCM 1.8 3.5 0.22+0.18

as the materials and the wetting solutions differed between the
experiments.

To compare the behaviour of the initial free swelling phase to pre-
vious studies, Sane et al. (2013) and Navarro et al. (2017) conducted
free swelling experiments and observed a similar trend as was seen here,
the swelling rate increased with salinity. Similarly, to what is seen in the
swelling rates measured here, Navarro et al. (2017) reported that there
is no significant difference between swelling experiments with salinities
of approximately 0.8 M and 1.5 M. However, an exact quantitative
comparison of these results is again challenging as their measurement
set-ups were different from that of the present study.

3.2. Partial densities

Examples of measured partial density profiles of bentonite and water
together with saturation limits at different instants of time from exper-
iment E1 are shown in Fig. 5. Also plotted are the gravimetric validation
data from the sliced sample in the final state (16 d). The error bars are
the standard deviations of all three replicates. The results are within the
error bars in all positions except near 0.8 cm, which seems to be an
outlier, and near 0.2 cm, where the measurements deviate slightly.
Overall, the results given by the radiographic method seem to agree
relatively well with the gravimetric validation data. The results of the
rest experiments with validation data can be found in Supplementary
Material Sect. B. Although this sample was wetted with low salinity
solution and the water transport was thus slow, it seems that the sample
was fully saturated already in four days. The density gradient found at 4
d remains approximately the same in the final state (16 d) indicating
that the homogenisation process stopped or was progressing very
slowly.

To further investigate the homogenisation, Fig. 6 shows water con-
tent and dry density profiles in the final state from experiments E1 and
E3. Similar plots for the rest of the experiments can be found in Sup-
plementary Material Sect. C. In general, the repeatability of the exper-
iments was good as the final state dry density and water content profiles
of the replicates are similar. When comparing the profiles along the
sample length, it can be seen that the water in high salinity experiment
E3 distributed more evenly across the sample. Additionally, the dry
density distribution seems to be more homogeneous in experiment E3.
However, none of the experiments reached the fully homogeneous state
after 16 days of wetting and swelling. Similar heterogeneous results in
comparable void swelling experiments were observed in previous
studies, as was discussed in Sect. 1. While direct quantitative compari-
sons to past research are not feasible due to variations in experimental
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set-ups and parameters, the qualitative analysis of the gathered results
aligns with past research. Most notably, the dry density and water
content profiles exhibit similar trends. The wetting end of the sample has
a higher water content and a lower dry density in the final state.

As the partial density analysis requires the calibration of Eq. (2), one
could argue that the equation does not hold for medium and high
salinity solutions as the salt from the solution can accumulate and
remain in the structure of the sample. This is a valid point as the
weighing results shown in Table 5 indicate that the dry masses of the
samples increased more than expected, suggesting significant salt
accumulation within them. This accumulation may be attributed to the
flow of water through the samples, leaving excess salt behind. Addi-
tionally, the accumulated salt may have bound water into its crystalline
structure, which was not removed even at 105 °C. Unfortunately, the
reason for the mass gain could not be clarified, and further investigation
is required. Significant salt accumulation might affect the now obtained
final dry density distributions in high salinity experiments as accumu-
lated salt could result in increased dry density. It would be particularly
important to know where the salt is locally situated to estimate its effect
on the results. If salt accumulates more on top of the sample (i.e. wetting
end), it might also contribute to the seemingly more homogeneous final
state dry density and water content profiles in high salinity experiments.
In the forward analysis (see Sect. 2.3), only the initial state dry density
distribution and the measured deformation are used to calculate the
final state dry density distribution, and hence the result is not affected by
salt accumulation. As the final state dry density profiles calculated using
both the forward analysis and the backward analysis (currently used for
the final state) have similar trends (Supplementary Material Sect. F), it
seems that the salt is evenly distributed rather than locally accumulated
in certain places. However, further research and method development
are needed to study salt accumulation in more detail. Separating the LAC
of solid phase to dry clay and different salt components and measuring
them separately would require, e.g. advanced energy-sensitive imaging
techniques to differentiate materials by their spectral characteristics
(Alessio and MacDonald, 2013). Another common practice which could
be employed in future studies for measuring salinity changes in clay
material is aqueous extraction (Aschwanden et al., 2024). This method
can be applied to individual slices of the sample to assess the local
variations in salinity.

Fig. 7 shows the temporal evolution of water content at two different
vertical positions of samples. Similar plots for all the replicates can be
found in Supplementary Material Sect. D. water content development in
different layers gives further perspective on the water transport rate and
the homogenisation process. It can be seen that the initial response to
water intrusion and saturation rate was very different between the low
salinity experiments (E1, E4, E8 and E10), and the medium and high
salinity experiments (E2, E3, E5, E6, E7 and E9). In the medium and high
salinity experiments, the initial saturation rate was fast throughout the
sample as the water permeated the top layer more efficiently and

Table 5

Accumulation of salt in samples in the experiments. The expected mass of salt is
the mass of salt in the amount of water needed to fully saturate the sample. The
dry mass gain is the difference between the final and initial state dry masses,
given as the mean + standard deviation of the three replicates.

Exp.ID  Ionic strength Expected mass of salt [mg] ~ Dry mass gain [mg]
[mM]

El 3.5 0.4 25+ 49

E2 489 52.2 132+38

E3 975 104.0 237 £ 54

E4 3.5 0.3 5+98

E5 489 37.1 141 +27

E6 975 73.9 139+38

E7 975 111.9 343 + 258

E8 3.5 0.3 —26+211

E9 975 69.2 200 +114

E10 3.5 0.2 27 +18
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distributed more evenly into the sample than in the low salinity exper-
iments. This can be observed as a significant difference in the water
content between the top and middle layers of experiments E1, E4, E8,
and E10, as shown in Fig. 7. In the low salinity experiments, water built
up at the top of the sample, forming an apparently weakly permeable
layer that slowed the water transport and thus the overall homogeni-
sation process. High salinity experiment E9 was again a clear exception
to this trend as the water did not initially permeate deeper into the
sample. The explanation for this phenomenon could be similar to that
discussed in Sect. 3.1. However, it is plausible that the observed phe-
nomena are related to attributes of the PCM material, as indicated in
Supplementary Material Sect. D, where there is also variation in the
behaviour of experiment E10. Thus, further study is required to validate
this behaviour, as there is currently no reference material in the
literature.

3.3. Swelling pressure

Swelling pressure plots for all the samples can be found in Supple-
mentary Material Sect. E. Fig. 8 shows examples of swelling pressures
from experiment E1. In this experiment, the general trend was similar
between the replicates but the values varied. The differences between
the top and bottom end swelling pressure values were likely caused by
wall friction. These values, shown in Fig. 8 (right) seem to converge to
the same value after the initial deviation. The wall friction may be more
sensitive to density variations when the sample is relatively dry in the
initial state. In some experiments, the bottom end swelling pressure
values collapsed after the initial rapid increase, after which the values
developed towards the final saturation values. This event might be
explained by a combination of wall friction and structural changes
during water transport and swelling.

The measurements indicate that the ionic strength of the solution
affects the swelling pressure of bentonite. This is further elaborated in
Table 6 where the final state swelling pressures (average of both ends)
and the final state swelling pressure differences in the experiment are
shown. It seems that the swelling pressure decreases with the salinity of
the solution, which is in agreement with past research (Karnland et al.,
2006). Furthermore, higher initial dry density seems to lead to higher
swelling pressures, which is also to be expected according to Karnland
et al. (2006) and Dueck et al. (2019). All the swelling pressure values
were relatively small due to the low dry density in the final state
(1.0-1.3 g/cm®). Because of these effects, the swelling pressures of the
low density CWB samples were negligible in medium and high salinity
experiments E2 and E3, which is in agreement with Daniels et al. (2021).
Also, the swelling pressure difference seems to slightly decrease with the
salinity of the solution. The difference was larger for the experiments
where the initial dry density was higher, indicating that wall friction was
more dominant in these experiments.

When comparing PCM experiments to their CWB counterparts, it can
be seen that PCM experiments E9 and E10 exhibited slightly higher or
similar final swelling pressures as CWB experiments E3 and E4. On the
other hand, PSM experiment E8 shows that by increasing the sodium
montmorillonite content, higher swelling pressures can be achieved
compared to CWB experiment E4, which is in line with the results found
by Karnland et al. (2006). The low swelling pressure in experiment E7
compared to experiment E8 shows again the effects of the initial dry
density and the salinity of the solution on the swelling pressure.

4. Conclusions

In this study, X-ray radiography and numerical image analysis were
used to quantify the fast wetting and swelling process of different clay
materials. The measurement method was shown to be able to collect
time evolution data on one-dimensional solid material deformation and
water content distribution without damaging the sample.

The deformation analysis revealed significant differences in the
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swelling behaviour of the clay samples based on the salinity of the Analysis of partial densities provided crucial insights into the satu-
wetting solution. Higher salinity solutions resulted in faster swelling, ration and homogenisation processes. Despite the slow transport of
while low salinity solutions exhibited swelling primarily in the topmost water in low salinity experiments, efficient wetting and full saturation
layers. These findings indicate that the water transport rate increases was achieved within a few days. The density gradients remained rela-
with salinity. tively stable throughout the wetting process, suggesting a slowdown or
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Table 6

Average swelling pressure and swelling pressure difference between the top and
the bottom ends of the sample in the final state. The values are calculated as
(pbottom (&) +Prop (t7) ) /2 and Pootom (tf) — Prop (tf ), Tespectively. The error esti-
mates are the standard deviations of the three replicates.

Exp. Material  Initial dry  Ionic Final state Final state
D density strength swelling swelling
[g/cma] [mM] pressure pressure
[MPa] difference
[MPa]
El CWB 1.4 3.5 0.17 £ 0.06 0.08 +£0.01
E2 CWB 1.4 489 0.02+0.01 0.01 £+ 0.00
E3 CWB 1.4 975 0.00 £ 0.01 0.00 £ 0.01
E4 CWB 1.8 3.5 0.56 +£0.13 0.20 = 0.05
E5 CWB 1.8 489 0.30+0.13 0.23+0.01
E6 CWB 1.8 975 0.18+0.11 0.15+0.05
E7 PSM 1.4 975 0.10£0.05 0.06 £ 0.02
E8 PSM 1.8 3.5 1.27 +0.30 0.29+0.14
E9 PCM 1.4 975 0.11 +£0.06 0.08 +0.02
E10 PCM 1.8 3.5 0.51+0.16 0.23+0.03

halt in the homogenisation process. Comparisons between experiments
emphasised the influence of salinity on water and dry density distribu-
tion, with higher salinity solutions leading to a more homogeneous dry
density profile. However, complete homogenisation was not achieved
even after 16 days, consistent with similar studies and highlighting the
complexity of the process.

As the dry mass of the samples systematically increased with the
salinity of the wetting solution and the measured mass gains were higher
than expected at the end of the experiments, significant salt accumula-
tion likely occurred in the samples. Comparison of the final state dry
density profiles, calculated using the forward and backward analysis,
indicated that the salt is evenly distributed along the sample. However,
more detailed studies on salt accumulation are needed to confirm this
and to further study its effect on the swelling behaviour.

Swelling pressure analysis demonstrated the influence of ionic
strength and initial dry density on the behaviour of the clay materials.
Higher salinity solutions resulted in decreased swelling pressures, while
higher initial dry densities led to increased pressures. Experiments with
higher sodium montmorillonite content exhibited higher swelling
pressures.

While the current study focused on measuring the variation of water
content using X-ray radiography, future studies could benefit from
further insights through the establishment of a soil-water retention
curve (SWRC). The SWRC tests would involve wetting cylindrical test
samples of the clay under different controlled suction conditions, mir-
roring the conditions of samples in this study. By measuring the volu-
metric water content at each suction level and fitting the data to an
appropriate SWRC model, could potentially establish a relationship
between water content and suction for specific clay material.

Although the results agree well with previous literature, there were
some disadvantages to the X-ray radiography method. Fast swelling
causes motion blur in the radiographs if the imaging speed is not suffi-
cient. This can be well overcome by a specific optimised imaging pro-
tocol like the one used here. The deformation measurement requires that
the sample contains details that are visible in the radiographs and that
move along the deforming clay. To ensure this condition, small tracer
particles were added to the samples. It was however hard to ensure their
uniform distribution in the sample, and the non-uniform distribution
may lead to varying resolution in the deformation analysis, in particular
near the edges of the sample.

Despite the sources of inaccuracy, the method can produce data that
agrees with available validation methods and literature. This study
shows that the now modified X-ray-based method can be applied to
measure rapid homogenisation processes involving water transport in
solid materials where non-destructive spatio-temporal monitoring of
deformation and water content is needed during the whole wetting
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process. The method seems to be less cumbersome and faster than the
traditional gravimetric slicing method and therefore provides a viable
alternative to that. The consistent results between the replicates indicate
that the swelling behaviour between them is similar but it also highlights
the fact that the repeatability of the method is good.
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