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ABSTRACT

A mock-up test on decimetric scale in an innovative column test device and small-scale element tests were
carried out on a German Ca/Mg bentonite, which is investigated as a suitable material for engineered barrier
systems in nuclear waste disposal. Key hydro-mechanical parameters such as relative humidity, water content
and swelling pressure were monitored and spatially resolved over the 30 cm height of the column in the mock-
up test. The test was hydrated from the bottom and ran for 370 days. To compare the material behaviour at
different scales, swelling pressure tests and water retention measurements were performed at the element-test
scale. The results of the column test showed a heterogeneous evolution of swelling pressure and hydration state
variables along the column height. Simultaneous measurement of vertical and radial swelling pressure indicated
swelling anisotropy. Transient measurement of relative humidity and water content revealed a redistribution
of porosity within the sample, which was confirmed by sampling after completion of the test. Comparison
with the results of the element test showed that the two test scales are comparable in similar hydraulic states.
The column test is therefore suitable as a precursor to the field test and provides valuable insights into the
spatially and temporally resolved hydration behaviour of a buffer material, which helps for the design of in-situ

experiments, the validation of numerical models and supports the overall process understanding.

1. Introduction

The use of compacted bentonite as an engineered barrier system
(EBS) in nuclear waste repositories has been investigated in the disposal
concepts of several countries, see Pusch (1977) amongst many others,
owing to its low hydraulic conductivity, favourable retention proper-
ties, and pronounced swelling behaviour. Upon saturation, the devel-
opment of swelling pressure ensures an effective seal and the closure of
voids or fractures resulting from excavation, provided that the swelling
pressure is sufficiently high. For the construction of deep geological
repositories, not only the safe sealing of disposal tunnels, but also the
sealing of access tunnels and shafts is of great importance (Nagra,
2002). For shaft sealings, the suitability of the sandwich sealing system
consisting of vertically alternating sealing and equipotential segments
is being investigated (Niiesch et al., 2002; Schuhmann et al., 2009;
Wieczorek et al., 2024). This system is designed to achieve uniform
hydration within barriers in shafts and drifts in underground reposito-
ries by alternating sealing segments (DS) composed of bentonite and
equipotential segments (ES) with higher hydraulic conductivity. For

the dimensioning of the DS, the behaviour of the compacted bentonite
under different hydro-mechanical load paths has to be investigated. In
Germany, there are two sources of natural bentonite deposits, which
are commercially distributed under the names Secursol UHP (Stephan
Schmidt KG, SSKG) from the Westerwald area and Calcigel (Clariant)
from Bavaria. They are currently studied as suitable materials for the
DS of the sandwich system. In contrast to most studies on radioactive
waste disposal, which focus on Na-bentonite, Calcigel and Secursol UHP
are both Ca/Mg-bentonites (Asaad et al., 2025) whose hydration and
swelling behaviour has been less extensively investigated. Therefore,
this work examines the infiltration and swelling behaviour of Calcigel.

In general, the coupled (thermo-)hydro-mechanical(-chemical)
((T)HM(C)) behaviour of compacted barrier materials is investigated
through experiments at different scales, ranging from small-scale lab-
oratory tests to real scale field experiments. The former are mainly
carried out at the so-called element test scale with sample geometries
of the order of a few cm, having the advantage of short test dura-
tions. However, they represent a homogeneous element of material,
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which does not allow spatially resolved observation of the material
behaviour. In contrast, field experiments on a real scale provide the
most realistic information on material behaviour, but their installa-
tion and instrumentation are extremely complex, expensive, and time
consuming. Mock-up laboratory tests ranging from few decimetres
to few metres in dimensions therefore serve as a precursor to field
scale tests, enabling the spatially and temporal resolved observation of
the hydro-mechanical behaviour at well defined boundary conditions
with less costs and time effort. Depending on the objective, mock-up
tests can either downscale in-situ experiments, referred to as semi-
technical scale, or upscale element tests, in which case they represent
laboratory-scale mock-up tests. Examples of documented real-scale
experiments are the Full-scale Engineered Barrier Experiment (FEBEx)
in the Grimsel underground research laboratory in Switzerland Enresa
(2006), the Temperature Buffer Test (TBT) at the Aspé Hard Rock in
Sweden (Sandén et al., 2007) or the Sealing Experiments (SEALEX) at
Tournemire Underground Research Laboratory in France (Mokni and
Barnichon, 2016). Therein, supporting laboratory-scale mock-up tests
were conducted on the respective materials, see Martin and Barcala
(2005), Akesson et al. (2009), Wang et al. (2013) and Saba et al.
(2014b).

The impact of possible material inhomogeneities is of key interest
for the performance of the EBS. Inhomogeneities within bentonite used
in the EBS are likely due to the backfilling or installation processes in
terms of density variations or due to variation of intrinsic properties in
the material itself. The tendency towards homogenization of initially
heterogeneous bentonite for EBS was first observed after dismantling of
the in-situ Engineered Barrier (EB) experiment in Mont Terri (Garcia-
Siferiz et al.,, 2008, 2015) and thereon based investigated in the
laboratory within the Beacon project (bentonite mechanical evolution)
by Villar et al. (2021), Bernachy-Barbe (2021), Darde et al. (2022)
and Chang et al. (2023) amongst others. Several configurations of ben-
tonite compacted to different dry densities, combinations of bentonite
blocks and pellets and consideration of technical voids demonstrated
that despite the tendency towards homogenization residual hetero-
geneity persisted, strongly influenced by the density gradients and
boundary conditions (Bernachy-Barbe et al., 2020; Villar et al., 2021).
Conversely, a material that was originally homogeneously compacted
can become inhomogeneous in terms of its dry density as a result of
hydration and swelling, which in turn can influence the subsequent
material behaviour. Intrinsic inhomogeneities can have a magnifying
or dampening effect. For both cases, the sealing function must be
ensured. The effects of density redistribution in originally homogeneous
materials cannot be evaluated in element tests and mock-up tests are
required for this purpose. As demonstrated by Wang et al. (2013),
Saba et al. (2014b) and Rawat et al. (2019), hydration-induced density
redistribution is a commonly observed phenomenon in laboratory scale
mock-up experiments.

Mock-up tests reported in the literature focus on different aspects
of the repository relevant boundary conditions, such as the behaviour
under temperature and/or hydraulic gradients. The test setups are
equipped with appropriate measuring devices for this purpose. This typ-
ically includes the measurement of vertical stress (swelling pressure),
temperature, relative humidity and pore water pressure or suction.
While radial stresses are often disregarded in element-scale tests owing
to the small height-to-diameter ratio, their measurement yields valu-
able insights into the temporal and spatial evolution of the stress state
during hydration in laboratory-scale mock-up experiments. Ambiguous
results have been reported for the stress ratio and evolution of the
stress field, wherein influencing factors include initial dry density,
compaction direction, type of bentonite-based material and sample
dimensions. Lee et al. (2012), for instance, reported radial stress mea-
surements during swelling tests on uniaxially compacted small samples
(d = 50 mm, h = 30 mm) of a calcium bentonite and observed
anisotropic equilibrium stress states, which became more pronounced
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with increasing dry density, and thus with increasing compaction en-
ergy. By contrast, Saba et al. (2014a) and Cui (2017) found that, in
small samples of a bentonite-sand mixture (d = 38 mm, 2 = 10 mm), the
stress state tended to become more isotropic with increasing dry density
obtained by uniaxial compaction. In mock-up tests, investigations of
isotropically compacted specimens by Akesson et al. (2009) on MX80
bentonite (¢ = h = 200 mm) and by Dieudonné et al. (2024) on
a bentonite-sand mixture (d = 120 mm, 2~ = 100 mm) revealed
anisotropic stress fields, where radial stress partly exceeded, or at least
equalled, the vertical stress. Similar results were reported for uniaxially
compacted specimens by Rawat (2019) for a bentonite-sand mixture
(d = 100 mm, 4 = 300 mm) and by Bernachy-Barbe et al. (2020) for
powder—pellet mixtures of bentonite (d = 240 mm, 2~ = 103 mm). In
contrast, Saba et al. (2014b) reported lower radial stresses than vertical
stresses for a bentonite-sand mixture (d = 60/120 mm, 2 = 120 mm).
Comparable findings indicating different stress ratios and anisotropic
stress states were observed in laboratory tests focusing on the influence
of technological voids (see e.g. Harrington et al. (2020), Daniels et al.
(2021), Bernachy-Barbe (2021) and Darde et al. (2022)). Overall, radial
stress measurements in mock-up tests indicated a radial stress gradient
with increasing distance from the hydration end. However, the stress
ratio remains a subject of ongoing research, given the inconclusive
experimental evidence. However, in most of the previously reported
laboratory mock-up tests only relative humidity was measured and
water content measurements were omitted due to the complexity of
the measurement technique and calibration, though the migration of
water inside the sample is the governing mechanism upon hydration.
In the present study, both the water content and relative humidity, as
well as vertical and radial stresses over the height of the column have
been monitored in a column test device. This column test device was
first implemented for investigation of the (thermo-)hydro-mechanical
behaviour of a Calcigel-sand mixture (Rawat et al., 2019, 2021) and is
here employed on compacted Calcigel granules.

In the context of the Sandwich sealing system, large scale in-situ
experiments are currently performed at Mont Terri (Emmerich et al.,
2019; Wieczorek et al., 2021, 2024). They are accompanied by mock-up
tests at semi-technical scale, representing the sandwiched shaft sealing
construction, with Calcigel and/or Secursol as the sealing material
for the DS (Koeniger et al., 2008; Emmerich et al., 2009; Wieczorek
et al., 2024). In the present work, the focus is on the hydro-mechanical
behaviour of compacted Ca/Mg bentonite (Calcigel) granules observed
in both laboratory element tests and a laboratory mock-up test on
decimetric scale, hereinafter referred to as column test. This way,
the hydration behaviour of the bentonite DS material is evaluated
without possible influences from the layered sandwich system. The
column test allows to investigate heterogeneities in swelling and hydra-
tion behaviour and investigate effects of a hydration-induced density
redistribution, which is not evident on smaller scales.

The column test was carried out under ambient temperature (T =
20°C), as the hydration behaviour in the far field from the waste
canisters in the deep geological repository is of interest here. The
test was hydrated with deionized water from the bottom and ran for
370 days from March 2023 to March 2024. To support the design
and interpretation of the decimetric laboratory mock-up test, and to
gain insights into the small-scale behaviour an extensive experimental
campaign on element test level was carried out, comprising constant
volume swelling pressure tests and constant volume wetting paths of
the soil water retention curve (SWRC).

2. Material

The investigated material is Calcigel, which is a commercially avail-
able bentonite from Bavaria, Germany. Table 1 summarizes the relevant
geotechnical and mineralogical properties of the material, which were
mostly determined according to DIN EN ISO standards (Deutsche Insti-
tut fiir Normung e.V.). Calcigel is highly expansive and classified as
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Table 1
Geotechnical and mineralogical properties of Calcigel (Asaad et al., 2025).

Values

2.738 (105°C) / 2.740 (200°C)
109.8° / 117.2°

Properties

Grain density p,, g/cm?
Liquid limit w,, wt.%

Plastic limit wp, wt.% 339

Shrinkage limit wg, wt.% 12.0

Initial water content® w,, wt.% 11.9 - 13.3 (105°C) / =~ 15+0.4 (200°C)
Plasticity index I, wt.% 79.0

Consistency index I, wt.% 1.3

Smectite content, wt.% 61 (dioctahedral)
Cation exchange capacity, cmol(+)/kg 60

Specific surface area a, (N,)¢, m?/g 57

Specific surface area a, (EGME)®, m>/g 460

a Fall cone method.

Casagrande method.

¢ Equilibrium water content under ambient conditions as received.

4 N,-adsorption isotherms (BET-method according to Brunauer et al. (1938)) in the
adsorption range of 0.04 — 0.2 p/p,.

¢ Total specific surface area including interlayer and external surfaces, determined by
adsorption of the polar molecule ethylene glycol monoethyl ether (EGME according to
Carter et al. (1965) and Cerato and Lutenegger (2002)).

a highly plastic clay based on its Atterberg limits according to DIN
18196:2023-02 (2023). The predominant exchangeable cation is cal-
cium (Ca’*: 41.5+1 cmol(+)/kg), followed by magnesium (Mg>*: 18.5+1
cmol(+)/kg), sodium (Na*: 2.9 + 1 cmol(+)/kg) and potassium (K*:
1.0+1 cmol(+)/kg). The water content at ambient laboratory conditions
corresponds to a 2W-state (2 water layers in the interlayer space).
The bentonite used in this study is in the form of a granulate with a
maximum granule size of 4 mm. During production, the raw material
was first broken down, dried to 10 wt.% water content (105°C), milled
to a size of < 500 p m (supplier: Clariant) and subsequently compressed
into pillows (m ~ 9 — 10 g, dim. ~ 40x15x10 mm?, producer: Stephan
Schmidt KG). Finally, the pillows were crushed into granulate. The
apparent grain size distribution of the granulate was determined by
combined dry sieving and sedimentation (DIN EN ISO 17892-4:2017-
04, 2017). Characteristic percentile values of the apparent grain size
distribution are d;;, = 0.23 mm, ds, = 1.55 mm, and dy, = 3.35 mm.
The apparent fines content of the granulate is 2.19 wt.% for d <
0.063 mm. Calcigel has been a subject of geotechnical research for
a considerable time period. First element tests on Calcigel, formerly
known and still marketed as Montigel, reach back into the 1980s, see
e.g. Bucher and Spiegel (1984), Bucher and Miiller-Vonmoos (1989).
A large number of element tests on the material were further carried
out by Agus and Schanz (2008), Baille et al. (2010) and Lang et al.
(2019), which serve as reference for the results of this work. For a more
detailed mineralogical characterization and geotechnical classification
the interested reader is kindly referred to Asaad et al. (2025).

3. Experimental methods
3.1. Column test: experimental set-up

The column test was carried out in a sophisticated column type ex-
perimental set-up. It was first developed and described by Rawat et al.
(2019) for testing of a bentonite-sand mixture, whereas in this work,
the infiltration behaviour of a bentonite is investigated. The design has
been slightly refined since then by modifying the head of the column
to allow vertical loads to be applied using a solid screw. Although this
paper only considers constant volume conditions, different mechanical
boundary conditions can be considered in the future.

The layout including cross sections and a photograph of the test set-
up is shown in Fig. 1. In there, a cylindrical sample with the dimensions
h =30 cm and d = 15 cm, which consisted of 3 blocks of 4 = 10 cm each
(items 2, 3 and 4), were installed. The sample was fitted in three rings
(d;, = 15 cm, d,,, = 35 cm, items S1, S2 and S3) and vertically limited
by a plug at bottom (item 5) and top (item 1). The rings and plugs
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were made of polyvinylidene fluoride (PVDF). PVDF ensured thermal
insulation for the test set up as it is a non-reactive thermoplastic with a
very low thermal conductivity (0.13 W/m- K) and sufficient stiffness to
withstand the loads occurring during the test (Rawat, 2019). One load
cell each (items 6 and 7, OMEGA Eng.: LCM-402 with capacity 100
kN and accuracy +0.3% ) was installed above and below the top and
bottom plugs respectively to measure the vertical stress. A confining
steel cylinder (item 8) ensured the placement of the rings and plugs.
The column was constrained by a rigid frame serving as counter bearing
(item 9). The vertical loading screw (item 17) was fixed during the
infiltration test to ensure constant volume conditions.

Top and bottom of the sample were in contact with stainless steel
porous plates (d = 15 cm, & = 1 cm) at the inner end of the plugs. These
further consisted of an intermediate piston for load transfer (d = 14.8
cm, A = 10 cm) and a stainless steel cover at the interface with the load
cell (d = 15 cm, h =20 cm). To prevent the top and bottom plugs from
tilting or shifting, they were also enclosed in rings in the same way as
the soil sample.

For hydration, water was supplied to the sample through water
inlets in the top and bottom plugs with help of an additional air vent
(item 13) and an infiltration burette with a low pressure of approx-
imately 1mH,O =~ 0.1bar. To prevent evaporation, the burette was
covered with a lid. The measurement accuracy was 0.1 ml. The water
level in the burette was monitored and read frequently at the beginning
of the test and then at longer intervals as the test progressed, first daily
and later weekly. The top and bottom plugs further included tempera-
ture control coils (items 16) connected to a thermostat, through which
the test set-up was heated or cooled by circulating tempered silicone oil.
The target temperature of 20°C was ensured by the external thermostat
(indicated with red arrows in Fig. 1, (Huber CC-202 with range 20°C
to 95°C and stability = +0.02°C) connected to a temperature sensor
(Pt100) installed in the head section as a reference temperature for the
external thermostat.

In addition to ensuring the oedometric constraint and thermal insu-
lation, the sample rings along the sample contained the entry ports of
the measurement sensors in the three horizontal measurement sections
located each at midheight of the respective block. They are referred
to as ‘top’, ‘mid’, ‘bottom’ at 5 cm, 15 cm and 25 cm distance from
the infiltration site at the bottom sample end, respectively (see Fig.
1 c). The measuring equipment of the column includes the following
sensor types, each positioned at a quarter of the circular horizontal
cross-section of the column. They are (1) load cells for radial stress
measurement (item 10, OMEGA Eng.: LCM-203 with capacity 5 kN
and accuracy of +0.3%), (2) time domain reflectometry sensors (TDR)
for water content measurement (item 11, IMKO PICO-32; measurement
range 0 to 70% with accuracy +2% for 0%-40%, +3% for 40%-70%),
(3) Pt100 sensors for temperature measurement (item 14, d = 3 mm,
I = 150 mm, ! ~ 10 mm embedded in sample; measurement range
—40°C to 200°C with accuracy (0.1 + 0.0017 x |T|)°C and (4) relative
humidity (RH) sensors (item 15, VAISALA HMT337 with heating option
and additional Pt100 probe embedded (as above); measurement range
for relative humidity of 0—100% RH with accuracy of +1% RH (0—90%
RH) and +1.7% RH (90— 100% RH) for the temperature range of 15—25°
C applicable for the column test. Each sensor was inserted into a special
adapter made of PVDF, which was screwed into the sample rings and
sealed with O-rings preventing loss in humidity and temperature. For
the insertion of the TDR and Pt100 sensors, holes were drilled radially
into the sample, as indicated in the horizontal cross-section in Figure
Fig. 1 a. For the radial load cells, a counter bearing was installed at the
outside of the confining cell. Between the bottom and mid block and the
mid and top block, two earth pressure transducers (item 12, KYOWA-
BEC with capacity 1 MPa and accuracy +0.03 MPa) were installed for
additional vertical stress measurement. Their cables were routed out
via the Pt100 sensor adapters at the mid and top section. Appropriate
recesses were cut into the sample for correct positioning of the sensors
upon sample preparation.

Further details about the construction of the column and the mon-
itoring sensors including manufacturer and measuring range are given
in Rawat et al. (2021).



A. Nitsch et al.

a) Vertical cross section

Infiltration
burette

Sampling axis

Legend:
1 = Top plug; 2,3,4 = Compacted soil blocks; 5 = Bottom plug; 6 = Bottom load cell; 7 = Top load cell; 8 = Confining cell;
9 = Rigid frame; 10 = Radial load cells; 11 = TDR sensors; 12 = Earth pressure transducers; 13 = Air vent; 14 = Pt100
sensors; 15 = RH sensors (with add. Pt100 sensors); 16 = Temperature control coil; 17 = Vertical loading screw.

c) Measurement positions

Mid e@---

Bottom e---
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b) Horizontal cross section d) Photograph during test
15 B

= Y

---¢ Mid-Top

--4# Bottom-Mid

Bottom

Fig. 1. Layout of the column type test device: vertical cross section (a), horizontal cross section (b), measurement positions (¢) and photograph (d). Based

on (Rawat et al., 2019).

3.2. Column test: calibration of TDR-sensors

The time-domain-reflectometry (TDR) technique uses the correla-
tion between the transit time of electromagnetic waves and the real
part of the dielectric permittivity of the medium surrounding the TDR-
sensor. Since the dielectric permittivity of water is much higher than
that of soil solids and air, it is used as indicator for the volumetric water
content of the soil. Thus, the measured transit time of the initial pulse
in the sensor until receiving its reflection is related with the volumetric
water content of the surrounding soil. Initially, the functionality and ac-
curacy of each TDR-sensor was verified using a defined volume of glass
beads with either air-filled or water-saturated pore space. Subsequently,
a material specific two-step calibration procedure of each TDR-sensor
was carried out. For this, separate Calcigel sample blocks at four
different known water contents were compacted at identical target dry
density of 1.55 g/cm?’. Subsequently, each TDR-sensor was inserted into
the blocks and its output signal in terms of travel time 7, was measured
in each Calcigel block at known gravimetric water contents for room
temperature of 20°C. The travelling time of the sensors was measured
at a signal frequency of 1 GHz and during a duration of approximately
1 min and was averaged over the measurement time. This calibration
procedure was repeated after stepwise heating to different temperatures
between 20°C and 80°C, while the gravimetric water content was kept
constant by sealing of the sample blocks. The water loss was found to
be minimal by comparing the final measured gravimetric water content
(using oven drying method) after the final heating step to the initial
preparation water content. For each sensor, the established calibration
curves in terms of measured travelling time 7, in ps against gravimetric
water content were linear, but unique for each temperature 7. The
water content was evaluated by linear interpolation in the 1, —w - T
space. It is to be noted that these calibrations are valid for the given
dry density of 1.55 g/cm?3. Therefore, in a second step after the test,
the measured water contents using the above established calibration
relation were scaled by the final gravimetric water content values
measured by oven drying in the postmortem sampling (see following
section). An example of the calibration curves is given in supplementary
material.

3.3. Column test: sample preparation and testing procedure

Three blocks of compacted Calcigel were prepared for the test by
vertical compaction in a steel mould in an uniaxial static compaction
device. Necessary sensor and cables recesses were prepared. The first
block was carefully pressed by hand into the PVDF ring previously
mounted on the base of the column test-device. Few gaps around cables
and the inner earth pressure sensors were filled with finely ground
bentonite to avoid water leakage. The top surface of the block was
scarified to ensure optimal contact with the adjacent upper block.
These steps were repeated for the second (mid) and the third (top)
block. Subsequently, the top plug with porous stone, the confining
cell, all sensors and the counter bearing for the radial load cell were
installed. The rigid frame was mounted in the last step and the vertical
loading screw was tightened while monitoring the load cells for vertical
stress until sufficient contact was established ensuring the constant
volume conditions of the test. Finally, the water supply, thermostats
and measurement acquisition system were connected.

The infiltration test was conducted at a target temperature of 20°C
controlled by the thermostats at the top and bottom plug. The sample
was infiltrated from the bottom, while the upper air vent was open
for air to evacuate. The test ran for a period of 370 days during
which the vertical stress, radial stress, relative humidity, water content
and temperature were measured at different positions of the sample.
After completion of the test, the test set-up was demounted and post-
experimental sampling was carried out at different locations along the
height of the sample. For this, a continuous vertical measuring axis
was defined inside the quarter cross section undisturbed by measuring
sensors. Along this measurement axis, three small samples of each
block, hence nine in total, were collected (see Figure Fig. 1 b and c).
Selected samples were further taken at different horizontal distances
from the centre in the undisturbed lower part of each block. Water
content was determined by oven drying (105°C and 200°C) and the
bulk density was measured by immersion weighing (in air and paraffin
oil, see Christ et al. (2022)) using a precision scale.
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Table 2
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Initial (Uy) and final (U,) conditions of the swelling pressure element tests.

Name Vertical compaction Dry density Water content Degree of saturation Swelling pressure
stress oy, (MPa) Paolpas™ (g/cm?) wolw, SlS,, o, (MPa)
Cal-Q-04 14.2 1.72 | 1.61 0.119 | 0.258 0.552 | 1.194 3.8
Cal-Q-08 - 1.63 | 1.54 0.119 | 0.290 0.477 | 1.144 2.7
Cal-Q-02 9.3 1.61 | 1.52 0.119 | 0.290 0.462 | 1.127 2.0
Cal-Q-01 8.8 1.61 | 1.52 0.119 | 0.287 0.464 | 1.119 1.7
Cal-Q-07 - 1.52 | 1.43 0.119 | 0.340 0.406 | 1.148 0.8
Cal-Q-11 6.6 1.53 | 1.46 0.133 | 0.314 0.465 | 1.091 1.0
Cal-Q-10 7.0 1.55 | 1.52 0.133 | 0.297 0.477 | 1.058 1.7
Cal-Q-09 7.7 1.57 | 1.53 0.119 | 0.294 0.489 | 1.074 1.9
Cal-Q-03 7.1 1.45 | 1.37 0.119 | 0.380 0.376 | 1.198 0.6
Cal-Q-06 5.3 1.42 | 1.36 0.119 | 0.376 0.349 | 1.103 0.4
Cal-Q-05 4.7 1.26 | 1.22 0.119 | 0.449 0.276 | 1.042 0.1

2 The final dry densities were determined by measuring the heights of the samples within their oedometric rings after removing the

vertical restraint of the constant-volume test set-up.
3.4. Element tests: methods and sample preparation

The element tests, which serve for evaluation of the column test re-
sults, include swelling pressure tests and determination of the soil water
retention curve at constant volume conditions. For both test types, the
samples were prepared by uniaxial static compaction. Swelling pressure
tests were conducted on oedometric samples (d = 5 cm, 2 = 2 cm) in
constant volume isochoric cells (Romero, 1999; Schanz and Tripathy,
2009; Agus et al.,, 2013), wherein analogously to the column test,
infiltration was realized with a burette from the bottom and water was
distributed by porous stones. An upper air outlet prevented pressure
build-up in the cell. Swelling pressure was measured as a reaction force
with a load cell mounted in the top of the cell and transferred via the
cross section of the sample. The load cell had a capacity of maximum
22 kN, which corresponds to approximately 11 MPa for the specimen
diameter d =5 cm.

The soil water retention curve (SWRC) was determined by subject-
ing the initially compacted samples with initial suction of about 71 —
74 MPa, initial water content of about 12 wt.% and being constrained
in a constant volume microcell (d = 30 mm, A = 7 mm, Seiphoori et al.
(2014)) to a total suction of about 2 MPa using the vapour-equilibrium
(VET) technique. In regular time intervals, the water content was
measured by weighing and the corresponding suction was measured
by chilled-mirror hygrometer (AquaLab CX-3TE d by METER Group
Inc). The microcells allowed hydration of a previously compacted
sample through perforations in their outer walls by simultaneously
maintaining constant volume conditions. They were designed to fit into
the chamber of the chilled-mirror hygrometer, which determined the
relative humidity by measuring the dew point temperature at which
condensation of the sample clouds the chilled mirror of the device at
controlled temperature (Leong et al., 2003).

3.5. Test program

For the column test, the target dry density was chosen as p,, =
1.55 g/cm’, as it corresponds to the initial condition in the Sandwich
Main Project in-situ experiment (Wieczorek et al., 2024). Note that
this value, as well as all following dry densities and water contents,
correspond to oven-drying at 105°C. At this temperature, not all struc-
tural water of bentonite is yet accounted for, however in geotechnical
engineering it is the standard practice and thus applied in this work.
Upon preparation, the material was uniaxially compacted to the desired
height of 4 = 10 cm for each block. To avoid density gradients, a
procedure developed by Rawat (2019) for the compaction equipment
was followed: the material was placed in layers into the compaction
mould, after the inner surfaces of the mould had been lubricated
using Teflon spray. Each layer was only lightly pressed, well below
the final expected compaction stress and the surface was roughened
before adding further material. Finally, the complete target mass of

the material was compacted to the final height of the sample block.
A vertical compaction stress of oy, & 6 MPa was recorded at the
end of the compaction stage. This procedure has proven effective in
achieving a nearly homogeneous density inside a block (Rawat, 2019).
However, a non-destructive verification of the as achieved distribution
of the densities in the column test blocks could not be performed. The
achieved dry density p,, = 1.54 g/cm’ of each of the three blocks
showed a good reproducibility of the initial target dry density of 1.55
g/cm’. With an initial water content of w, = 0.128, the initial degree
of saturation and initial suction were S,, = 0.456 and s, = 66 MPa
respectively.

A whole experimental swelling pressure element test campaign was
realized prior to the column test with a range of dry densities from
pa0 = 1.25-1.73 g/cm? including four replicate tests (samples Cal-Q-
07, -09, -10 and -11) with similar densities as the column test samples
for sake of comparison. Table 2 provides an overview of the initial
conditions regarding compaction pressure, dry density, water content
and degree of saturation of the swelling pressure element tests. At
the given dry density, the required vertical pressures during static
compaction as measured by a load cell in the compaction device were
slightly larger compared to those for the column test samples due to
different sample dimensions. However, the intrinsic pre-compaction
pressure of the compacted samples corresponding to a specific dry
density is thus in a very similar range for both the element tests and
the column test. For the soil water retention behaviour during wetting
at constant volume condition, five data series covering the initial dry
densities of p,, = {1.27,1.41,1.50,1.61,1.72} g/cm? were obtained. The
initial water content was at w, = 0.119 for all samples.

4. Experimental results
4.1. Element test results: swelling pressure and SWRC

In Fig. 2a, the evolution of swelling pressure measured in eleven
element tests is shown. In all tests, swelling pressure increased rapidly
after the start of infiltration, reaching a first equilibrium after 3—4 days,
before rising with a smaller gradient to a final equilibrium value after
approx. 15 days. This characteristic transient behaviour is typical for
element tests on bentonite and attributed to an internal redistribution
of pore space in the microstructure of the compacted material upon
saturation. The equilibrium swelling pressures showed a logical depen-
dency on the initial dry density and ranged between ¢ ~ 0.1 — 3.8 MPa
for the presented dry density range. The final conditions of the swelling
pressure tests on element scale are gathered in Table 2. The final dry
densities refer to the state after removing the vertical displacement
constraint within the constant-volume test set-up, thus including elastic
unloading in the fully saturated state. The final degree of saturation
was calculated with the initial dry density, which corresponds to the
constant-volume conditions during saturation. The calculated final de-
grees of saturation exceed a value of 1, as the assumed water density of
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Fig. 2. Results from element tests: a) vertical stress vs. time from constant volume swelling pressure tests b) wetting soil water retention curve at constant volume

in terms of degree of saturation vs. suction.

P = 1.0 g/cm? does not account for the higher actual water density in
bentonites and .S, is thus overestimated. Studies of Jacinto et al. (2012),
Navarro et al. (2022) and Wang (2024) amongst others have shown that
water density increases with decreasing suction and with increasing dry
density of bentonite. This trend is reflected in the final values reported
in Table 2, where, aside from individual outliers, higher initial dry
densities overall corresponded to higher final degrees of saturation.

The water retention behaviour is presented in Fig. 2b in terms
of degree of saturation versus suction for five test series. The initial
suction and water content were very similar. A pronounced dependency
of the retention behaviour on the dry density became apparent in the
S,—log(s) space: for a given suction, an increased degree of saturation
was observed with increasing dry density of the samples due to the
overall reduction in available pore space. For the water content, less
pronounced differences than for the degree of saturation were evident
and the five test series coincided in a bandwidth in the w-log s space.
The final water contents of the samples showed only a slight difference
of Aw,,,« ~ 3% between the loosest and densest sample.

4.2. Column test results: time evolution

All plots in Figs. 3 and 4 show both the raw signal (light line)
and the smoothed signal (dark line) for each measurement section. The
smoothed data were obtained using a Savitzky-Golay filter (polynomial
fit that preserves signal shape and peaks).

In Fig. 3a the evolution of relative humidity over time is shown for
the three measurement sections (bottom’, ‘mid’, ‘top’ at 5 cm, 15 cm,
25 cm distance from the infiltration site, respectively). A very sharp
and direct increase was observed in the bottom measurement section,
which reached a RH value of 95% already after 80 days followed by
only a small increase up to 96% until the end of the test. In the mid
and bottom section the relative humidity increased more steady after
an initial delay of about 10 to 20 days. In the mid section, RH increased
asymptotically towards the final value of the bottom section, while the
RH in the top section showed a continuous increase over the whole test
duration. After 370 days the final measured RH values were 96%, 94%
and 84% from bottom to top.

The evolution of water content over time is presented in Fig. 3b.
Therein, the initial water content (w,) and the calculated maximum wa-
ter content (wy,,,) assuming fully saturated state (S, g, = 1.0) and ideal
constant volume condition during hydration (dashed horizontal lines)
are shown. In general, the raw TDR sensor signal was more scattered
than the RH signal. Moreover, after a continuous increase during the
first 105 days, the bottom sensor displayed strong oscillations, which
were not observed in the mid and top sections. Possible reasons for the

oscillations are the following: (1) the TDR measurement is not a point
measurement, but represents the water content of a cylindrical soil
volume (5 cm diameter, 11 cm length) around the sensor axis. Thus, the
TDR signal is influenced by gradients in the hydraulic state parameters
inside the measurement region. (2) The dry density decreased in the
bottom section due to its hydration and subsequent swelling. (3) The
measured TDR signal is mainly controlled by the dielectric constant K,
of the pore water. The dielectric constant of bound water is known to
be significantly smaller than that of free water at identical measuring
frequency (Skierucha, 2009; Schanz et al., 2011) and to increase with
increasing amount of water molecules in specific control volume of
the smectite’s atomic structure (Emmerich et al.,, 2015). The initial
state with w = 12 wt.% corresponds to 2W-hydration state with
bound water in the smectite fraction of the bentonite. With increasing
water content the hydration state is expected to increase, accompanied
by a change from strongly bound water molecules towards a water
network approaching that of free water and a corresponding change in
dielectric permittivity of the water at a given frequency. Overall, two
competing mechanisms affecting the TDR-signal in the bottom block
can be identified: (1) the increasing hydration towards free water state
corresponding to a high dielectric permittivity, and (2) the swelling
of the smectite with re-distribution of water into the interlayer pores
resulting in bound water state with lower dielectric permittivity. The
oscillations did not represent the real water content, however, their
maxima and minima followed the same trend. Therefore, the trend of
the minima was used for the water content evaluation from the time the
oscillations occurred first, which was confirmed by the measured water
content using oven drying at 105°C after dismantling the sample. After
one year of test duration the final values reached were 28%, 20% and
17% at bottom, mid and top section respectively.

In general, the time evolution of measured water content was differ-
ent from the relative humidity measurements in the respective sections.
Although for both parameters a pronounced increase occurred in the
bottom section, the water content still showed an increasing trend at
the end of the test after 370 days. The rate of increase in water content
was significantly lower in the mid section, where it developed linearly
at a similar rate throughout the duration of the test. The water content
increase in the top section was found to be negligible during the first
50 days and evolved between 50 days and 200 days at a similar rate
as in the mid section. It should be noted that the increase rate of water
content was equal in the three sections between 100 and 200 days,
while, after 200 days, the water content continued to increase in the
bottom and mid section at a similar rate, while the water uptake slowed
in the top section. While the relative humidity for the mid section
reached close to the equilibrium RH value of the bottom section of
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measured radial stress vs. time (b) at three measurement sections of the column test.

~ 95%, the water content of the mid section did remain significantly
below that of the bottom section during the duration of the test.

From relative humidity measurements, suction s was derived using
Kelvin’s equation. The sample temperature was slightly influenced by
annual temperature changes in the laboratory hall, despite the applied
temperature control in the top and bottom plug at T = 20°C. The
fluctuations remained between T' = 18 — 21°C and were rated as non-
critical for the overall test, but do explain momentary fluctuations in
the state variables.

The evolution of temperature and suction are given in supplemen-
tary material. The latter behaved reciprocally to the relative humidity,
so, suction reached equilibrium in the bottom section, while it was still
decreasing in the mid and top section. After one year of test duration,
the final values were found to be approximately 6 MPa, 8 MPa, and
24 MPa in the bottom, mid, and top sections, respectively. The evolution
of vertical stress over time is shown in Fig. 4a. In the bottom load cell,
an immediate and pronounced increase in vertical stress was measured
after the start of hydration. In the top load cell a significantly slower
vertical stress increase was apparent. In the earth pressure sensors,
where stress was measured within the sample between the bottom and
mid block and the mid and top block, the stress also increased immedi-
ately after the start of infiltration and reached values higher than those
of the outside load cells very quickly. As the maximum capacity of the

earth pressure transducers was 1 MPa, no further measurement was
possible beyond this stress level. At the end of the test, the stresses
of the top and bottom load cell were similar, but still with a slight
increase in tendency. The rate of swelling pressure increase was higher
for the top, as the sample was less close to saturation there. The final
values of vertical stress were 0.8 MPa and 0.9 MPa at the bottom and top
load cell, respectively. The difference between the two measured values
exceeds the accuracy of the load cell, thus, indicates a real difference
in final stress state. An increased equilibrium swelling pressure is to
be expected for full saturation of the sample due to more developed
swelling in comparison to partial saturation, which applies for the final
state of the column test.

Fig. 4 b) displays the evolution of radial stresses. Radial stress
was measured at the circumference of the sample by contact with the
constrained load cell (see item 10 in Fig. 1) with a rigid piston. In
the bottom section, the radial stress developed was almost identical
to the vertical stress, reaching a slightly higher final value. In the
mid section, the radial stress also increased shortly after infiltration,
while in the top it only started to increase after around 100 days.
Larger fluctuations in the radial stress measurement resulting from
slight temperature fluctuations affecting the steel counter-bearing were
observed in the mid and top section, whereas the load cell for the radial
stress measurement in the bottom section was found to be less sensitive
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to temperature fluctuations due to the pronounced swelling pressure
in the bottom section. The final values of radial stress were 1.0 MPa,
0.4 MPa, and 0.3 MPa from bottom to top after one year of test duration.

4.3. Post-experimental sampling of column test

After 370 days the test was terminated and the bentonite sample
was dismantled from the test device. Therefore the rings including
the blocks were demounted and separated from each other by manual
lifting and the block height was measured. The three blocks of the soil
column were found to be well bonded due to hydration and the stresses
developed but still separable without applying force. Any preferred
pathways were not visible at the boundaries of the blocks. Afterwards
the blocks were carefully extruded from the rings by application of
static uniaxial pressure. For post-experimental sampling, each extruded
block was first cut in half with a handsaw and scalpel. Half was
used to determine the average water content of the respective block
by oven-drying. The other half was horizontally cut into three levels
from which sub-samples were carefully cut out for location-dependent
measurements of water content and dry density.

Fig. 5 shows the final values of water content, dry density and
degree of saturation as obtained from the sub-samples distributed over
the total sample height in the vertical sampling axis indicated in Fig.
1c. The initial values are presented as well for sake of comparison. The
average state of each block is shown in dotted lines and numerical
values. For dry density, the average value of each block was also
applied to calculate the average degree of saturation.

The radially distributed measurements (not shown) at the three
sections did not reveal any gradient in water content or dry density.
This confirmed that the hydration process occurred as one-dimensional
process, where the column design and bentonite swelling hindered any
moisture loss in radial direction. The average value of each block for
the dry density reveals a slight relaxation of the blocks due to sample
deinstallation. The degree of saturation was calculated using the dry
density determined from the sub-samples. For the water content, the
isochrones derived from TDR measurements were added in Fig. 5, with
two intermediate times (40 d, 147 d) highlighted.

Fig. 5 demonstrated a pronounced higher water content, corre-
sponding to nearly fully saturated conditions close to the hydration
end, which decreased rapidly over the height of the column. Only a
small water content gradient existed in the upper third of the sample.

The dry density exhibited an inverse trend with the lowest and highest
dry density at the bottom and the top of the column, respectively. The
gradient in dry density was approximately bi-linear with the change in
slope at about half the sample height (15 cm).

Comparing initial and final dry density, an expansion was observed
in the lower 10 cm, whereas a compaction was observed in the upper
20 cm of the column. The expansion of the bottom block led to a
localized increase in pore space, allowing a greater absolute volume
of water to accumulate in this region. This accounted for the observed
differences in water content and relative humidity between the bottom
and middle blocks in Fig. 3. However, as the water content increase in
the bottom third was not compensated by the dry density decrease, a
slight gradient in degree of saturation occurred in the lower third of
the sample, but an almost constant degree of saturation was observed
in the mid and the top block.

Photographs of the dismantled sample blocks are included in Fig.
5. A visual inspection of the material revealed that it had become
wetter, resulting in a more plastic consistency and more homogeneous
state from the top down to the bottom. When the top block was dis-
assembled, the individual granules were still discernable; the material
exhibited brittle behaviour and the water appeared to be contained
within the granules rather than in the pore space between them. The
material in the mid block showed a more plastic consistency and the
individual granules were already difficult to identify. In the bottom
block the material was noticeably moist, plastic and individual granules
were hardly visible. There, the material appeared to be of very plastic
consistency and could be cut rather than broken.

5. Discussion
5.1. Hydraulic behaviour in the column test

5.1.1. Evolution of global and local water infiltration volume

The water content measurements by the TDR sensors were evaluated
volumetrically for comparison with the infiltrated water volume known
from burette readings. First, the average mean value of water content
w,,pr Of the three sections was calculated and the corresponding
global average degree of saturation S, ,, was evaluated using Eq. (1):

Way, TDR * Ps
Sr,au =

@
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Fig. 6. Volumetric assessment of water content measurements: Comparison of infiltrated water volume from time domain reflectometry measurements and burette
inflow vs. time (a) and evolution of degree of saturation vs. time at three measurement sections of the column test, calculated from time domain reflectometry

measurements with assumption of constant void ratio e = ¢, and e = eg,; (b).

The initial average void ratio e = ¢y = 0.766 of the three blocks was
used in the calculations, since the volume of the whole column sample
remained constant, irrespective of the internal void ratio redistribu-
tion. In a second step, the total infiltrated water volume V,j;qo, Was
computed using S, ,, using Eq. (2):

Vv, VwO + Vw,inﬂow
Sr,au = 7,” = T < I/w,inﬂow = Sr,av . Vp = Vio- ()]
P p

Therein, V,,, is the initial water volume corresponding to the initial
water content w, and V, is the pore volume. Comparison to directly
measured infiltrated water volume by the inflow burette readings (Fig.
6a) showed an excellent agreement over the whole test duration, which
confirms the suitability of water content measurements by the TDR
Sensors.

As there was no monitoring of the local dry density changes during
hydration, the real evolution of degree of saturation in each mea-
surement section was not known, only the initial and the final void
ratio were measured. Postmortem measurements after dismantling ev-
idenced a decrease in dry density in the lower third of the sample
and an increase in dry density in the upper two thirds of the sample.
Therefore, the evolution of degree of saturation was done (1) using
the initial void ratio e, in each section, which was nearly identical,
and (2) the final void ratio e,. Using e, overestimated the final value
of S, in the bottom section, while it underestimated .S, in the upper
two thirds of the sample (Fig. 6b). Using the respective final void ratio
esnal for each section to compute S,, the evolution was scaled to the
measured final void ratio. The two different evolutions for each section
can be regarded as limiting states, where the transient evolution of
the shift from the initially representative e,-line towards the e, -line
being representative for large test duration could be evaluated from the
measured data.

For further evaluation, the transient hydraulic gradient i was com-
puted for the three measurement sections. Utilizing the suction com-
puted from the measured relative humidity in the respective sections
and considering the applied hydraulic pressure of p = 10 kPa = 1 mH,0
at the bottom end of the sample, the hydraulic gradient i at the distance
Al between the respective sensor position and the infiltration site at
bottom of the sample is:

s

_Ah gre

—Ar_ g 3
Y Al )
wherein g = 9.81 m/s? is the gravity and p, = 1000 kg/m’ is the

water density. In the bottom, the hydraulic gradient ipgqom = 12.6-107*
m/m was initially largest and decreased rapidly due to the sudden

presence of water after the start of hydration and the resulting flow
of water. In the mid and top section located at larger height, the
hydraulic gradients ipq = 4.4 - 107 m/m and iop = 2.8 107 m/m
were smaller and decreased more slowly. After approximately 100 days
the hydraulic gradient was equal in the whole sample at a value of
i ~2-107* m/m and decreased further with an similar rate in all three
sections, being aligned with similar rates of water content increase
for the three sections after about 100 days (Fig. 3a). The decrease
in average hydraulic gradient is one of the reasons attributed to the
decrease in average infiltration rate after about 100 d. The evolution
of the hydraulic gradient is given in supplementary material.

5.1.2. Effect of internal pore space redistribution

Figs. 3a and b showed that the relative humidity in mid section
approaches that of the bottom section in the final stages of the test,
whereas the evolution of water content at mid section is closer to that of
the top section and did not approach the values of the bottom section.
The different evolution of relative humidity and water content (Figs.
3a and b) in each section indicated a redistribution of the pore space,
which was also evidenced by the postmortem measurements of dry
density distributed over column height (Fig. 5). Porosity redistribution
during hydration, where the amount of macro (interaggregate) pores
reduces on account of smaller micro (interlayer and interparticle) pores
within a certain constant global control volume of an element test is a
well known phenomenon in expansive soils, see Delage et al. (2010),
Monroy et al. (2010), Romero et al. (2011), Seiphoori et al. (2014),
Wu et al. (2024) amongst many others. In mock-up tests, however,
redistribution of global porosity occur due to the larger dimensions of
the tests (Rawat, 2019; Akesson et al., 2009; Saba et al., 2014b). In a
recent study, Dieudonné et al. (2024) conducted numerical simulations
of a decimetric laboratory mock-up test and showed that the magnitude
of dry density change (dry density increase in the upper part and
dry density decrease in the lower part) even reached a temporary
maximum and subsequently re-decreased towards the final state at
saturation of the entire sample. However, the dry density change was
not recovered back to the initial homogeneous state, but a dry density
gradient prevailed after full saturation was reached at the end of the
test. In the present study, the measured dry density gradient at the
end of the test evidenced that the hydration and swelling pressure
development in the bottom section was accompanied by a volume
increase, where the swelling pressure exerted by the bottom section
induced the compression, thus dry density increase, in the mid and
top section. Both the internal redistribution in pore volume with an
increase in micropore volume (interlayer and interparticle pores) on
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account of macropore volume (interaggregate pores) and the increase
in dry density in the top block resulting in less available pore space
for water uptake are further decreasing the water infiltration rate, as
reflected by the less steep water content increase after 200 d in the top
section (Fig. 3b).

5.2. Swelling behaviour in column test

Fig. 4 presents the inhomogeneous evolution of the locally varying
vertical and radial stresses. In most previously reported laboratory
mock-up tests, only a single vertical stress measurement was performed
on one end of the sample, which was idealized as the reaction force
reflecting the overall sample behaviour regardless of the position of the
load cell for constant volume conditions. In this work, the two outer
total stress measurements at the bottom and top end of the sample
revealed distinct different evolution over time and the embedded earth
pressure transducers ("bottom-mid’ and 'mid-top’) reached higher total
stresses during their measurement time, as compared to the external
measured vertical total stresses at top and bottom (Fig. 4a). At initial
test stage, the hydration induced swelling pressure is mainly reflected
in the bottom load cell only, whereas the other vertical stress sensors at
bottom-mid section, mid-top section and top end reflect the transferred
load by compression stresses. Due to friction and the dissipating effect
of compressive deformation of the mid and top block, the rate of total
stress increase in ’bottom-mid’, 'mid-top’ section and top end decreased
with increasing distance from the infiltration front. With increasing
time, thus, proceeding infiltration front, those stress sensors also reflect
the local swelling pressure induced by hydration in the vicinity of
the respective stress sensor. The continuous increase of vertical stress
at the top end, exceeding the stress at the bottom end, is attributed
to the increased dry density in the top section. In other words, the
linear increase in the 'mid-top’, ’bottom-mid’ and top section are mainly
controlled by the elastic loading from the expanding lower parts of the
sample, whereas the steep initial total stress increase at the bottom
indicated swelling in the elastic domain during the first stage followed
by typical yield behaviour due to suction decrease and decrease of
the apparent preconsolidation stress, leading to the flattening of the
measured total stress after about 100 days. The crossing lines of the
total vertical stress at top and bottom indicate that the sample has not
reached an equilibrium state until end of the test, which is confirmed
by the continuous increasing trend in RH and water content in the top
section. In the bottom section, the transient development of relative

10

humidity, water content and vertical stress in the bottom section re-
vealed a very similar evolution. Hence, both the lower and upper load
cell primarily reflect the respective local swelling pressure evolution.

The swelling pressure in the bottom part of the sample was lower
than the externally measured compaction pressure of approx. 6 MPa
upon preparation of the blocks. Nonetheless, a compression of the
upper part was evident in the final distribution of dry density. The com-
paction pressure refers to the initial state only and does not correspond
to the transient internal preconsolidation pressure. During hydration
within the column, the preconsolidation pressure as well as the stiffness
of the material vary in time and space, and decrease with increasing
saturation or decreasing suction in bentonites (Vaunat and Gens, 2005;
Monroy et al., 2010; Nitsch et al., 2023). The observed density increase
in the top section can be the result of deformations in the elastic
reloading regime, depending on the actual preconsolidation stress in
the top section and the magnitude of swelling stress acting from the
bottom section.

The evolution of bottom radial stress (Fig. 4b) showed very good
alignment with both the evolution of relative humidity and vertical
stress in the bottom section; hence the swelling pressure developed
almost isotropically in the bottom section. In the mid and top part,
the radial swelling pressure only reached approx. half to third of
the vertical stress. Similar observations were made by Saba et al.
(2014b) on uniaxial compacted samples hydrated from the bottom. Due
to the recompression of the upper sections their volumetric swelling
behaviour did manifest itself preferred in the vertical direction. The
stress isochrones of the radial and vertical stress over the height of the
samples during the test duration are shown in Fig. 7. The inhomoge-
neous and anisotropic evolution of swelling pressure becomes apparent.
These results are in line with those of Lee et al. (2012) and Saba
et al. (2014b) with stress ratios ¢, /6, < 1, whereas (Rawat, 2019)
and Dieudonné et al. (2024) reported stress ratios ¢, /6, > 1. Overall,
the local total stress evolution in expansive soil is the result of complex
load transfer mechanisms affected by several, competing processes.

5.3. Assessment of the non-equilibrium state in column test

The column sample had not reached an equilibrium state until the
test end. However, to assess the plausibility of the results from the
column test, they are presented together with those of the element tests
in Fig. 8 for swelling pressure and water retention behaviour. At both
scales, the rapid initial increase in the swelling pressures in the element
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Fig. 8. Comparison of swelling pressure and wetting soil water retention behaviour in element tests and column test: vertical stress vs. dry density for the
equilibrium values of the element tests and final state of the vertical and radial load cells of the column test (a) and degree of saturation vs. suction for constant
volume conditions in element tests and limiting void ratios ¢, and eg,,; in column test (b).

tests and locally near the hydration end in the column test was evident
(see Figs. 2a and 4a). However, the qualitative time evolution of stress
observed in the element tests, with an initial equilibrium followed by
a gradual increase to a final value, was not observed in the external
vertical swelling stress measurements in the column. This indicates
that locally occurring double structure effects caused by hydration-
induced microstructural pore size evolution are masked by density
redistribution at the decimetric scale of the column.

Fig. 8a directly compares the magnitude of final swelling pressure
measured at different heights in the column to the equilibrium swelling
pressures of the element tests as function of final dry density. In the
column test, full saturation (S, = 1.0) was not yet reached in all sections
of the column after the test duration of 370 days, while in all element
tests .S, = 1.0 was determined by oven-drying (at 105°C) after 20 to 27
days of hydration. The typical exponential increase in swelling pressure
with increasing initial dry density was observed for the element tests,
for a dry density range between p, = 1.25 — 1.73 g/cm?, resulting
in swelling pressure between 0.1 — 3.8 MPa. The exponential equation
for the final swelling pressures as a function of dry density is given
as well in Fig. 8a. The magnitudes of swelling pressure were in line
with prior experimental studies on Calcigel by Agus and Schanz (2008),
Schanz and Tripathy (2009), Baille et al. (2010), Lang et al. (2019),
Wieczorek et al. (2024). Their equilibrium swelling pressures were
within the measurement accuracy with slight deviation from the overall
exponential relation.

The vertical swelling pressures measured in the bottom section
of the column test showed good agreement in magnitude with the
element scale tests, considering its state close to full saturation. In the
top section, based on the actual elevated dry density in combination
with the unsaturated state, a prospective further swelling pressure
increase is expected, shifting the actual point (top S, = 0.79) towards
the exponential equilibrium line (Fig. 8a). However, the direction of
the path would depend on the actual stiffness and preconsolidation
stress in the adjacent lower sections, affecting the interplay between
simultaneous stress and density changes in both the top and bottom
section, and on the proceeding saturation in the sample towards a
potential global equilibrium in the column.

Previous studies have reported varying swelling pressure evolutions
during the final stages of saturation. Lloret et al. (2003) observed a
marked re-increase in swelling pressure for an initially homogeneous
bentonite sample at element scale, showing a pronounced double struc-
ture behaviour, while (Villar et al., 2021) described a similar trend
for layered decimetric samples composed of dense compacted ben-
tonite and loose bentonite pellets, wherein the material response was
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mainly governed by the initial inhomogeneity. Dieudonné et al. (2024)
amongst others showed that for an initially homogeneous material at
a decimetric scale, a minimum threshold suction (or corresponding
maximum degree of saturation) existed, below (or above) which no
further significant swelling pressure increase was observed (Agus et al.,
2013). In this context, only moderate additional stress development
would be expected in the top section of the column upon full saturation.

The measured total horizontal stresses of the bottom section equally
are aligned to the exponential fit of the element tests in Fig. 8a, whereas
the horizontal stresses in mid and top sections are significantly below
due to the incomplete saturation. The trend before the end of the test
indicates a further increase in the magnitude of the radial stresses with
proceeding saturation, possibly showing a more pronounced second
increase in stress than the vertical stress, though no conclusion on the
final magnitude can yet be drawn. Lower, or at most equal, measured
final radial stresses than vertical stresses after hydration in decimet-
ric laboratory mock-up tests were reported by Saba et al. (2014b)
and Dieudonné et al. (2024) for uniaxially and isotropically compacted
samples, respectively. Independent of type of compaction, hydration of
the sample induced a heterogeneous stress state in the sample and a
gradient in radial stresses with increasing distance from the hydration
end.

Fig. 8b displays the transient wetting paths obtained from the
column test together with the measured wetting paths obtained from
element tests at constant volume in terms of degree of saturation versus
suction. The wetting paths of the element tests correspond to Fig. 2b.
In the column test, suction was derived from RH measurements at
the bottom, mid and top sections during hydration (see Fig. 3) and
the corresponding degree of saturation was evaluated based on the
water content derived from TDR measurements at each section. Both
the initial e, and final void ratio eg,, were used in this calculation,
since they represent limiting states for the unknown transient void
ratios during hydration. In Fig. 8b they are depicted for each measuring
section as solid lines for e, and dashed lines for eg,, extrapolating
from the known initial (solid round marker) and final state (left-
filled round marker). The shadowed bandwidth indicates the potential
evolution between the known initial void ratio at the start of the full
line and the known final void ratio at the end of the dashed line.
The paths representing the wetting SWRC in the three sections of the
column test evolve close the measured SWRCs of the element tests
with corresponding initial dry density. The path of the top column
section clearly moved from near the medium-dense element test data
(pg = 1.50 — 1.61 g/cm?) towards the region of higher-density element
test data (p;, = 1.72 g/cm?), corresponding well to the initial (p, = 1.54
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g/cm?) and final measured dry density (p, = 1.70 g/cm?) of the top
section, respectively (see Fig. 5). Thus, the wetting SWRC reflected the
compression of the top section during hydration in the column test and
the resulting shift to higher degree of saturation. A similar trend was
evident for the mid column section, although the shift of the SWRC path
of the mid column section is not as clear as for the top section due to the
lesser compression during hydration. The inverse tendency is observed
for the SWRC path of the bottom column section. It shifted from near
the medium-dense element test data (p, = 1.50—1.61 g/cm?) down and
left to the region of lower-density element test data (p; = 1.41 g/cm?),
evident up to a suction of about 8 MPa. Thereafter, an assessment of the
further development up to the final state is not feasible due to the lower
limit of suction in the data from the element tests. However, satisfactory
agreement with the final dry density of p, = 1.46 g/cm® determined for
the bottom section (Fig. 5) was evident. Thus, for all three sections,
the column SWRC paths reflected the density redistribution during
hydration and confirmed the consistency of the data set. In most of
the previous studies, a direct evaluation of the wetting SWRC data was
not possible, since water content was not measured.

6. Summary and conclusion

This work comprises an experimental study on the swelling and
infiltration behaviour of uniaxially compacted Ca/Mg bentonite under
constant volume conditions on different test scales. An infiltration
mock-up test on decimetric scale and small-scale element tests were
carried out using commercially available Calcigel to assess its mate-
rial behaviour subjected to hydration for potential use as a sealing
material as part of the engineered barrier system (EBS) in nuclear
waste disposals. Deionized water was used as supplied fluid. Wetting
from the bottom side, corresponding to the saturation conditions in
the repository, was applied in all tests. The column test ran for 370
days, resulting in final degrees of saturation of 0.90, 0.81, and 0.79 in
the bottom, mid and top section, respectively. The unique experimental
design of the column test, including the measurement of water content
alongside relative humidity, vertical and radial stresses distributed over
the sample height, allowed consistent identification of hydration mech-
anisms in the soil sample. Therefore, a material specific calibration of
the time domain reflectometry (TDR) sensors was presented. Overall, a
non-uniform evolution of the hydraulic and mechanical state variables
was evident over time in the column test. To validate the results and
to evaluate the influence of the test scale on the swelling and water
retention behaviour, the results of the column test were discussed
together with those from small-scale element tests.

In the column test, the spatially resolved hydration behaviour was
shown in terms of the different time evolution of relative humidity and
water content. The more pronounced increase in relative humidity com-
pared to the water content indicated a porosity redistribution within
the column sample. Post-experimental sampling of the column test con-
firmed an evolution towards inhomogeneous distribution of dry density
of the initially homogeneous compacted bentonite upon hydration. In
the bottom third of the column test, the bentonite expanded, while it
was compressed in the upper two thirds of the sample. Due to the partly
compensating effects of the dry density increase and water content
increase in the upper sections on one hand, and the dry density decrease
with strong water content increase in the lower section on the other
hand, the distribution of degree of saturation was, however, more uni-
form. A mostly anisotropic and non-uniform evolution of the swelling
pressure in vertical and radial direction was evident in the column test.
The magnitude of both vertical and radial stress over time was found
to be dependent on the distance from the hydration end, regardless of
the saturation state. The temporal development of stress is comparable
to that of the water content in the sample. The measurement of vertical
stress from external load cells at top and bottom rather represent
the respective local stress evolution than the global behaviour of the
entire sample. Measurement of the swelling pressure in the column
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test was influenced by effects of wall friction, evolving transient soil
compressibility and additional mechanical compression stress induced
by expansion of the bottom part of the column. The latter were reflected
in different magnitudes of the vertical swelling pressure at lower and
top end and locally within the sample. Overall, the swelling pressure
near the hydration end was approximately isotropic and became more
anisotropic with increasing distance from the hydration end for the
final, incomplete state of saturation.

Comparison with the element test results demonstrated good agree-
ment of externally measured vertical swelling pressure and water re-
tention behaviour between both test scales for similar hydraulic state
and dry density conditions. For a final assessment of the scale effect,
further hydration in the column would be necessary. Measurement of
the water content in the column test by the TDR sensors allowed for
estimation of the wetting soil water retention curve and comparing
it to the constant volume retention behaviour in element tests. The
water retention behaviour observed in the column aligned well with
the results obtained at the element scale, providing consistent evidence
for the density redistribution within the column.

Local stress measurements demonstrated that swelling pressure was
not uniform within the decimetric laboratory mock-up test and its
development is a locally occurring process. Reliable predictions of the
stress field are critical for the design of an EBS, thus the possibility of
an anisotropic stress field with a radial stress gradient at increasing
distance from the hydration end should be considered. In the col-
umn test, both well defined boundary conditions, together with the
monitoring of transient coupled processes over time and space could
be realized. Its results enabled process understanding for the design
of in-situ experiments and the EBS itself. For future experiments, the
test set-up of the laboratory mock-up test could benefit from a higher
capacity of the embedded earth pressure transducers and the addition
of local strain measurements to obtain transient data on deformation
within the sample.
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