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A B S T R A C T   

Hazardous radioactive waste must be removed from the biosphere, and geological storage is the universally 
favoured option for accomplishing this. In many cases, the repository designs include a clay buffer as part of the 
engineered barrier system (EBS) that surrounds the individual waste canisters and seals the disposal galleries. 
The emplacement of the EBS around the waste will generate small void spaces that must be closed to ensure that 
high permeability pathways do not develop. Many of the groundwaters at proposed disposal sites are saline, and 
this porewater chemistry, combined with the presence of technological voids may present a technical challenge 
to repository designers. In this study, a suite of experiments was conducted to examine the impact of fluid salinity 
in combination with the presence of a void space on the swelling behaviour of barrier bentonites. Both sodium 
and calcium bentonites were studied and the sample lengths were varied to provide an understanding of the role 
of axial strain on the homogenisation and swelling pressure development in the bentonite. After 100 days of 
testing the clay had swelled into the void space and differential swelling pressures (difference between the 
maximum and minimum swelling pressure recorded at a given time) had reduced substantially, highlighting the 
ability of the bentonite to expand into a void. However, clay that swelled into the void never generated sig-
nificant swelling pressures during the testing period and differential pressures were still significant at the end of 
the tests. The calcium bentonite demonstrated much smaller peak swelling pressures than the sodium bentonite 
under the same salinity conditions, and in all tests, the generation of significant swelling pressure in the clay in 
the low-density end of the sample did not occur during the testing period. These findings suggest that the 
suppression of clay swelling at higher salinities is likely to strongly impact the void-filling process.   

1. Introduction 

Disposal of intermediate (ILW) and high (HLW) level radioactive 
waste and spent nuclear fuel (SNF) in geological repositories is the 
universally favoured option for removing these hazardous materials 
from the anthropogenic environment [International Atomic Energy 
Agency, 2003; Sellin and Leupin, 2013]. Repository designs commonly 
include canisters to contain the waste sited in deposition holes within a 
tunnel system that is constructed in a host rock with favourable 
geological properties [Sellin and Leupin, 2013]. In many cases, the low 
heat generating wastes (LHGW), of which ILW and low level wastes 
(LLW) mostly comprise, will be sited in a different part of the repository 
to the high heat generating wastes (HHGW) [Brady and Kozak, 1995; 
Stockdale and Bryan, 2013; Daniels et al., 2021b]. For these more 
radioactive wastes, a clay buffer is often used in the design to surround 
the space around the individual waste canisters [Sellin and Leupin, 

2013]; this is known as the engineered barrier system (EBS). The same 
material used as a backfill can also seal the disposal galleries from access 
to the surface. 

Bentonite is the favoured material for use as the EBS and backfill in 
many radioactive waste repository designs [Sellin and Leupin, 2013; 
Pusch, 1977]. A detailed knowledge of this EBS behaviour over a 
timescale of around 1 million years is required to demonstrate that a 
geological repository will be able to safely contain HHGWs [Sellin and 
Leupin, 2013]. The EBS will occupy the void space around the waste 
canisters and must be able to both prevent migration of fluids and ensure 
canister stability and self-sealing/healing [SKB, 2007; Komine, 2010; 
Svoboda, 2013; Chen et al., 2018]. Bentonite is smectite rich and as 
such, has a high swelling capacity [Villar and Lloret, 2008; Wang et al., 
2013; Bian et al., 2018; Harrington et al., 2020; Zeng et al., 2020; 
Watanabe and Yokoyama, 2021]. The exact repository design and bar-
riers used will depend on the available geology and appropriate depth of 
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construction, as well as the waste inventory requiring disposal [Sellin 
and Leupin, 2013; Chapman, 2006; Delage et al., 2010; Chapman and 
Hooper, 2012]. Regardless of the host rock under consideration, re-
pository concepts often incorporate the EBS as blocks that are placed 
around the waste canister [Wang et al., 2013; Liu, 2010; Andra, 2005; 
Martin et al., 2006; Juvankoski, 2010], necessarily generating small 
void spaces that will need to be closed to ensure high permeability 
pathways do not exist within the EBS [Börgesson and Pusch, 1987; Wang 
et al., 2013; Jia et al., 2019; Harrington et al., 2020; Daniels et al., 
2021b]. 

A number of different bentonites have been considered for use within 
European repositories [SKB, 1983; NAGRA, 1985; Coulon et al., 1987; 
Linares, 1989; Vieno et al., 1992; Pusch, 2001; Villar, 2002; Tabak et al., 
2007; Sun et al., 2017; Villar et al., 2020], although the focus has been 
placed more heavily on the sodium (Na) bentonites [Cui, 2017] such as 
the Wyoming-type MX80 [Pusch, 2001], GMZ bentonite [Ye et al., 
2009], and Turkish Resadiye [Tabak et al., 2007]. Calcium (Ca) ben-
tonites (e.g. [Daniels et al., 2021a]) (such as the Fourges Clay and the 
Černý Vrch deposit) have also received attention however, due to their 
naturally good availability for certain nations [Börgesson and Pusch, 
1987; Sun et al., 2017; Coulon, 1987; Tessier et al., 1998; Marcial et al., 
2002]. Comparative studies between the two types of bentonite have 
indicated that the water soption is higher for smectites composed of 
cations with a higher ionic potential of the exchangeable cation and 
larger hydration energy [Dontsova et al., 2004; Villar, 2007]. Ca ben-
tonites have a greater retention capacity than Na bentonites [Hall and 
Astill, 1989; Caballero et al., 2004], although for very strongly com-
pacted bentonites and high relative humidities (RH= 99.9%) at suctions 
below 0.1 MPa, Na bentonites can sorb more water [Villar, 2007]. 
Marcial et al. [2002] found that Ca bentonites have slightly higher void 
ratios for a given dry density due to the larger size of the divalent Ca2+

cation. 
The rate of swelling of the bentonite in an EBS will dictate how 

quickly the material can isolate the radioactive waste from the sur-
rounding environment, and is dependent on the bentonite dry density, 
fluid availability and composition, the pore pressure magnitude and the 
waste temperature [Daniels et al., 2021b; Harrington et al., 2020]. 
Where sufficient voidage exists to enable swelling strain to occur, the 
bentonite dry density will decrease, affecting the hydromechanical 
properties of the EBS [Daniels et al., 2021b; Komine, 2010; Bian et al., 
2018; Harrington et al., 2020; Komine et al., 2009; Dueck et al., 2016; 
Dueck et al., 2019]. Anisotropy in the hydromechanical properties due 
to non-uniform swelling presents a significant challenge to the re-
pository safety case, should the material heterogeneities persist in the 
long-term [Daniels et al., 2021b; Harrington et al., 2020; Brackley, 
1973; Imbert and Villar, 2006; Gens et al., 2011; Harrington and 
Tamayo-Mas, 2016; Massat et al., 2016; Harrington et al., 2017]. 
Important material parameters including the swelling pressure, perme-
ability, strength and friction coefficients will therefore all be affected by 
the time-dependent development of porewater pressure [Harrington 
et al., 2017], potentially leading to strongly-localised material hetero-
geneity; this has been observed in both laboratory and full scale ex-
periments [Villar et al., 2020; Wigger et al., 2017]. 

The porewater chemistry also plays an important role on the me-
chanical behaviour and development of swelling pressure in the EBS [Di 
Maio, 1996; Karnland et al., 2005; Castellanos et al., 2008; Herbert 
et al., 2008; Siddiqua et al., 2011; Zhu et al., 2013; Zhang et al., 2019; 
Chen et al., 2022]. Previous studies showed that as the salinity of the 
groundwater increased, the permeability increased and the swelling 
pressure decreased [Komine et al., 2009; Karnland et al., 2005; Cas-
tellanos et al., 2008; Herbert et al., 2008; Zhu et al., 2013; Studds et al., 
1998; Mata, 2003; Villar, 2005; Karnland et al., 2006; Sun et al., 2015]. 
Naturally occurring saline groundwaters are distributed worldwide and 
salinisation problems are contributing to an increase in their prevalence 
[Li et al., 2020]. The groundwaters encountered at the Bruce Nuclear 

Site in Ontario, Canada (3.8 M NaCl [Ltd., 2011; Daniels et al., 2017]), 
which is proposed to host a Deep Geological Repository (DGR) for ILW 
and Low Level Wastes (LLW), are an extreme case; however, within 
Europe, the groundwaters in areas under consideration for the devel-
opment of final geological repositories can still be fairly saline (e.g. the 
Olkiluoto groundwater with an NaCl-dominated composition, an ionic 
strength of approximately 0.2 M and approximately 10 g/L of total 
dissolved solids [Hella et al., 2010; Wersin et al., 2016]). Much effort has 
been made to understand the role of porewater chemistry and salinity on 
the behaviour of bentonite barriers [Chen et al., 2018; Karnland et al., 
2005; Herbert et al., 2008; Zhang et al., 2019; Chen et al., 2022; Sun 
et al., 2015; Li et al., 2020; Karnland, 1997; Karnland and Muurinen, 
2002; Bradbury and Baeyens, 2003; Chen and Huang, 2013; Chun-Ming 
et al., 2013; Liu, 2013; Wang et al., 2014; Chen et al., 2015; Chen et al., 
2016; He et al., 2016; Navarro et al., 2017b, 2017a], as well as the role 
of engineering voids on the barrier performance [Daniels et al., 2021b; 
Wang et al., 2013; Bian et al., 2018; Harrington et al., 2020; Zeng et al., 
2020; Watanabe and Yokoyama, 2021]. However, the combination of 
the presence of engineering voids and a saline groundwater has not been 
addressed. The main objective of this test programme was to investigate 
the impact of fluid salinity on the swelling behaviour of bentonite in the 
prescence of a void. Samples of varying length were used to examine the 
influence of permitted axial strain on homogenisation and swelling 
pressure development in both Na and Ca bentonites. The experiments 
presented in this study build upon the work of Harrington et al. [2020] 
and Daniels et al. [2021b] who investigated bentonite homogenisation 
and swelling pressure development under zero-salinity conditions and at 
ambient and elevated temperatures respectively. 

2. Experimental materials and method 

2.1. Sample preparation 

The engineered clay samples used for testing were composed of 
either a Wyoming-type Na bentonite (MX80; Tests 1–3 and 5) or a 
Korean Ca bentonite (Test 4). The Na bentonite powder was supplied by 
the American Colloid Company (now Mineral Technologies Inc. (New 
York, NY, USA)) through Sibelco Nordic, who also dried the material 
and crushed it to a granular powder with an average particle size 
ranging from 16 to 200 μm [Svensson et al., 2017]. The Wyoming-type 
bentonite MX80 is used in the Engineered Barrier System (EBS) design 
for the Swedish disposal facility [SKB, 2011; Idiart and Pekala, 2016; 
Svemar et al., 2016]. The sodium Wyoming-type MX80 bentonite 
mineralogy was obtained from XRD of a subsample of the raw powder 
conducted at the British Geological Survey (BGS): montmorillonite 
(91.7%), plagioclase (2.7%), K-feldspar (1.7%), quartz (2.7%), cristo-
ballite (<0.5%), calcite (<0.5%), gypsum (<0.5%), pyrite (<0.5%). The 
cation exchange capacity (CEC) of the batch of MX80 supplied to the 
BGS was 75 (meq/100 g), and the exchangable cations were as follows: 
Na- 75%; Ca- 16%; Mg- 7%; K- 2% [SKB, 2011]. 

The Korean calcium bentonite (KJ-II) was supplied as a fine powder 
(<250 μm) with a moisture content of ∼11–12% by the Korean Atomic 
Energy Research Institute (KAERI); this bentonite is considered for use 
as the EBS in the Korean programme. The Korean bentonite mineralogy 
was measured by KAERI and the data supplied to the BGS with the 
powder as follows: montmorillonite (smectite; 61.9%), albite (20.9%), 
quartz (5.3%), cristoballite (4.1%), calcite (4.8%), heulandite (3.0%). 
The cation exchange capacity (CEC) was 84 (meq/100 g), and the 
exchangable cations were as follows: Ca- 63%; Mg- 26%; Na- 9%; K- 2% 
[Goo et al., 2023]. 

All of the bentonite samples were compacted at the BGS from the Na 
or Ca bentonite powders. The powder was mixed with a known quantity 
of deionised water and compacted in a cylindrical steel pressure vessel at 
80 MPa axial pressure (with constant radial confinement) for 24 h to 
produce a test sample at 100% saturation. Lead shot was placed into the 
clay powder in a cross shape at two discrete levels (21 pieces per level) 
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whilst the sample was being prepared and compacted. This allowed 
swelling in the sample interior and frictional processes during 
compaction to be investigated using X-Ray Computed Tomography 
(XCT). Five pieces of lead shot were also pushed into the top face of the 
sample immediately prior to compaction to aid with sample orientation 
and thus indicate the way up of the sample. When the sample was pre-
pared for installation into the testing apparatus, care was taken to 
maintain the line of lead shot in the one sample face so that the pre- and 
post-test XCT images could be cross correlated. The sample compaction 
direction during manufacturing aligned with the long axis of the 
experimental apparatus and expansion direction in all test cases. The 
samples produced had a target dry density of 1.7 g/cm3; this was 
confirmed by weighing and drying a sample that was specifically pre-
pared to obtain the post-compaction dry density and to make sure that 
the subsequent samples produced would all share the same geotechnical 
parameters. This procedure was followed for both the Na- and Ca- 
bentonite. The first Na-bentonite sample prepared had a measured dry 
density of 1.702 g/cm3 and all of the following samples were then made 
in the same way. The basic geotechnical properties of the test samples 
are shown in Table 1. Despite the intention to vary the permeant salinity 
in this suite of tests, the sample preparation fluid was chosen to be 
deionised water to ensure that the samples tested with saline ground-
waters in this study would be the same as those previously tested at 
ambient [Harrington et al., 2020] and elevated temperatures [Daniels 
et al., 2021b]. 

Each test sample was manufactured with a diameter to push-fit into 
the interior diameter of the apparatus; the sample length was manu-
factured to a specific starting length requirement for each test (Table 1). 
To achieve the correct starting dimensions and ensure the sample would 
precisely fit the interior of the pressure vessel used during testing, the 
sample was turned down in a machine lathe, whilst also preserving the 
orienting lead shot in the top face. The lathing was completed without 
water to prevent any sample swelling prior to testing. To minimise 
sample moisture loss during preparation, the sample was wrapped in 
plastic film whenever possible, and immediately vacuum sealed and 
bagged once the lathing process was complete. Once lathed to the cor-
rect dimensions, the sample was scanned in the Geotek Rotating XCT 
scanner in the British Geological Survey's Core Scanning Facility. During 
XCT scanning the image was split into a number of scan slices. Each scan 
slice had a defined thickness that was dependent on scan resolution. 
Using this scan slice thickness, it was possible to assign to each lead layer 
a scan slice number and calculate the number of scan slices between 
each end of the sample and the lead layers, as well as the number of 
slices between the two lead layers, enabling comparison between the 
pre- and post-test scan data. The sample's starting dimensions and mass 
were measured immediately before each test commenced. 

2.2. Experimental method 

The experimental apparatus used for the swelling tests had a con-
stant volume configuration, with an internal length of 116 mm and a 
diameter of 60 mm. The sample was constrained in a radial direction, 

but the apparatus allowed axial swelling. This was a bespoke set-up that 
was designed and built at the BGS (Fig. 1) and consisted of (1) a thick- 
walled, dual-closure pressure vessel; (2) an injection pressure system; 
(3) a backpressure system; (4) 5 bespoke pressure transducers measuring 
radial and axial total stress; (5) 12 radial pore pressure transducers to 
monitor local evolution along around the sample; and (6) a 
microcomputer-based high-speed data acquisition system. The pressure 
vessel was comprised of a dual-closure tubular vessel manufactured 
from 316-stainless steel, pressure-rated to 70 MPa, with the internal 
surfaces hard-chromed to prevent damage. Large axial sintered filters 
were also recessed into the end closures to ensure an even distribution of 
fluid entering the vessel at each of its ends. The axial pushrods con-
nected to the axial load cells protruded through the sintered filters to be 
able to touch the surface of the clay. The test fluid was supplied to the 
sample using high precision syringe pumps (Teledyne ISCO D-Series 
260D). In these experiments the pressures stayed within the range of 
0–10 MPa, however, the pumps were capable of reaching pressures of up 
to 65.5 MPa, while maintaining excellent low-flow stability. Each pump 
piston was controlled by a microprocessor that continually monitored an 
optically encoded disc with 16.63 nL graduated segments, and adjusted 
its rotation rate using a DC-motor and geared worm drive. The pumps 
could therefore be operated in constant pressure or continuous flow 
modes, with a flow rate accuracy of ±0.5%. The pumps were factory 
calibrated for volumetric control, and as laboratory calibration of the 
volumetric control was not possible, the tests were designed to minimise 
pump error. 

Table 1 
Starting sample dimensions and void length, bentonite type, pre-test geotechnical parameters, permeant salinity and test duration. In all tests an ambient temperature 
of 20±1 ◦C was maintained, the pore pressure was held at a constant 4500 kPa and the starting sample dry density was 1.702 g/cm3 for the Na bentonites and 1.7 g/
cm3 for the Ca bentonite.  

Test Sample Bentonite Sample Sample Sample Bulk Void Permeant Test 

Number Identifier Type Length Diameter Mass Density Length Salinity Duration    

(mm) (mm) (g) (g/cm3) (mm) (M NaCl) (days) 

1 FPR-20-001 Na bentonite 65.30 59.84 381.56 2.078 50.70 1 119.9 
2 FPR-20-026 Na bentonite 75.43 59.92 439.95 2.068 40.57 1 99.7 
3 FPR-20-018 Na bentonite 85.00 59.49 494.20 2.091 31.00 1 100.2 
4 FPR-20-011 Ca bentonite 65.16 58.68 364.55 2.068 50.84 1 98.5 
5 FPR-21-023 Na bentonite 65.27 59.66 380.81 2.087 50.73 3 100.1  

Fig. 1. The test apparatus showing the locations of the porewater pressure 
transducers and load cell housings. 

K.A. Daniels et al.                                                                                                                                                                                                                              



Applied Clay Science 247 (2024) 107200

4

This apparatus was instrumented with 5 load cells (2 axial and 3 
radial) and 3 transducer arrays to measure the total stress and pore 
pressure respectively. The pore pressure measurement ports were fitted 
with porous plugs to prevent clay material from migrating up the 
instrumentation holes. The load cells in this apparatus were button-type 
XF2041–3-2kN temperature-compensated load cells, with a range of 
0–25 MPa supplied by StrainSense Ltd. The load cells were positioned on 
the outside of the pressure vessel and held in stainless steel housings, 
preventing any direct interaction between the sensor and the test per-
meant. The force was translated from the clay to the load cells via 
tungsten carbide pushrods, chosen for their hardness and incompressi-
bility. This configuration allowed the swelling stress of the clay to be 
translated to the load cell, but due to the indirect nature of the mea-
surement, meant that the data were slightly more prone to hysteresis due 
to the frictional effect of the o-ring seals along the pushrod axis. The load 
cell measurements can be considered as accurate to ±80 kPa, whilst the 
pore pressures should be considered accurate to ±15 kPa. Ambient 
temperature conditions were maintained throughout testing; testing was 
conducted inside an air-conditioned environmental chamber, which 
maintained conditions at 20 ◦C ∼ ±1 ◦C. A schematic diagram showing 
the positions of each of the points of measurement on the testing 
apparatus is provided in the supplementary material (Figure SM1). The 
supplementary material is available online. 

At the start of each experiment in the testing programme, the 
apparatus was calibrated. The calibration was carried out by placing a 
steel bung in the bore of the test vessel and filling the apparatus with the 
test fluid (1 or 3 M NaCl). All of the tubework was carefully flushed with 
the test fluid through each available port to ensure no residual air 
remained. A constant water pressure was then applied by one of the 
syringe pumps in 1 MPa increments from 1 to 7 MPa and back to 1 MPa. 
At each pressure increment, the pressure was held constant and the 
response on each of the sensors and on a Druck pressure calibration 
instrument was measured. This data was then used to provide a cali-
brated pressure output for each sensor. After calibration, the steel bung 
was removed from the vessel and the tubework was carefully flushed 
again. After flushing, the sample was immediately installed to prevent 
any air ingress into the tubework connecting the sample to the pore 
pressure sensors. The sample was pushed to the base of the void inside 
the apparatus and the remaining void space above the sample was 
immedaitely filled with the test fluid. The same fluid was also used as the 
external pressurising fluid. 

Testing was carried out at an applied water pressure of 4500 kPa, 
which was selected as a suitable reference value for comparison with the 
Swedish radioactive waste repository concept, as outlined by SKB [Rhén 
et al., 1997; Svemar et al., 2016]. To start the test and reach the target 
water pressure whilst keeping the sample fixed in position, the pressure 
was applied alternately to each end of the sample in incremental steps, 
starting at the end of the apparatus that was originally void space. The 
pressure within the original void space was always higher than that at 
the base of the apparatus until both ends reached 4500 kPa. This process 
only took a few minutes, but occurred as soon as the sample had been 
installed and prevented the sample from sliding along the bore of the 
vessel before the sample swelling began. 

The flow rate into and/or out of the sample was controlled and 
monitored using the syringe pumps and a single digital control unit. 
Each pump was operated in a constant pressure mode and thus the flow 
rate and direction were not prescribed. Inflow or outflow could therefore 
occur at either end of the test vessel. Once the pore pressure had been 
applied to the sample, no further external hydraulic gradient was 
applied to the clay. FieldPointTM and cRIO logging hardware and the 
LabVIEWTM data acquisition software (National Instruments Corpora-
tion, Austin, TX, USA) were used to log the test at 2 min intervals and 
provided a detailed time series dataset; the parameters logged were flow 
rate, total stress and pore pressure. Over the duration of each test, the 
sample was able to swell in an axial direction into the remaining interior 

void space, until the clay filled the full length of the pressure vessel. 
Upon completion of testing, the criterion for which was that the total 
stress measured on each sensor had approached an asymptote and 
usually occurred within 100 days, the samples were carefully extruded 
whole from the vessel using a hydraulic ram, immediately wrapped in 
clingfilm and sealed in plastic using a vacuum sealer to minimise 
moisture loss, before being XCT scanned. After XCT scanning, the post- 
test sample was cut into approximately 10 mm thick slices. These slices 
were weighed, placed in an oven at 105 ◦C and dried for 24 h to 
determine the moisture content (the difference between the pre-test wet 
and post-test dry weights as a fraction of the post-test dry weight). 

3. Results 

To examine the influence of salinity on the swelling pressure of 
bentonite in the presence of a void, a series of 5 experiments were 
conducted using an NaCl solution to enable saturation and swelling of 
the clay. The test parameters and starting conditions are given in 
Table 1. In the first 24 h of Test 1, a water pressure of 5 MPa was 
erroneously applied to the sample, and this may have affected the 
swelling pressures measured in Test 1 over the first couple of days, 
particularly the peak swelling pressure which occurred around this time. 
Also for Test 5 (3 M NaCl), as a result of its low bulk density, low 
strength and liquid consistency particularly at the end of the apparatus 
that was void space at the start of the test, it was not possible to retrieve 
subsamples of the post-test clay. It should also be noted that there were 
number of sensor failures in these experiments, meaning that data could 
not be collected at every sensor location in every test. 

3.1. Development of swelling pressure 

Swelling pressure was calculated as the difference between the 
measured total stress (on the axial and radial sensors) and the average 
applied water pressure (between the two pumps). The resulting swelling 
pressure distributions for the two axial sensors, and the radial sensor 
closest to the base of the vessel are shown in Fig. 2, and the curves for all 
sensors and all tests (Tests 1 to 5) are given in Figure SM3 in the sup-
plementary material. The development of pressure was spatially 
complicated and significant variance still existed after 100 days of 
testing. The swelling pressures generated over the first 10–15 days of 
testing were seen to vary substantially at different measurement loca-
tions in each of the tests. The lowest swelling pressures were recorded at 
the void end of the vessel and the highest swelling pressures were 
detected at the end where the clay sample was initially present (Table 2). 
Higher stress values were seen to reduce with time, resulting in a degree 
of convergence. However, lower swelling pressures were not seen to 
increase significantly during the course of testing and remained at or 
below zero throughout the duration of the test. On some sensors, the 
measured values of total stress did not exceed the magnitude of the 
average applied water pressure, resulting in the calculation of negative 
values. 

For Tests 1, 2 and 3, which had varying starting lengths but other-
wise had the same experimental parameters (Na bentonite, 1 M NaCl test 
permeant), higher end-of-test swelling pressures were observed for 
longer initial sample lengths, as was expected. However a greater 
swelling pressure difference between the largest and smallest measured 
stresses at the end of the test period also existed for the longer initial 
sample length. The largest end-of-test swelling pressure difference was 
seen in Test 3 (85 mm) between the A1 (axial top) and R1 (radial base) 
sensors. In general, a significant heterogeneity in the observed stress 
distribution persisted in the 1 M NaCl tests, even after 100 days. When 
the exceptionally high concentration pore fluid of 3 M NaCl was used 
(Test 5), minimal swelling pressure was detected over the 100 day 
period. Graphs of the swelling pressure development for each of the tests 
are given in the supplementary material (Figure SM3). This observation 
was in line with the expected inhibition of swelling under these 
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conditions and was backed up by observations during decommissioning, 
at which time the clay at the low density end of the test cell was found to 
be in a fluid state (Fig. 3). 

3.2. Development of pore pressure 

A marked difference was apparent in the pore pressure equilibration 
time between experiments (Fig. 4 and Figures SM4 to SM9 in the sup-
plementary material). The shorter the initial sample and the greater the 
degree of axial swelling permitted, the more rapidly pore pressures were 
able to equilibrate along the length of the sample. This observation was 

consistent with the expected reduction in dry density, as a result of 
sample swelling, which caused an increase in permeability and a more 
rapid redistribution of water within the clay. Comparison of pore pres-
sure evolution between Tests 1, 4 and 5, in which the same degree of 
axial swelling was permitted (Fig. 4), showed that the higher salinity of 
3 M NaCl led to a substantially faster approach to hydraulic equilibrium 
than the 1 M NaCl test for the same bentonite composition. In addition, 
the Ca bentonite (Test 4) showed a much faster approach to hydraulic 
equilibrium than the Na bentonite for otherwise the same conditions. 
Whilst it took more than 20 days for all of the pore pressure transducers 
in Test 1 to reach the applied pore pressure, in Test 4 this took less than 
half of this time. The pore pressure data from Test 4 suggest that Ca 
bentonites will swell more quickly than Na bentonite in a higher salinity 
environment. 

3.3. X-Ray CT sample imaging 

Pre- and post-test X-Ray Computed Tomography (XCT) was used as a 
diagnostic tool to examine the swelling of the interior of the sample and 
to provide knowledge about the role of frictional effects along the side 
wall of the test vessel. The compacted pre-test samples were initially 
scanned, then once each test had finished and prior to the post-test 
geotechnical measurements being carried out, the sample was re- 
scanned (with the exception of the Test 5 post-test sample, which was 
too liquid). This facilitated both qualitative and quantitative image 
analysis to aid further investigation of the internal sample swelling. The 
volume change of the sample as a result of swelling during the testing 
period was qualitatively shown by the XCT data through the difference 
in sample size pre- and post-test (Fig. 5; Test 2: 75 mm, 1 M NaCl 
sample). 

In the pre-test scans of the samples, a degree of concavity was noted 
in the lead shot layers, with the lead shot at the sides positioned higher 
than the lead shot in the centre of the compacted sample. This was 

Fig. 2. Swelling pressure evolution for high salinity swelling Tests 1, 2 and 3. Each of these tests used a 1 M NaCl solution as the test permeant and each was 
conducted using Na bentonite. The starting sample lengths were 65, 75, and 85 mm for Tests 1, 2, and 3 respectively. Data from the two axial and one radial (Radial 
1; closest to the base of the vessel) sensor are presented to allow better visual comparison between the tests. Sensor locations can be found in the schematic diagram 
(Figure SM1) in the supplementary material. The data for Test 3 Axial A1 do not appear on the graph because at all times the apparent swelling pressure was 
below zero. 

Table 2 
The peak and averaged end-of-test swelling pressures measured during each test. 
The largest peak axial swelling pressures were always observed on the sensor at 
the base of the vessel. The sensor that the largest peak radial swelling pressure 
value occurred on was always R1 (also closest to the base of the vessel). The 
average swelling pressures and ‘Axial base’ are calculated from the end-of-test 
values over approximately the final 6 h of data. aThe test was allowed to run 
to 119.9 days, so the swelling pressure data is given for the 6 h leading up to day 
100 to be comparative with the other test datasets. bThe sensor R2 was logging a 
thermocouple channel and sensor R3 had developed a fault, so for Test 3 only 
sensor R1 was available. cSensor R3 had developed a fault so only sensors R1 and 
R2 were used to calculate the average radial swelling pressures for Test 4.  

Test Peak Peak Average Average Axial 

Number Axial Radial Axial Radial Base  

(kPa) (kPa) (kPa) (kPa) (kPa) 

1a 3702 949 114 159 234 
2 3594 1546 469 526 851 
3b 3811 1771 619 1432 1396 
4c 2083 336 − 38 − 289 99 
5 − 139 515 − 144 − 256 –  
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attributed to frictional effects during the initial compaction of the 
samples, which allowed slightly greater vertical movement through the 
centre of the sample than was possible at the sample edges. In Tests 1 
and 3, the sample was installed into the vessel with these pieces of lead 
shot on the top face, adjacent to the void space. In Test 2 the sample was 
installed with these pieces of lead shot on the bottom face, at the base of 
the testing vessel. After the testing period the concavity in Test 2 (Fig. 5) 
could be seen to have slightly increased, indicating that friction on the 
side walls may have played a minor role in slowing the sample expan-
sion at the edges. Such frictional effects are a necessary complication of 

real-world experimentation and will also occur in the environment of 
the Geological Disposal Facility, for which end-use these materials are 
being considered. 

Nevertheless, these observations do also demonstrate that lead shot 
within the centre of the clay was displaced substantially during testing, 
as a result of the swelling process (Fig. 5). During XCT scanning the 
image was split into a number of scan slices. Each scan slice had a 
defined thickness that was dependent on scan resolution. Using this scan 
slice thickness, it was possible to assign to each lead layer a scan slice 
number, and calculate the number of scan slices between each end of the 
sample and the lead layers, as well as the number of slices between the 
two lead layers. Comparison with the pre- and post-test scan data 
therefore allowed a degree of swelling in each section of the sample to be 
defined (Fig. 5). Please see the supplementary material for additional 
methodological information. 

In all tests, the greatest section thickness change occurred in the ends 
of the samples closest to the void space at the start of the tests (Fig. 5). 
Test 3 (with the longest pre-test length) saw less overall swelling along 
the total sample length, and the swelling was mainly concentrated at the 
top end (void space at the start of the test). In Tests 1 and 2, a higher 
degree of swelling occurred down the entire length of the sample. Un-
fortunately, the uppermost section of the shortest sample (Test 1; 65 mm 
start length) had disintegrated during the post-test dismantling of the 
test apparatus, and therefore a data point was missing. This also 
impacted the post-test moisture content measurement. 

3.4. Post-test moisture content and dry density 

Measurements of the moisture content were made after depressur-
isation of the apparatus, removal of the test samples and post-test XCT 
scanning. Despite each sample swelling to completely fill the apparatus' 
internal volume, there was an extreme difference in the consistency of 
the samples along their length. In the 3 M NaCl case in particular (Test 
5), the top of the sample was essentially liquid. The moisture content 
was used to provide information about the spatial variability in sample 
properties, homogenisation and to help interpret the observed swelling 
response. Upon removal from the test vessel, the sample was vacuum 
sealed then XCT scanned; each post-test sample was subsequently sub-
sampled along its length using a sharp knife to slice the sample and a 
bespoke steel sample holder with a 2 mm screw thread lead to enable the 
subsampling to be well controlled in the axial direction. Each slice was 
weighed before being dried at 105 ◦C for at least 24 h. The experiments 
were carried out during 2020 and 2021; due to restrictions resulting 
from the global Coronavirus Disease 2019 (COVID-19) pandemic, it was 
not possible for every post-test sample to be dried for exactly 24 h. The 

Fig. 3. During decommissioning of Test 5 (3 M NaCl), the clay was found to be 
in a fluid state at the end of the vessel which originally contained only water. 

Fig. 4. Pore pressure evolution for the three high salinity swelling experiments that had a 65 mm starting sample length (Tests 1, 4 and 5). A 1 M NaCl solution was 
used for Tests 1 and 4, whilst a 3 M NaCl solution was used for Test 5. Tests 1 and 5 used Na bentonite, whilst the Test 4 sample was compacted from a Ca bentonite 
powder. The location of each of the porewater pressure arrays can be found in the schematic diagram (Figure SM1) in the supplementary material. 
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Test 1 sample was in the drying oven for significantly longer, and this 
should be considered when interpreting the moisture content and dry 
density data. Following the method in Whitlow [2004], the post-test 
weight gave the mass of solid material, and the difference between the 
pre- and post-test weights gave the mass of water within the sample; 
from these values the moisture content was calculated. The post-test dry 
density values were calculated from the moisture content assuming a 
specific gravity of 2.77, a saturation of 1 and using the density of water 
(corrected for salinity). The degree of saturation S was assumed to be 
equal to 1 because the degree of saturation of each pre-test sample was 
close to unity and the void was filled with saline water. 

The resulting moisture content and dry density profiles further 
demonstrated the influence of salinity and axial strain on the resulting 
geotechnical properties of the clay after swelling (Fig. 6). Interestingly, 

the moisture content profiles for Tests 1 and 4 (both 65 mm tests with 1 
M NaCl, but with different bentonite compositions) mapped closely on 
top of one another, except for the top measurement in Test 4, which had 
a much higher moisture content. Moisture contents from the uppermost 
20 mm of the sample in Test 1 were not available; the fluidity of the 
sample in the upper portion of the post-test sample was unexpected. In 
Test 1 therefore, the upper portion of the sample was able to escape from 
the vessel as the end closure was removed. The moisture contents (and 
corresponding dry densities) for Test 5 (3 M NaCl) could not be ob-
tained, because the clay was fluid at the low density end after testing. 
Each sample showed a marked increase in the moisture content at all 
points of measurement, although there was a larger increase at the upper 
end of the sample that was void space at the start of the test. A rela-
tionship between the sample length and moisture content increase was 

)
%( ssenkciht reyal ni  esaercnI

Fig. 5. CT images showing lead shot distribution for Test 2 (L0=75 mm, 1 M NaCl) before (left) and after (right) testing; and a plot of the percentage increase in 
thickness of sections of the sample, as a function of the distance from the base of the vessel to the midpoint of that section for the three Wyoming-type Na bentonite 
tests run using 1 M NaCl test permeant (Tests 1, 2 and 3). These sections were defined as the clay between the lead layers, and the clay between each end of the 
sample and the nearest lead layer. The line of 5 pieces of lead shot at the edge of the sample used for orientation purposes was placed into the upper surface of the 
sample immediately before compaction and indicated the way up of the sample. 

Fig. 6. Left and centre: The moisture content (left) and dry density (centre) profiles along the post-test samples for the 1 M NaCl Tests 1 (65 mm), 2 (75 mm) and 3 
(85 mm), with linear fits. Right: Moisture content profiles for the 65 mm 1 M NaCl tests with different bentonites (Test 1: Na bentonite, and Test 4: Ca bentonite), best 
fit by third order polynomials. 
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also observed, with longer starting lengths corresponding to smaller 
overall moisture content increases throughout the sample length. 

For Tests 2 and 3, both the moisture content and dry density data 
appeared to follow linear trends; the data from Test 1 however did not 
show the same trend. This sample, which had the shortest starting length 
(65 mm, Test 1), showed a much higher moisture content (>120%) and 
lower dry density (< 0.7 g/cm3) for the first point of measurement (100 
mm from the base of the sample) than any of the other measured pieces 
of clay, and this skewed a linear trend. This sample also showed higher 
moisture contents and lower dry densities for the last 2–3 points of 
measurement at the base of the sample than a linear fit would have 
suggested; the same was indicated in the last point of measurement at 
the base of the sample in Test 2. As the sample had free access to water at 
both its upper and lower surfaces, it was expected that the imbibition of 
water and swelling of the sample would have taken place at both ends. It 
was more unexpected that this was not apparent in the Test 3 data, 
which consistently followed a linear trend to the base of the vessel in 
both the moisture content and dry density data. 

4. Discussion 

The principle motivation of this study was to investigate the control 
of fluid salinity on the development of swelling pressure in bentonite 
whilst the material was expanding to fill a void space. The experiments 
have shown that bentonite can swell into and fully occupy a void space 
with an axial strain of up to 80%. However, the salinity of the test 
permeant, the bentonite composition and the axial strain experienced by 
the sample all controlled the size of the swelling pressure that the 
bentonite placed on the surrounding apparatus, as well as the strength of 
the material in the area of the apparatus that was originally void space at 
the start of the test. 

Two closely-related previous studies have investigated the impact of 
an engineering void on the swelling pressure development in Wyoming- 
type Na bentonite under non-saline conditions at ambient [Harrington 

et al., 2020] and elevated [Daniels et al., 2021b] temperature condi-
tions. At ambient temperature conditions, 3 tests were conducted 
(hereafter referred to as Tests D1-D3) with starting sample lengths of 65 
mm, 75 mm and 85 mm respectively [Harrington et al., 2020]. Under 
elevated temperature conditions, 4 tests were conducted (hereafter 
referred to as tests T1-T4). Three of these were run at 90 ◦C and had 
starting sample lengths of 65 mm, 75 mm and 85 mm. The final test had 
a starting length of 95 mm and was conducted at 100 ◦C. Each of these 
tests was conducted using identical testing protocols and in either the 
same Daniels et al. [2021b] or similar Harrington et al. [2020] experi-
mental apparatus to that used in this study. These previous studies have 
shown that the size of the voidage does impact upon the swelling 
pressure that develops in the bentonite over the 100 day testing duration 
[Harrington et al., 2020; Daniels et al., 2021a, b]. 

As is the case for the previous studies, the size of the void selected in 
these experiments was large in relation to the initial sample size, leading 
to a large axial swelling strain. For the largest voids the result gave, 
therefore, the behaviour under conditions approaching the limit of what 
might realisically occur in a repository. However, this provided us with 
an end member in order to delineate the form of the relationship under 
investigation. Before considering further the influence of strain on ho-
mogenisation of swelling pressure and the impact of a saline test per-
meant compared with deionised water, it is helpful to first highlight 
some of the commonalities observed for the 5 tests presented in this 
study. 

A comparison of the swelling pressure development measured during 
this study (1 M NaCl test permeant; Fig. 7 A-C) was made, with a set of 
tests run under the same conditions except for the salinity of the test 
permeant (zero salinity case Harrington et al., 2020; Fig. 7 D–F). In all 
of the tests compared, peak pressures were measured on those axial and 
radial load cells closest to the base of the vessel. The peak values were all 
between 3 and 4 MPa. The swelling pressures measured on all sensors 
decreased asymptotically during the test, but inspection of the swelling 
pressure curves for the elevated salinity tests alongside their zero 
salinity counterparts highlighted that the degree of spread in swelling 

Fig. 7. Swelling pressure evolution for sample lengths of 65, 75 and 85 mm (left to right) at A)-C) elevated salinity conditions of 1 M NaCl (Tests 1–3 from this study), 
and D)-F) non-saline conditions using deionised water as the test permeant (Tests D1-D3 from Harrington et al., 2020). All of the tests were conducted at ambient 
temperatures, the same applied water pressure (4500 kPa), and the samples had dry densities of 1.7 g/cm3. Each of the samples was manufactured from Wyoming- 
type MX80 bentonite. 
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pressures differed notably between experiments. A correlation between 
the degree of homogenisation and a larger initial void size (higher axial 
strain) was also clearly apparent. This behaviour can be explained by a 
comparatively greater drop in dry density resulting from the greater 
degree of expansion of the clay. A larger increase in hydraulic conduc-
tivity would have been expected to occur at these higher strains as the 
density of bentonite reduces, providing more rapid access to water along 
the sample length. 

The pore pressure evolution showed a consistent behaviour across 
the 5 tests (Fig. 4, and Figures SM5 to SM9 in the supplementary ma-
terial). In all tests, the pore pressure response was seen by the top array 
of sensors (PTs 1–4) first, followed by the central array (halfway down 
the length of the vessel, PTs 5 and 10–12); the bottom array of pore 
pressure sensors was the last to see a change in the pore pressure. In 
some tests, the pore pressure filters in the topmost array were not 
covered by the pre-test sample and thus the pore pressure measurement 
increased almost simultaneously with the applied water pressure in-
crease at the start of the test. For the 65 mm samples, the top of the pre- 
test sample was 7 mm above the central pore pressure array, whilst the 
bottom array of sensors (PTs 13–16) was 36.6 mm from the applied 
water at the base of the sample. For the 85 mm sample, the top of the 
pre-test sample was 5.6 mm above the topmost array of pore pressure 
transducers and 27 mm above the central array. The distance between 
the top of the 85 mm pre-test sample and the central array of sensors was 
only 9.6 mm closer than the base of the sample to the bottom array of 
sensors (36.6 mm). It was not clear however, why the pore pressure 
increase at the bottom array of sensors in Test 3 (85 mm) took more than 
three times as long to be seen (days 28 to 38) as it did at the central array 
(days 5 to 10). One possible explanation lies in the fact that the top 
surface of the sample could expand upwards into the void space. 
Although the base of the sample had the same availability of fluid as the 
top, the sample was volumetrically constrained at the base. The effective 
dry density was able to evolve at the top surface, decreasing as the 
sample expanded upwards. This also progressively increased the 
permeability at the top end of the sample. The different response times 
of the individual pore pressure transducers in the same array however 
suggested that the migration of the water through the sample cannot be 
seen as a being one-dimensional along the sample axis. Instead, the 
water migration through the sample should be thought of as a locally 
three-dimensional process. The pore pressure observations were also 
consistent with the swelling pressures because they showed that hy-
draulic equilibrium was established more rapidly at higher axial 
swelling strains. The tests with 65 mm pre-test sample lengths saw an 
increase in pore pressure to 4500 kPa (the applied water pressure) at all 
of the sensors most quickly. 

Pore pressure data was not recorded in the zero salinity tests of 
Harrington et al. [2020], so a direct comparison of the rate of migration 
of water through the sample between the saline and non-saline tests was 
not possible. However, the zero salinity elevated temperature tests 
presented by Daniels et al. [2021b] did record average pore pressure 
data in three arrays along the length of the testing apparatus, in an 
identical configuration to the tests presented here (please see 
Figures SM10 to SM12 in the supplementary material for a comparison 
of these data). The pore water ingress occurred more rapidly under sa-
line conditions than under zero salinity and elevated temperature 
(90 ◦C) conditions, but it should be recognised that it was difficult to 
deconvolve the contribution of temperature from the test data. In 
addition, the swelling pressure data showed that the elevated salinity 
conditions limited the swelling process, and thus the interface between 
the sample and vessel wall may have been more permeable in the 
elevated salinity tests, acting as a conduit for fluid for longer at the start 
of the test period. This may also explain why the increase in pore 
pressure was seen much sooner on the central array than it was on the 
bottom array where the fluid had to pass most clay to reach the filters 
and sensors. 

The swelling pressures have shown that after approximately the first 

20 days, there was very little alteration in the magnitude of the 
measured values, and evolution of the system was very slow. Harjupa-
tana et al. [2015] and Harjupatana et al. [2022] have used X-Ray to-
mography and tracer particles to show that at a bentonite-water contact, 
a narrow zone of markedly increased water content can rapidly form, 
which simultaneously causes local swelling of the bentonite and 
compaction elsewhere in the sample. Whilst their samples were only 
imaged for the first 4 days of testing, were a significantly smaller size 
and used water as the test fluid, they also showed that the progress of the 
fluid into the sample may not have been linear across the sample. This 
immediate formation of a wet zone close to the fluid inlet point is also 
supported by the observations of Krohn [2004] who reported a 
decompressed region adjacent to the fluid inlet which uptook more 
water than the theoretical maximum (31%) and for which the water 
content was not dependent on the test duration. Both of these test pro-
grammes were conducted under ambient pressure conditions, but sup-
port the possiblity that a zone of increased water content formed at the 
base of the sample early in the test history. The sensor spacing was too 
sparse to allow a narrow wet zone at the sample base to be detected, but 
the moisture content measurements from the base of the vessel showed 
some indication of a slight increase in the sample slice immediately 
adjacent to the base of the vessel (Fig. 6 and Figure SM13 in the sup-
plementary material). 

Where the data were available in the elevated salinity tests, on the 
axial and radial load cells closest to the top of the test apparatus negative 
swelling pressures were calculated. The water pressure was applied to 
each end of the sample at the start of the test period; the assumption 
made during testing was that when the water pressure was applied, it 
was felt instantaneously and uniformly across the apparatus. Thus the 
calculation of the swelling pressure arose from the subtraction of the 
average applied water pressure from the total stress. For the sensors 
sited adjacent to the clay, provided the applied water had permeated 
into the clay, the clay should have exerted a force over and above the 
applied water pressure on the load cell. This was clearly the case for the 
axial load cell at the base of the vessel, where there was both clay and 
fluid availability. For the radial load cells sited next to the clay, initially 
there was no fluid availability so the clay could not swell, and therefore 
the swelling pressure started as − 4500 kPa and gradually increased as 
fluid availability increased. The negative values reported at early times 
in the test history indicated that there was disequilibrium existing in the 
system until the fluid penetrated the clay. For the load cells sited next to 
the void space, the total stress should have equalled the applied water 
pressure, since there was no clay adjacent to the sensor to provide an 
additional component of swelling pressure. This was the case in Tests 1 
and 2 (1 M NaCl, 65 and 75 mm samples), but in the other tests, the 
calculated swelling pressures were consistently below zero. Since the 
stress sensors were also still reporting positive values under the testing 
conditions, it was reasonable to conclude that these values were real. 

The swelling pressure curves of the tests presented in this study also 
notably showed more variability than in their zero salinity counterparts, 
especially (where recorded) on the radial sensor R3 (Fig. 7B), which was 
closest to the top of the apparatus. The swelling pressure data from the 
base of the apparatus were significantly less variable, and were much 
more comparable with the smooth swelling pressure curves recorded in 
the zero salinity tests [Harrington et al., 2020]. It was possible that the 
variability in swelling pressure recorded represented an intermittent and 
piecewise expansion of the sample, which may have been caused by 
friction between the sample and the side walls of the apparatus. Addi-
tional testing using a repeated lead shot arrangement will allow the 
degree and scaling of such effects to be quantified and used to validate 
the handling of frictional effects in numerical models. However, it is 
important to note that the type of sensor used in the two tests was 
different; the zero salinity tests used a sensor behind a membrane that 
touched on the surface of the clay, whilst the elevated salinity tests used 
a button load cell with a pushrod that could be prone to hysteresis. It was 
therefore not surprising that the zero salinity swelling pressure data 
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were smoother. 
To compare swelling pressure development between tests, the 

average swelling pressures were calculated over an interval of 30 data 
points at day 100 of each experiment, roughly equivalent to the final 6 h 
of data. At the end of each test, there was still often a large difference in 
the measured stresses between each sensor (Fig. 8). The zero salinity 
tests [Harrington et al., 2020] allowed a significantly larger number of 
stress measurements to be made (2 axial in each end closure (4 total) and 
8 radial). Whilst the same level of interrogation was not possible with 
the smaller number of sensors available in the elevated salinity tests 
presented here, a crude approximation of the degree of heterogeneity in 
the clay was given by comparing the averaged axial swelling pressure 
value at each end of the vessel against the other, at the end of the test 
period. The average swelling pressure values were found to be sub-
stantially lower for the axial sensor closest to the top of the pressure 
vessel than for the sensor closest to the base. 

Comparing the average axial swelling pressures as a function of axial 
strain for Tests 1–3 of this study with their zero salinity equivalent (Tests 
D1-D3 Harrington et al., 2020) (Fig. 8), the difference in swelling 
pressures at the top and base was clearly apparent, with the base of the 
samples giving a much larger final averaged axial swelling pressure 
measurement. This was consistent with the density gradient in the 
sample, which persisted up to 100 days. At the base of the sample, a 
general trend of decreasing final averaged axial swelling pressure at 
higher axial strains was also clear. This behaviour can be explained by 
the greater reduction in average sample density as a consequence of the 
swelling necessary to fill the void space. At the top of the vessel, for zero 
salinity conditions, the trend for decreasing swelling pressure with 
increasing axial strain remained true. However, under the elevated 
salinity conditions, swelling pressure was essentially absent at the top of 
the sample. The top end of the lowest axial strain test in the elevated 
salinity case showed a final averaged axial swelling pressure that was 
even lower than the general trend (Fig. 8), and this point plotting much 
higher on the y-axis would have been expected to align with the 
consistent negative correlation of final averaged axial swelling pressure 
with axial strain. Irrespective of the test conditions, for decreasing axial 
strains the swelling pressure was expected to increase simply because 
there was more clay material present inside the apparatus (i.e. the 
average dry density of the post-test sample was higher). 

Looking further at the average axial swelling pressures (Fig. 8), those 
measured at the base (high density end) of the sample under elevated 

salinities were greater than those measured in the tests using deionised 
water (zero salinity case) for the two of the three tests compared with the 
lower axial strains (longer pre-test sample lengths). The pre-test sample 
lengths (and therefore mass of clay in the system) were the same in both 
sets of experiments (saline vs non-saline). These final swelling pressures 
tied in with the post-test moisture contents (Figure SM13), and showed 
that higher clay dry densities have persisted longer in the original 
location of the clay sample under elevated salinity conditions. The 
average axial swelling pressures measured at the top of the apparatus 
were uniformly higher in the zero salinity case. The greater swelling 
pressure difference reported across the whole sample (base minus top) in 
the elevated salinity case indicated that the bentonite experienced a 
reduced ability to homogenise in the presence of a saline permeant. 
Because very little alteration in the swelling pressures were seen after 
the first few days of testing (post-peak swelling pressure), this hetero-
geneity in the clay may be essentially locked in. These findings sug-
gested that the suppression of clay swelling at higher salinities was likely 
to strongly impact the void-filling process. The rate of pressure change 
observed during the latter stages of testing was very small in all tests, 
thus extrapolation of the results suggested that complete homogenisa-
tion of the bentonite would not occur for many years, if at all. However, 
it was clear that bentonite, under zero hydraulic gradient and elevated 
salinity conditions, was able to swell and ultimately fill the start void, 
creating a small but measurable swelling pressure in the axial sensors 
above the sample (where a void was initially present) in all but the 3 M 
NaCl case (Test 5). 

The post-test moisture content and corresponding dry density pro-
files were much flatter in the elevated salinity tests presented in this 
study (particularly Tests 2 and 3) and showed a much more linear 
change in the moisture content along the sample length (Fig. 6, and 
Figure SM13 in the supplementary material). Due to the mass of salt 
added to these experiments via the test permeant, the calculation of the 
moisture content will have been very slightly underestimated and the 
dry density overestimated unless the salt mass was corrected for. In these 
experiments, the salt mass added ranged between approximately 5 and 
8 g (Tests 1–4). The mass of salt added to Test 5 was higher reflecting the 
stronger concentration test permeant, however post-test moisture con-
tents were not obtained for this test. The small fraction of salt mass made 
only a very small difference to the calculated dry densities, and as the 
sample was saturated with deionised water prior to being placed in the 
apparatus and the distribution of the salt within the post-test sample was 
unknown, a correction for salt mass fraction was not applied to the 
moisture content data. In the zero salinity case, significant swelling was 
seen within the upper 45–55 mm of each post-test sample; in this region 
a three-fold increase in moisture contents was recorded (please see 
Fig. 10 in Harrington et al., 2020). In the elevated salinity Tests 1 and 4 
(65 mm sample), the moisture content profiles were very similar to the 
zero salinity case, with a large increase in the moisture content seen over 
a similar section at the top of the sample (top 45–55 mm of the samples) 
(please see Figure SM13 in the supplementary material). This suggested 
that despite the differences in the magnitude of the generated swelling 
pressures caused by the saline conditions, the test fluid was able to 
permeate into the sample at a similar rate. 

However, in contrast to this, in the elevated salinity Tests 2 and 3, the 
moisture content values were unexpectedly uniform throughout the 
sample length; over the upper 45–55 mm of each sample there was no 
large increase in the moisture content. Some of the zero-salinity samples 
also showed very slightly higher moisture contents at the base of the 
sample, adjacent to the filter in the end closure of the apparatus, through 
which the water pressure was applied. This slightly higher moisture 
content at the base of the sample was present but reduced in Test 2 and 
absent in the data from Test 3, which could indicate that the test per-
meant was able to penetrate the sample less easily under elevated 
salinity conditions. Why this would be the case is unclear, but it is 
consistent with the possible existence of a higher permeability pathway 
at the sides of the sample (an experimental artefact and consequence of 

Fig. 8. Average axial swelling pressure after 100 days, as a function of axial 
strain resulting from swelling, comparing the elevated salinity tests presented 
here (Tests 1, 2 and 3) with their zero salinity [Harrington et al., 2020] 
counterparts. 
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the requirement to slot the sample into the experimental apparatus) for a 
longer period at the start of each test whilst the sample was swelling 
within the apparatus; it may also have reflected the suppression of the 
swelling response of the clay by the elevated salinity conditions, or could 
have represented differences in the evolution of the bentonite in the 
region immediately adjacent to the base of the test vessel, where the 
bentonite was confined but with free access to the wetting fluid. 

5. Conclusions 

A suite of 5 experiments were conducted examining the role of NaCl 
salinity and bentonite clay composition in the evolution of swelling and 
pore pressure development as a function of the degree of swelling 
permitted into a void space. Some key observations were made; firstly in 
almost all tests (with Test 5, 3 M NaCl being the exception), after 100 
days the clay had fully swelled into the void and differential swelling 
pressures had reduced substantially. This emphasised the enormous 
capacity of bentonite to fill a void, even in more extreme scenarios. In 
almost all the tests however, differential pressures across the sample 
length were still significant at the end of testing (day 100), despite the 
overall rate of pressure decline having reduced to low levels at this time. 
Secondly, the larger the axial strain experienced by the material, the 
smaller the swelling pressures that were measured along the sample 
length, as might be expected by the reduction in dry density reducing 
swelling capacity. For the experiments at elevated salinity however, the 
clay at the top of the vessel never generated significant swelling pres-
sures during the testing period. Thirdly, both the salinity and the 
bentonite composition influenced the rate of pore pressure evolution. 
The Ca bentonite (Test 4) demonstrated a faster pore pressure evolution 
than the Na bentonite under the same conditions. Pore pressure evolu-
tion in all tests was seen to occur in a staggered fashion along the length 
of the vessel, with hydraulic equilibrium apparently being reached more 
rapidly under higher salinity conditions. This was likely to be due to the 
reduced swelling ability of the clay caused by the elevated salinity, 
leading to the persistence of more permeable fluid pathways at the edges 
of the sample for longer at the beginning of the test period. In general 
however, for a given salinity the time period required for apparent hy-
draulic equilibrium to be reached along the sample length was shortest 
for those samples that experienced the greatest degree of axial strain. 
This was consistent with the observations in relation to residual het-
erogeneity, which was found to be highest for those samples that 
experienced the smallest axial swelling strains. 

The primary implication of these tests is that the larger the space 
available for free swelling present, the greater the capacity for the clay 
to reach hydraulic equilibrium and thus the faster the homogenisation of 
swelling pressures. In addition, whilst it was seen that for higher salin-
ities the pore pressures appeared to equilibrate faster, this did not 
correspond to an ability of the clay to generate a swelling pressure at the 
far end of the experimental apparatus. Further work using this dataset 
should help to assess the rate at which swelling pressure homogenisation 
occurs as a function of strain. This will provide a better understanding of 
likely swelling pressure ranges that may be expected both at lower 
strains and under elevated salinities, such as those that might be ex-
pected near evaporite formations. Such information is key to assessing 
whether any residual heterogeneity is significant or can be tolerated. 
Further testing and method development of the XCT for this application 
will allow stronger conclusions to be made on the distribution of 
swelling along the sample. In addition, analysis of the expected hy-
draulic conductivity and swelling pressure at equilibrium conditions and 
in a high salinity environment without swelling would provide a useful 
contribution to our understand of the impact of salinity. The data 
generated by these experiments also provide a suitable resource for 
parameterisation and validation of numerical models that can further 
assess the long-term homogenisation behaviour of bentonite in geolog-
ical disposal facilities. 
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